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Micellar electrokinetic capillary chromatography reveals differences in
intracellular metabolism between liposomal and free doxorubicin

treatment of human leukemia cells
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Abstract

Doxil® is a pegylated liposome formulation of the anthracycline doxorubicin. To better explain observed differences in the toxicity of Doxil®

and free doxorubicin in solution, the intracellular metabolism of the formulations after treatment in CCRF-CEM and CEM/C2 human leukemia cell
lines was investigated. Using micellar electrokinetic capillary chromatography with laser-induced fluorescence detection, with a 63 zepto (10−21)
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ole doxorubicin limit of detection, five common metabolites and doxorubicin were detected upon treatment with both of these dru
ystems. Two unique metabolites appeared with the Doxil® and two unique metabolites appeared with the free doxorubicin delivery system
ommon metabolites, the relative amount of metabolite generated from Doxil® was approximately 10 times higher than for free doxorubicin.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Despite wide spread clinical utilization in the treatment of
ancer, the efficacy and utility of the anthracycline doxorubicin
DOX) continues to be hampered by the onset of dose-dependent
ardiotoxicity and acquired multi-drug resistance (MDR)[1]. It
s believed that the MDR and cardiotoxic phenotypes are linked
ith the subcellular metabolism of this drug through enzymatic
athways that, to date, have not been fully elucidated, despite
xtensive study[2–4].

Various delivery systems have been explored in an attempt
o better target DOX to malignant tissue and improve therapeu-
ic regimens[5], which would lead to decreased cytotoxicity
o healthy tissues[2]. These include micelles, polymer link-
rs [2], prodrugs, microspheres[6], and liposomes[7]. Cur-
ently, liposomes are being utilized clinically as a chemotherapy
gent (Doxil®). Extensive clinical studies have indicated that

he incorporation of a liposome in the drug formulation has
rastically altered the pharmacokinetic parameters of treatment,

leading to increased drug accumulation in tumors and a re
tion of side effects. Benefits of such a system include gr
drug payload to malignant tissue[8]; decreased incidence
alopecia, myelosuppression, and cardiotoxicity[5,9]; and par
tial reversal of MDR phenotypes in in vitro systems due to
high intraliposomal concentrations of DOX (∼200 mM)[2,10].
While clinical studies have provided physiological explanat
for differences in the pharmacological profiles of liposome
mulations compared to free drug in solution, only one stud
date has been conducted on the metabolism of liposome fo
lations of anthracyclines in plasma[18]. Missing in these studie
is a metabolic explanation for differences in toxicity obser
between the liposome and free drug formulations of DOX,
ticularly in the context of intracellular metabolism.

Previous research has implicated the intracellular acc
lation of DOX metabolites in many of the side effects
decreased efficacy seen after intravenous treatment[11]. For
instance, one of the primary mechanisms by which DOX e
cytotoxic effects is to form a ternary complex with DNA a
Topoisomerase II-�, thereby arresting DNA synthesis and res
ing in cell death[12–14]. However, formation of this terna
∗ Corresponding author. Tel.: +1 612 624 8024; fax: +1 612 626 7541.
E-mail address: arriaga@chem.umn.edu (E.A. Arriaga).

complex with the main metabolite, doxorubicinol (DOXol), and
aglycone metabolites is less stable when compared to that of
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the parent compound, resulting decreased therapeutic efficacy
caused by the decreased stability of the ternary complex[15].
Furthermore, DOX has been shown to suppress respiration in
mitochondria; respiration is even further suppressed by agly-
cone metabolites[16].

Others have investigated the metabolism of DOX in plasma
using HPLC[17–19]. However, this approach is limited, since
the majority of DOX metabolites are present at concentrations
<1% of the parent compound[20]. While these molecules retain
native fluorescence, the sensitivity of HPLC would require a
significant increase in the amount of cellular sample. Capillary
electrophoresis with laser-induced fluorescence detection (CE-
LIF) offers low injection volume (∼1 nL) and extraordinarily
low limits of detection (∼60 zmol or 60 pM for DOX)[21] that
will allow for the analysis of these low abundance metabolites
with relative ease. Previous analyses using micellar electroki-
netic capillary chromatography (MEKC) with LIF detection has
resulted in the detection of as many as 11 sub-attomole DOX
metabolites in cultured cells[20–22].

We are reporting on the use of CE-LIF to probe the impact
of drug delivery system (liposomes versus “free” DOX in solu-
tion) on the metabolite formation in whole cell lysate of a parent
(CCRF-CEM) and derived (CEM/C2) cell line. These pair of
related human leukemia lines are considered to be a better model
than previously used murine cell lines because, due to the species
specificity of DOX metabolism, they will more closely resemble
t
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used up to 1 month post-preparation. Working solutions were
prepared on the day of analysis to prevent repeated freeze–thaw
cycles of the stock.

2.2. Cell culturing

Passages 17 and 18 of CCRF-CEM and CEM/C2 human
leukemia cells (American Type Culture Collection (ATCC),
Manassas, VA, USA), cultured at 37◦C and 5% CO2 in RPMI
1640 media (ATCC), supplemented with 10% bovine calf serum
(Invitrogen Corp., Carlsbad, CA, USA) were used in these stud-
ies. The cells were maintained by splitting every 3–4 days
through the addition of fresh media; treatment began 10 h after
splitting. Dosages of 25�M DOX in solution (free DOX) or
Doxil® (equivalent to 50�M DOX) were determined to have
comparable viabilities (i.e. >80% by Trypan Blue exclusion,
12 h after the initiation of treatment). For control experiments in
which cells were not treated, cell culturing protocols remained
identical. Biosafety Level 1 was observed for all culturing and
preparations.

2.3. Sample preparation

Cells were pelleted by centrifugation (2000× g for 20 min.)
with an Eppendorf microcentrifuge (Brinkman Instruments,
Westbury, NY, USA) and washed twice by resuspending in 1×
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he drug’s metabolism in the treatment of leukemia[23,24]. This
eport provides the first electrophoretic separation of a com
ial DOX liposome preparation and the first investigation o
mpact of drug delivery on intracellular metabolism by CE-L

. Experimental

.1. Chemicals and reagents

DOX was donated by Dr. A. Suarato (Pharmacia, Nervi
taly). Doxil® was purchased from Alza (Mountain View, CA
odium borate decahydrate was purchased from EM Sc

Gibbstown, NJ, USA). Sodium dodecyl sulfate (SDS) Ultrap
ioreagent was purchased from J.T. Baker (Phillipsburg
SA). Methanol (MeOH) was purchased from Pharmco (Bro
eld, CT, USA).�-Cyclodextrin (CD), a stock solution (10×) of
hosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 10
a2HPO4/KH2PO4, pH 7.4) (PBS) and 0.4% Trypan Blue so

ion were purchased from Sigma Aldrich (St. Louis, MO, US
ll buffers were made using 18 M� water obtained from a Mi

ipore water purification system (Billerica, MA, USA). The p
f all buffers and solutions was adjusted using either 0.1 M
r 0.1 M NaOH after the addition of solutes. Following
djustment, buffers were filtered through a 0.22�m Nalgene
lter and stored at room temperature for up to 1 month. ME
uffer consisted of 10 mM borate, 10 mM SDS at pH 9.37
uffer), above the critical micellar concentration (cmc) of S

n 10 mM borate[25]. CD-MEKC buffer consisted of 20 mM
-CD, 50 mM borate, 50 mM SDS at pH 9.3 (CD-BS buffer

Stock solutions of DOX were prepared in 100% MeOH
.0× 10−3 M. The stock solutions were stored at−20◦C and
-

e

,

BS buffer following treatment. Cells were then dissolved
ensity of 2× 106 cells/mL in BS buffer and divided into trip

icates. In addition to its utilization as a MEKC buffer, the
uffer facilitates disruption of cellular membranes, makin
ossible to directly sample the lysate was without further pre
tive steps.

.4. CE-LIF set-up and analysis

MEKC of whole cell lysate was performed using a ho
uilt instrument previously described[26]. High voltage wa
pplied from a CZE1000R high voltage power supply (Sp
an, Hauppauge, NY, USA). Samples were introduced by

rokinetic injections of +100 V/cm for 5 s, and were separ
t +400 V/cm using uncoated fused-silica capillaries (50�m

.d. and 150�m o.d.) (Polymicro Technologies, Phoenix, A
SA). Running buffer was changed after each run to minim
uffer depletion and to reduce the possibility of contamina
rom one sample to the next. The capillary was conditioned
nalysis of all the replicates of a given sample by consecut
ushing the capillary under constant pressure of 100 kP
min each with MeOH, 0.1 M NaOH, H2O, 0.1 M HCl, H2O,
S buffer, followed by three injections of the same sample.

ast step was necessary to increase reproducibility of peak
nd migration times for peaks in subsequent injections o
ample. The capillary was not conditioned between injection
his was not found to increase reproducibility (data not sho

To decrease the background caused by the polyimide
ng, 2 mm of this coating were burned off at the detection
f the capillary. This capillary end was placed in the sheath
uvette of the post-column detection system. The 488 nm
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of an Argon ion laser (JDS Uniphase, San Jose, CA, USA) was
used for excitation of fluorescent analytes. Fluorescence emis-
sion from species migrating out of the capillary was collected
at 90◦ with respect to the excitation beam by a 60× micro-
scope objective (Universe Kogaku, Inc., Oyster Bay, NY, USA)
[21]. Scattering from bubbles and/or contaminants in the sam-
ples at 488 nm was further reduced spectrally and spatially with a
505 nm long-pass filter (Omega Optical, Brattleboro, VT, USA)
and a 1.4 mm pinhole. A 635± 27.5 nm bandpass filter (model
XF3015, Omega Optical, Brattleboro, VT, USA) was then used
to select the emission spectra for DOX[21].

Prior to carrying out any sample analysis, the detector was
aligned by continuous injection of 10−9 M fluorescein in BS
buffer at +400 V/cm and optimizing the position of the capil-
lary end relative to the laser and detector in order to maximize
the response of the photomultiplier tube (R1477, Hammamatsu,
Bridgewater, NJ, USA) biased at 1000 V. After the alignment, the
limit of detection (S/N = 3) was estimated to be 3 zmol from elec-
trokinetic injections of 10−10 M fluorescein. A 535± 17.5 nm
bandpass filter (model XF3007, Omega Optical, Brattleboro,
VT, USA) was used instead of the doxorubicin filter described
above.

2.5. Data collection
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lated mobility by a factor that resulted in matching the mobility
of the reference peak in the run to the average mobilities of this
peak in all runs. This correction procedure was based on previ-
ously reported procedures used for correcting migration times
in capillary electrophoresis[28,29].

2.6. Statistical analysis

A one-tailedt-test, assuming equal sample variance, was per-
formed using Microsoft Excel. The adjusted mobility values of
all peaks were compared between samples. For allt-tests, the
null hypothesis “there is no difference in the adjusted mobility
values” was tested at a confidence interval (P) of 98%. The null
hypothesis was rejected whenP < 0.02.

3. Results and discussion

3.1. Electropherogram reproducibility

Previous studies have reported that several injections of a
DOX standard prior to the analysis of the sample improve elec-
tropherogram reproducibility[20]. The need to include DOX
injections as part of the conditioning protocol prior to sample
analysis suggests that the capillary walls also participate in the
determination of the electrophoretic mobility. In fact, one of the
drawbacks in the analysis of biological samples by MEKC is the
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The PMT output current was measured across a 1.0 M� resis-
or. As a result, the PMT signal and fluorescence intensitie
eported in volts (V). The PMT output was collected at 50
sing a data acquisition board and run with an in-house Lab
National Instruments, Austin, TX, USA), program and sto
s a binary file. Data were smoothed with a 10 point Median

er and 10 point binomial smoothing in Igor Pro (Wavemet
ake Oswego, OR, USA). A calibration curve was constru
sing DOX standards in order to estimate the amount of D
nd metabolites produced in each cell line. While the qua
ield of the metabolites is slightly different than that of the p
nt compound, the similarity in emission spectra and qua
ield allows for estimation of metabolites present in a samp
omparing peak area to that of a DOX standard[27]. By com-
aring DOX molar concentration, [DOX], to DOX peak ar
DOX, the following equation was obtained:

DOX = (1.00± 0.04)× 108[DOX] − (2.0 ± 0.1) (1)

he linear range of this equation was 10−10 to 10−6 M with
2 = 0.993.

The electrophoretic mobility was calculated as:

a = L2
t

tmE
(2)

hereLt is the length of the capillary,tm the migration time of th
nalyte, andE is the applied electric field during the separat

From the calculated electrophoretic mobility, a corre
obility was determined based on a metabolite peak tha

elected as a reference peak, and that appeared in all the
le electropherograms (see Section3). For each run, the ele

rophoretic mobility axis was corrected by multiplying the ca
e

s
m-

ossible interaction of the biological matrix with the capill
alls, modifying the electroosmotic flow and the interaction

he analytes with the walls. Since it is not known the exten
hich cellular components found in the cell lysate modify
apillary walls and contribute to the observed electropho
obilities of the various peaks, the use of sample injection
art of conditioning protocol was investigated. This approa
onsidered to be more adequate than conditioning with i
ions of a DOX standard as previously reported[20], because
ecreases the possible exchange of DOX bound to the cap
urface with sample components and prevents overestim
f fluorescent components in the sample resulting from
xchange.

By plotting relative standard deviation of peak area
igration time versus injection number, it was found that re
ucibility increased after with subsequent injections (e.g.

o third injection) and then it stabilized (Fig. 1), indicating tha
he capillary wall was fully conditioned for sample analy
urther injections did not reveal a clear enhancement in
eproducibility of these parameters. SDS concentrations h
han 10 mM did not improved the reproducibility of the se
ation (data not shown). It appears that the interaction bet
he sample components (e.g. proteins) and the capillary su
re strong enough that the used SDS was not able to disru

nteraction. This is not surprising, as protein adsorption to s
urfaces (e.g. capillary wall) is well documented, even in
resence of SDS[30,31]. Therefore, a correction procedure w
sed to further enhance reproducibility.

The R.S.D. values for the calculated electrophoretic mob
f each peak in the various samples (Fig. 2) were as high as 3.5%
y using peak 6 (cf.Fig. 1) as a reference, and correcting



118 A.R. Eder, E.A. Arriaga / J. Chromatogr. B 829 (2005) 115–122

Fig. 1. Change in the standard error for the migration time with consecutive
injections. CCRF-CEM cells were treated with free DOX (�) and Doxil® (�)
as indicated in Section2. Only a peak arbitrarily assigned as #6 is represented.

electrophoretic mobility scale by a factor that resulted in match-
ing this peak’s electrophoretic mobility to the average value in
all the analyzed samples, a corrected electrophoretic mobility
was calculated for each peak in each sample. The R.S.D. for
these corrected electrophoretic mobilities are shown inFig. 2,
and demonstrate that, overall, R.S.D. has decreased. In some
instances, there was no clear improvement when this correction
was applied (i.e. metabolites 1 and 2 inFig. 2A and metabolites
8 and 10 inFig. 2D). This is expected because the same cor-
rection factor may not be adequate when different mechanism
contribute differently to the migration time of these compo-
nents in the sample. If an adequate fluorescent micellar marke
excitable at 488 nm were available, this marker would help
further refine the procedure for correcting the electrophoretic
mobility by taking into account the variations in the elec-
trophoretic mobility of the micelles. Unfortunately, previously
reported micellar markers are either non-fluorescent (e.g. Suda
Red III) [32] or its fluorescent properties (e.g. Halofantrine)[33]
are not appropriate for the detection conditions described in thi
work.

With the enhancement in reproducibility demonstrated in
Fig. 2, it was possible to compare and contrast the effect of drug
delivery system on the metabolism of DOX, as well as provide a
comparison of the effect of Doxil® treatments on both cell lines.
A t-test of corrected electrophoretic mobility indicates that all
but two peaks, 5 and 6, were statistically different from each
other. Other on-going studies to improve the reproducibility in
migration times and electrophoretic mobilities are the inclusion
of fluorescein as an internal standard for mobility correction, and
the use of protein precipitation and/or saponification to remove
cellular materials that might influence micellar properties.

3.2. Comparison of electrophoretic profiles

Fig. 3, trace (i), shows a representative electropherogram of
the Doxil® preparation. Prior to analysis, the Doxil® formula-
tion was solubilized in BS buffer for 1 week at 4◦C, followed
by sonication. Other attempts at solubilizing the Doxil® for-
mulation with BS buffer for 48 h prior to analysis resulted in
poor migration time, peak intensity, and peak area reproducibil-
ities. The need of the extended solubilization period prior to
attaining reproducibility is in agreement with the high stability
of Doxil® [34] that typically requires hyperthermia, sonication,
an acidic environment, or a combination of all three environ-
ments to facilitate liposome disruption[9,35,36]. DOX has been
s gion,
w ,
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t

F for m tes. The
x oses
ig. 2. Mobilities for free DOX (A and B) and Doxil (C and D) are shown
-axis refers to an arbitrary numbering system used for identification purp
s

r,

n

s

hown to form aggregates in the aqueous intraliposomal re
hich is stabilized by�–�* interactions[37,38]. Furthermore
OX has been shown to form stable complexes with a varie

ipids and proteins[39,40]. These interactions may explain
omplex profiles observed inFig. 3(i) (peaks 1′–6′). The peak
t 2.9× 10−4 cm2 V−1 s−1 is associated with free DOX, whi
eaks 1′–6′ may be associated with the DOX-phospholipid co
lexes[41,42].

A t-test comparing the corrected electrophoretic mobilitie
he peaks in the electropherograms of the Doxil® standard an
he lysate from CCRF-CEM cells treated with Doxil® (Fig. 3(i)

etabolites found in CEM/C2 (A and C) and CCRF-CEM (B and D) lysa
in these studies. Three replicates are included in this study.
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Fig. 3. Comparison of Doxil® formulation and treatments. (i) Doxil® formu-
lation was solubilized by BS buffer for 1 week at 4◦C, followed by sonication
(peaks 1′–6′). (ii) Doxil ® treated CCRF/CEM cell lysate (peaks 1, 2, 4, 6–10).
(iii) Untreated CCRF/CEM cell lystate. Treatment of cells with Doxil® consisted
of a 12 h treatment with an equivalent dose of 50�M drug. Separation was per-
formed at +400 V/cm in an uncoated capillary. Doxil® samples were injected for
5 s at +50 V/cm. Cellular samples were injected for 5 s at +100 V/cm. BS buffer
was used as the running buffer and sample buffer. Trace (i) has been reduced in
intensity by 25% in order to keep trace in scale. Traces (i) and (ii) have been
offset in they-axis for clarity.

and (ii), respectively) reveals that there are no coincident peaks
between the two samples at the 98% confidence interval, indi-
cating that peaks in the profile of treated cell lysate cannot be
attributed to the Doxil® formulation. The same conclusions were
drawn from the treatment of CEM/C2 cell lines with Doxil®

(data not shown). It is interesting that the peaks associated with
the Doxil® formulation are not detectable in the electrophero-
grams of Doxil® treated cellular samples. It is possible that, upon
entering the cell via pinocytosis, Doxil® components are fully
solubilized by the low pH associated with acidic organelles. This
explanation is consistent with the observation that liposomes
destabilize and solubilize after pinocytosis[43]. Therefore, it
can be assumed that the remaining peaks inFig. 3, trace (ii),
except for peak 8, are likely the result of DOX metabolism.

Before identifying metabolite peaks resulting from treating
either CCRF-CEM or CEM/C2 cells with one of the two drug
delivery systems, a control consisting of untreated cells was ana-
lyzed by MEKC-LIF. Peak 8 was detected at an adjusted mobility
of 4.3× 10−4 cm2 V−1 s−1 in the untreated controls (Fig. 3(iii)
or Fig. 4(iii)). While previous research has not detected the
presence of autofluorescence in this pair of cell lines[20],
comparison of this control with other traces corresponding to
treated samples (Figs. 3(ii) and 4(i)) indicated that peak 8 is the
result of autofluorescence of cellular components and not from
metabolism.

Upon treatment with of the CCRF-CEM cell line with free
D as
o nt
l han

Fig. 4. Comparison of free DOX metabolism and free DOX in media. (i) CCRF-
CEM cells were treated with 25�M free DOX for 12 h. (ii) A control of free
DOX after 12 h incubated in sterilized media without cells. (iii) Untreated CCRF-
CEM cell lysate. DOX from incubated media was injected for 5 s at +50 V/cm.
Otherwise, injection and separation conditions can be found inFig. 3. Traces (i)
and (ii) have been offset in they-axis for clarity.

Doxil® treatment leads to the appearance of metabolites (1, 2, 4,
6, 7, 9 and 10) (Fig. 3(ii)). These metabolites are clearly different
from the profiles resulting from the analysis of DOX standard or
the Doxil® preparation alone (Figs. 4(ii) and 3(i), respectively).
The same metabolic profiles after treatment with free DOX or
Doxil® was observed for the CEM/C2 cell line (data not shown).
These data clearly show that metabolism is dependent on the
method of drug delivery.

The two delivery systems (Fig. 5) show five common peaks
associated with metabolism (peaks 1, 2, 4, 6 and 7) in the

F ted
w
m ). Peak
7 offset
i

OX or Doxil®, transformation of the parent DOX product w
bserved (Figs. 3(ii) and 4(i), respectively). Free DOX treatme

eads to the appearance of metabolites (1–7). On the other
 d,

ig. 5. Free doxorubicin vs. Doxil® metabolism. CCRF-CEM cells were trea
ith (i) 25�M free DOX (ii) 50�M (equivalent DOX) Doxil® for 12 h. The
etabolite numbering system has been indicated above traces (i) and (ii
displayed high variability in this separation system. Traces have been

n they-axis for clarity. Separation conditions can be found inFig. 3.
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electrophoretic profiles resulting from metabolite formation in
CCRF-CEM cells.Fig. 5 also shows the differences in pro-
files resulting from the treatment with free DOX (trace (i)) and
Doxil® (trace (ii)). Metabolites 3 and 5 were present in free
DOX treated cells but not present in Doxil® treated samples;
metabolites 9 and 10 were present in Doxil® treated cell but
absent from free DOX treated cells. Statistical analysis of the
corrected mobilities revealed that metabolites 5 and 6 were not
statistically different at the 98% confidence level, as were the
remaining metabolites. Therefore, peak identification of these
metabolites relied on both corrected mobility, peak position, and
shape.

Doxorubicinol (DOXol) has been considered the primary
metabolite of DOX in human plasma and urine[2,17]. This
metabolite cannot be resolved from DOX in the BS buffer sys-
tem used for the other metabolites. On the other hand, use of
the CD-MEKC system than can separate DOXol from DOX,
demonstrated that the CCRF-CEM and CEM/C2 cell lysates,
from cell treated with DOX and Doxil®, did not have detectable
DOXol (data not shown).

The abundance of DOX metabolites in the two drug deliv-
ery systems was also compared. Average metabolite abundance
for each delivery systems and cell line can be found inTable 1.
Based on peak area, the absolute metabolite abundance showed
no differences in at the 98% confidence level for a given metabo-
lite in comparisons between drug delivery system for a given cell
l ted
C g in
D OX
t with
r s is
s per-
c xil
t

eliv-
e

Fig. 6. Relative abundance of metabolites in free DOX and Doxil® treated cells.
Metabolite accumulation is expressed as percent DOX peak area for DOX treated
(black) and Doxil treated (gray) CCRF-CEM (A) cells and DOX (black) and
Doxil treated (gray) CEM/C2 (B) cells. Error bars represent the standard devi-
ation of three replicate injections.

cells may be an indication that the enzymatic pathways involved
in DOX metabolism are saturated under free DOX treatment
[44]. It could also be that the majority of DOX metabolism
is occurring in acidic organelles, as opposed to the cytosol as
previously believed (e.g. carbonyl reductase, NADH dehydro-
genase)[2]. Based on the reported pKa for DOX, it is possible
to calculate that approximately 9% of free DOX is taken up
through pinocytosis, while the remaining drug is taken up by
cells through passive diffusion[1,45]. Conversely, liposomes
only deliver their drug payload to a cell when taken up by

T
A termined by peak area for metabolites resulting from treatment of CCRF-CEM or CEM/C2
c

M

CEM/C2 free DOX CCRF-CEM Doxil® CEM/C2 Doxil®

1 0.60± 0.02 0.72± 0.03 0.72± 0.01
2 0.60± 0.05 0.74± 0.04 0.74± 0.02
3 0.60± 0.01 N/A N/A
4 0.63± 0.01 0.77± 0.04 0.75± 0.002
5 0.58± 0.01 N/A N/A
6 0.63± 0.01 0.89± 0.03 0.90± 0.01
7 0.61± 0.01 0.69± 0.01 6.95± 0.11
8 0.59± 0.01 0.73± 0.02 0.71± 0.03
9 N/A 0.68± 0.01 0.68± 0.01
1 N/A 0.68± 0.003 0.67± 0.01
D 11

the a tion.
d from e.
X cal nt

p
nside
ine (i.e. Doxil® treated CCRF-CEM versus free DOX trea
CRF-CEM), In contrast, the amount of DOX accumulatin
oxil® treated cells was significantly lower than in free D

reated cells. The relative (percent) metabolite abundance
espect to total DOX abundance in the two delivery system
hown inFig. 6. These data reveal that, in both cell lines, the
ent metabolite concentration is significantly higher in Do®

reated cells than free DOX treated cells.
Similar absolute amounts of metabolites for both drug d

ry systems and higher relative abundance for the Doxil® treated

able 1
verage electrophoretic mobilities and abundance in moles per cell as de
ells with either free DOX or Doxil® (n = 3)

etabolitea Mobilityb Moles per cellc

CCRF-CEM free DOX

3.21± 0.06 0.60± 0.01
3.29± 0.05 0.59± 0.01
3.33± 0.04 0.60± 0.01
3.56± 0.06 0.57± 0.01
3.67± 0.04 0.57± 0.002
3.75± 0.06 0.64± 0.002
4.12± 0.18 0.58± 0.01

d 4.33+0.08 0.57± 0.01
4.63+0.04 N/A

0 4.79± 0.04 N/A
OX 3.14± 0.03 141.59± 4.45

a Metabolite numbering system is the same as inFig. 5. Data correspond to
b Electrophoretic mobility/10−4 (cm2 V−1 s−1); average mobility calculate
c Metabolite amount was calculated from the average peak area, the DO
er cell (×10−19) determined from Eq.(1).
d Detected in untreated (blank) cell lysate; therefore, this peak is not co
9.96± 1.91 15.99± 0.31 16.19± 0.32

verage of triplicate injections. Variation is represented in standard devia
individual electrophoretic mobilities from every injection in every sampl

ibration curve, and the total number cells (2.0± 0.4× 106 cells/mL). Estimated conte

red to be the result of metabolism.
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pinocytosis. Since a higher percentage of DOX was metabolized
in Doxil® treated cells, the logic follows that the metabolism
must be occurring in acidic organelles, the organelles responsi-
ble for pinocytosis. Conversion of DOX in acidic organelles may
be indicative of chemical conversion through acid hydrolysis
[27].

Alternatively, the higher relative abundance of metabolites
attributed to Doxil® treatment could be the result of decreased
aglycone removal through drug efflux pumps located in the
plasma membrane as a result of bypass of these membranes
during drug uptake. For example, co-elution studies have indi-
cated that peaks 1-8 may be aglycone metabolites of DOX[20],
which are thought to have a high affinity to the efflux pump P-
glycoprotein (Pgp)[46]. In Doxil® treated cells, sequestration
of these metabolites in acidic organelles would prevent agly-
cones from interacting with the plasma membrane, where Pgp
is localized.

4. Conclusions

In this report, we have demonstrated the ability of MEKC
to assess differences in DOX metabolism between two drug
delivery systems. A total of nine peaks associated with DOX
metabolism were detected. Five peaks were common to both
drug delivery systems, two appeared uniquely as a result of the
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