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Capillary electrophoresis (CE) coupled with laser-induced fluorescence (LIF) is a powerful method for the trace analysis
of cellular components. This review presents a summary of topics for the direct analysis of anthracyclines and multidrug
resistance proteins in cancerous cells. A micellar electrokinetic chromatography (MEKC) method that does not use
organic solvents, and hence prevents the precipitation of proteins in cellular samples, was shown to be a reliable method
for the determination of several anthracyclines including the epimeric doxorubicin and epirubicin. A fast CE-based
immunoassay for investigating transporter multidrug resistance associated protein (MRP1) was also developed for routine
or explorative analysis of the levels of transporter proteins in cancerous cells. A combination of the developed MEKC-
LIF method and the CE immunoassay (CEIA) method has permitted the analysis of anthracyclines and MRP1 in a cell
line to show the relationship between the levels of MRP1 and amount of anthracyclines in cancerous cells.
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1 Introduction

Cancer is a growing, global health problem with a larger
proportion of new cases reported in low-to-medium income

countries than in high-income countries.! The World Health
Organization (WHO) projects the global cancer incidence to rise
from 14 million in 2012 to 22 million in 2032, with more than
70% of cancer deaths occurring in central and south America,
Africa, and Asia.? Globally, cancer cases are expected to rise,

Julius MBUNA is a senior Lecturer at the
Dar es Salaam University College of
Education (DUCE), which is a constituent
College of the University of Dar es
Salaam (UDSM), Tanzania. He received
his Ph.D. from Okayama University in
2005. He has been working at DUCE
since 2006. He got a postdoctoral
position at Prof. Imasaka’s Laboratory,
Kyushu University in 2008 - 2010. His
research interest include environmental
and biochemical investigations using
capillary electrophoretic technique.

¥ To whom correspondence should be addressed.
E-mail: jmbuna@duce.ac.tz

Takashi KANETA received his Ph.D. in
1992 from Hokkaido University. He
worked at Kyushu University as a
Research Associate (1992 - 1994) and as
an Associate Professor (1995 - 2011). He
is currently working at Okayama
University as a Professor (2011 -). He
was a visiting scientist for Prof. E. S.
Yeung, Iowa State University (1996 -
1997). His research interests include the
development of analytical methods for
| biochemical and environmental
substances by capillary electrophoresis
and microfluidic devices.




1122

thereby creating a higher demand for cancer care® as well as
research efforts on various aspects of cancers including the
treatment and methods for the analytical detection/determination
of various chemical species in cancerous cells.

Cancer as a medical condition can affect specific parts of the
body and translocate to another part of the body through blood.
Cancer can therefore occur in solid or exist in hematological
form. The control of cancer demands a multipronged approach
that ranges from prevention to use of surgery, radiation,
chemotherapy, or any combination of the aforementioned.*
Chemotherapy, either alone or in combination with other
approaches, is widely used for controlling or curing cancer.
Chemotherapeutic agents can be classified based on their
mechanism of action into antimetabolites (pyrimidine and
purine analogues), DNA-interactive agents (including
intercalating agents like anthracyclines, cross-linking agents like
platinum complexes), antitubulin agents (taxanes and vinca
alkaloids), hormones, molecular targeting agents and monoclonal
antibodies.’

Anthracyclines remain an important class of anticancer drugs,
especially for the treatment of solid cancers, despite being used
over several decades and the emergence of newer and more
targeted chemotherapeutic agents like, monoclonal antibodies.
Besides, as a class of anticancer agents, they continue to
fascinate scientists because their exact mechanism has not been
fully established. Thus, developing different methods for their
measurement in various matrices remains important. Various
methods for the determination of anthracyclines have been
reported, including amperometry,® laser flow cytometry,’
polarography,® ultraviolet-visible spectroscopy,’ and voltametry.'°
It is worth noting that measurements of this important class of
anticancer can be facilitated by their native fluorescence, which
allows trace and ultra-trace determinations in a range of
matrices.  Most high-performance liquid chromatography
(HPLC) and capillary electrophoresis (CE) have exploited this
intrinsic property to determine the levels of anthracyclines in
complex matrices, including urine,!! serum,? plasma!®* and
individual cells.*

Like any xenobiotic, anticancer drugs elicit multidrug
resistance response from cancerous as well as non-cancerous
cells. Multidrug resistance (MDR) is a phenomenon in which
cells develop resistance over chemically diverse and unrelated
drugs, whereby drugs are constantly effluxed from the cell.
MDR can be mediated by the active efflux of the drugs by
transporter proteins,' reduced drug uptake,'® the activation of
regulated detoxifying systems, such as cytochrome P450
mixed-function oxidases,'” and defective apoptotic pathways.
Since cancer cells gain MDR through several mechanisms,'® we
need to develop methods by which we can study different
aspects of this phenomenon, especially for the measurement of
multidrug resistance proteins, which has been reported® as
being crucial in MDR mediation. Such multidrug resistance
proteins can be labeled with fluorescent dye, and subsequently
be determined by fluorescent techniques.

Ever since its introduction in CE by Terabe et al.,”® micellar
electrokinetic chromatography (MEKC) has remained a
powerful tool in the analysis of both neutral and charged organic
molecules?'2? as well as macromolecules including proteins and
peptides,” carbohydrates,? nucleic acids.> When combined
with laser-induced fluorescence (LIF), MEKC becomes a highly
sensitive method for the determination of trace amounts of
analytes in increasingly complex matrices. Thus, MEKC-LIF
and CE-LIF can be applied to determine both anthracyclines
and multidrug resistance proteins as well as to study their
interactions in the use of inhibitors to control MDR in cancer
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cells. MEKC-LIF, therefore has been applied to the
determination of analytes in biological systems, especially the
in vitro determination of extrogeneous as well as endogeneous
chemical species.?>28

This review examines the use of MEKC-LIF in the
determination of anthracyclines, which are known anticancer
agents, and one group of cell proteins (multidrug resistance
associated protein, MRP1) that is responsible for efflux
xenobiotics including anticancer agents, covering research work
done in Kyushu University’s Applied Chemistry Department
over a period of three years (2008 - 2011).

2 Direct Determination of Anthracyclines by
MEKC-LIF

Since anthracyclines have been analyzed for over three decades,
various analytical methods are available for determinations in
various matrices.®!® These methods have shown individual
strengths and limitations. For instance, polarography,® despite
its cheap instrumentation, involves the extraction of doxorubicin
and daunorubicin from urine or plasma into chloroform before
any determination. The use of organic solvent will not only
Pprecipitate proteins, but chloroform is itself a banned solvent in
many countries.  While voltammetric determinations of
anthracylines are sufficiently sensitive, this process exhibits
poor resolution of anthracylines with similar structures. Other
methods, like flow cytometry!” with an advantage of being
invaluable for non-invasive determination of levels of
anthracyclines, require expensive instrumentation to carry out
the analysis.

The bulk of anthracylines determinations are done by either
capillary electrophoretic'>'420-35  or chromatographic'’-'22-33
techniques coupled with various detectors, including UV, LIF
and mass spectrometry. Chromatography has several advantages,
including superior sensitivity but requires large amounts of
solvents, expensive columns and equipment, comparatively
larger sample size and the extraction of analytes. HPLC has
been used to determine anthracyclines, including doxorubicin
(DOX), epirubicin (EPI), idarubicin (IDA) and daunorubicin
(DNR), in various matrices,>**¢ in which extraction using
organic solvent was used to obtain the anthracyclines or
corresponding metabolites from the matrices. A case in point is
the HPLC-fluorescence detection of DOX, EPI, DNR, IDA and
their metabolites from plasma and saliva after liquid-liquid
extraction.’” The use of organic solvents inevitably leads to the
precipitation of proteins in the sample making direct
measurements of proteins in the same sample impossible.

Compared to HPLC techniques, CE determinations are
credited with various advantages, including small size of the
analytes, cheaper instrumentation, and direct analysis of the
sample precluding any possibility of degradation. CE
measurements by Reinhold ez al.® determined the levels of EPI
and DOX by CE-LIF in which the migration buffer contained a
high proportion (70% (v/v)) of acetonitrile. A migration
solution containing 30% (v/v) acetonitrile was used in a similar
separation of DOX, IDA and DNR* using CE-LIF. Separations
of DOX and DNR after extraction, were reported by Simeon
et al.®® and Hempel et al.*! in the determination of anthracyclines
in plasma and tumors. Similar work employing cyclodextrin
(CD)-assisted MEKC on the separation of DOX and
doxorubicinol was reported by Eder eral* It should be
mentioned that the aforementioned CE methods used organic
solvents, which are known to precipitate proteins in biological
samples, either during separation or extraction. To separate
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Fig. 1 Structures of (A) doxorubicin (DOX) (B) epirubicin (EPI) (C) daunorubicin (DNR) and (D)

idarubicin (IDA).

analytes without the precipitation of proteins requires a purely
aqueous method. Such methods are extremely useful, since they
can be used in the determination of cellular proteins including
the multidrug transporter proteins generated in cells.

An entirely aqueous, CE method facilitates the measurements
of anthracyclines and proteins in the same sample solution, and
hence permits simultaneous measurement of anthracyclines and
proteins in a given sample solution. While MEKC determination
of DOX in the presence of other anthracyclines like IDA and
DNR?¥ is less demanding because of some basic structural
differences, the separation of DOX from EPI? is challenging
because the two are epimers, only differing in the axial and
equatorial orientations of the OH group at C-4 in daunosamine
sugar moiety (Fig. 1). Developing a direct, aqueous MEKC
method for anthracyclines determination is not only useful in
intracellular determination of anthracyclines, but will also find
applications in the quantification of similar agents, especially in
hospital wastewater involved in environmental investigations.
Because of their native fluorescence, LIF is an ideal detector.
For direct MEKC-LIF determination, a lab assembled setup,
equipped with an argon-ion laser emitting at 488 nm, was
employed.?6 The migration solution used to achieve the
separation of anthracyclines is made up of 20 mM sodium
tetraborate buffer containing 35 mM sodium taurodeoxycholate
(STDC), 3.5% (wt/v) (2-hydroxypropyl)-y-CD (HP-CD), and
20 mM sodium dodecyl sulfate (SDS). Two chiral selectors,
HP-CD and STDC, enhance the separation selectivity between
DOX and EPI, whereas SDS was needed to separate an internal
standard from the analytes. This MEKC-LIF method has been
shown to be useful in the base-line separation of DOX and EPI
(Figs. 2(A) and 2(B))?* or DOX, EPI, IDA and DAU (Fig. 2(C))*
contained in cancerous cells. The reliability of the MEKC
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Fig. 2 Separation of anthracyclines under optimized conditions.

1, EPI; 2, DOX; 3, IDA; 4, DNR; 5, rhodamine B. (A) Standard
mixture of 500 nM EPI, 500 nM DOX, and 4.5 nM rhodamine B, (B)
A549 cell lysate treated with DMEM medium containing 500 nM EPI
and 500 nM DOX (Lysis buffer contained 4.5 nM rhodamine B), (C)
standard mixture of 300 nM of EPI, DOX, DAU, DNR, and 4.5 nM
rhodamine B.

Migration butfer: 20 mM sodium tetraborate bufter containing 35 mM
STDC, 3.5% wt/v (2-hydroxypropyl)-y-CD, and 20 mM SDS;
separation voltage, 15kV; Injection 10 s under gravity (vial raised
5 cm above outlet vial). Reproduced from Refs. 26 and 43 with
permission from John Wiley and Sons.

method is displayed by Table 1, where the relative standard
deviations for intraday and interday were lower than 3.7 and
5.42%, respectively. The LOD of the anthracyclines determined
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by CE-LIF lies in the ng mL! range. It is worth noting that the

Table 1 Analytical performance of the MEKC-LIF method

. » Precision®, % RSD
Analyte Concentration/ Recovery?®, LOD/

oM %+ SD Intra-day Inter-day oM
EPI 50 1012+ 04 2.0 3.4 8.77
150 101.5+0.5 2.5 5.1
250 99.2+0.9 3.7 52
DOX 50 100.3+£0.5 3.6 438 9.12
150 99.4+04 31 3.9
250 99.0+0.9 31 41
IDA 50 97.8+£0.7 12 3.6 411
150 99.5+0.8 2.6 47
250 98.4+ 0.6 19 44
DAU 50 98.1+09 1.6 4.1 242
150 99.5+0.9 2.8 42
250 1009 + 0.7 2.5 54

a. n =7, Linear range; 25nM - 1 puM. Reprinted from Ref. 43 with
permission from John Wiley and Sons.

06 p===-===c==mccccccmacaa-

05 f---mmemeemcmmeeeeaaas

Concentration/protein content /pM mg’!

PV

Concentration/protein content /pM mg’!

PV
Inhibitor
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LOD of DOX (49ngmL?), EPI (48ngmL?), IDA
(2 ng mL') and DAU (1.3 ng mL'),* measured in aqueous
buffers, is comparable with the LOD determined in an aqueous-
methanol buffer (10 ng mL),'* but slightly higher than those
determined in aqueous-acetonitrile (1 ng mI!).* The CE-LIF
quantitation range of the anthracyclines determined in aqueous
buffer* is comparable with that measured in aqueous-
acetonitrile buffer (10 - 500 ng mL). Because of the
incompatibility of buffers used in anthracyclines analysis with
masss spectrometry, a comparison with LC/MS is informative.
The LOD for DOX, determined by LC-ESI-MS/MS*
(1 ngmL-") is comparable with CE-LIF.  However, the
quantitation range of DOX determined by LC-ESI-MS/MS*
(10 - 100 ng mL-") is narrow compared to that determined by
LIF-CE. By the CE-LIF method employing aqueous buffer,204
the influx of anthracyclines in cancerous cells as well as
accumulation can be monitored continuously over a wide time
range.

The influx of xenobiotics in a living cell naturally triggers a
cellular response to efflux the xenobiotic agent. Proteins in the
cell membrane are known to be responsible for the efflux of a
wide variety of structurally-unrelated drugs, thereby causing

Concentration/protein content /pM mg"’!

InhF P Vv PV

Concentration/protein content /pM mg’!

InhF P \'J PV
Inhibitor

Fig. 3 Accumulation of anthracyclines in RDES cells following incubation with inhibitors. White
bar, 12 hours-incubation; black bar, 24 hours-incubation. Cells were cultured in the medium containing
four anthracyclines and inhibitor(s) (probenecid and verapamil). Simultaneous treatment was employed
for all cell samples. Inh F, inhibitor free; P, 10 UM probenecid; V, 10 uM verapamil; PV, a mixture of
10 uM probenecid and 10 uM verapamil. Reproduced from Ref. 43 with permission from John Wiley

and Sons.
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MDR. Since cancer cells are particularly effective in effluxing
the xenobiotics, we need a strategy to increase the cellular
accumulation of drugs in order to realize the objective of
chemotherapy i.e. the death of the cancer cells. The use of
inhibitors including verapamil, probenecid or cyclosporins may
increase the accumulation of anticancer drugs. The MEKC-LIF
method can be used to follow the in vitro accumulation of
different anthracyclines upon the incubation of cells in the
presence of single or a combination of inhibitors.#> For instance,
the presence of inhibitors in Ewing’s sarcoma tumor cells
(RDES cells) generally increase the accumulation of
anthracyclines, albeit to different extents (Fig. 3).#* It can also
be inferred from Fig. 3 that the combination of inhibitors used
does not result in any significant advantage over a single
inhibitor for RDES cells.

3 CEIA with LIF for the Determination of MRP1

MDR, whether intrinsic or acquired, is responsible for the
relapse of chemotherapy treatments of cancer. Although several
factors lead to MDR, the efflux of drugs by protein transporters
constitute one of the key mechanisms giving rise to MDR.! As
far as cancer cells are concerned, these multidrug transporter
proteins belong to two main categories, namely adenosine
triphosphate (ATP)-binding cassette (ABC) and lung resistance-
related proteins (LRP).*#5 These multidrug transporter proteins
render chemotherapy treatments ineffective by reducing the
intracellular concentration of drugs through active efflux,
thereby allowing cancer cells to avoid death. The ABC
superfamily is a more dominant category of transporter proteins,
which is made up of P-glycoproteins, multidrug resistance-
associated proteins (MRP), and breast cancer-related proteins
(BCRP).*# P-glycoproteins is the most extensively investigated
transporter proteins among the ABC superfamily, and is known
to efflux a wide range hydrophobic xenobiotics.*6 P-glycoprotein
is widely expressed in many types of cancers including cancers
of hematopoietic, urogenital, and gastrointestinal systems as
well as childhood cancers.¥’  P-glycoprotein is mainly
responsible for transporting neutral or positively-charged
hydrophobic compounds.  Conversely, the MRP family
transports organic anions including,  glutathione (GSH),
glucuronate or sulfate conjugates of organic anions.** BCRP
effluxes large, hydrophobic (positively- or negatively-charged)
molecules together with cytotoxic compounds (mitoxantrone,
topotecan, flavopiridol, and methotrexate), and fluorescent
dyes.#>5*  While P-glycoprotein is the most extensively
investigated, there is increasing interest in investigations of
MRP and BCRP owing to their roles in conferring multidrug
resistance in cancer cells. In order to study the effects of these
proteins in MDR, quantitative analytical methods are required
as an important aspect of such investigations.

Measurement of amounts of chemical species can be achieved
by either relative or absolute quantification. The absolute
quantification of any chemical species requires the availability
of standards. For the determination of multidrug transporter
proteins, absolute quantification is demanding because it
requires complicated synthesis, purification and confirmation of
the identity of the proteins as standards before quantification by
a specific technique, like HPLC.5%2 It is noteworthy that
relative quantification forms the basis of most methods used for
the analysis of transporter proteins, including electrochemical
immunoassay,’* PCR,*¢ (real time PCR), Western blotting,>”-*
and flow cytometry.®® The aforementioned techniques are
well established in immunoassay, exhibiting merits as well as
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limitations. The Electrochemical immunoassay has an advantage
of high sensitivity. It, however, can only determine proteins on
the surface of cells, i.e., the assay is ineffective for determining
proteins in cell organelles. This weakness is also observed in
flow cytometry, which also happens to be an expensive method.
Similar to electrochemical immunoassay, PCR methods show
high sensitivity, but suffer from a long analysis time and false
positives due to ease of contamination during analysis.

Transporter proteins are located both in the plasma
membrane®¥? and in the cell organelles like the nucleus,®>*
making it necessary to lyse the cell in order to fully quantify the
proteins. Established methods, like Western blot, ELISA, and
flow cytometry, can be employed for such analysis, but CEIA is
a superior method, because it addresses the shortcoming of the
aforementioned methods through ease of automation, small
sample size, shorter analysis time, and multi-analyte capability.®
CEIA can be performed in either indirect or direct formats. In
CEIA, aptmers,5¢” enzymes,®® and antibodies® in competitive
and noncompetitive formats interact with antigens to form
immunocomplexes in highly complicated matrices. Reported
studies include the determination of drugs and metabolites,”
hormones,” toxins,”” proteins,”? and peptides.”* It is worth
noting that most of the protein determinations by CEIA have
involved low molecular weight proteins (10 - 90 kD), rather
than the higher molecular weight proteins (170 kD), like the
ABC transporter proteins.

Compared to absolute quantification, relative quantification
can be useful for routine and preliminary examinations of
analytes. One way to carry out relative quantification is to
employ a noncompetitive CEIA method, in which LIF can be
used for detection of the transporter protein. For this method to
work, baseline resolution between the antibody labeled with a
fluorescent tag (labeled antibody) and its immune complex with
the analyte is a prerequisite. In this method, cell lysate was
reacted with excess amounts of the labeled antibody (e.g. anti
MRP1) in the presence of an internal standard, after which the
mixture was immediately injected into the CE system to yield
the peaks shown in Fig. 4(A).?”” The result represents the
electropherogram before the immunological reaction took place.
When the mixture was incubated and injected into a CE system
after suitable intervals, two peaks corresponding to the free
uncomplexed antibody and its immune complex were observed
in the electropherograms (Fig. 4, (B) - (E)).?” The amount of
protein in the cell lysate can be determined from immune
complex alone, and not from the residual amount of the free
uncomplexed antibody after incubation.

If PAao and PAisp represent the peak area of free antibody
and the internal standard before incubation, and PA. and
PArs.pose Tepresent the peak area of the immune complex and
internal standard after incubation for some interval, then

Cino _ PAwo/PAs e )
Coix PAqi /PAis post @

where Cpo and Cgix are the respective concentrations of
antibody before incubation and the immune complex produced
after some interval. Assuming that the complex formed consists
of one antigen and one antibody, the concentration of the protein
(MRP1), Cwurei, is equal to Cqix and is therefore calculated
directly from

Cnb 0
PAano /PA1s pre

PAg
X .
P AIS—pnsL (2)

CM'RP] =

To correct for the number of cells analyzed, it is necessary to
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Fig. 4 Immune complex formation between MRP1 and anti-MRP1
antibody.

(A) Peak of free, uncomplexed antibody before reaction with MRP1.
(B) - (E) Peak of the free, uncomplexed antibody and immune complex
after reaction.

1, anti-MRP1; 2, immune complex; 3, fluorescein. Sample: A549 cell
lysate treated with DOX for 12h, incubation temperature 37°C.
Reprinted from Ref. 27 with permission from Elsevier.

determine the total amount of proteins in the cell sample by a
suitable protein determination method, like the bicinchoninic
acid assay. Thus, a simple relative measure of MRP1 can be
determined as:*’

Cﬂh‘ﬂ
Cagpy _ A\ PAwo PAspe
Cpmtcin Pr

PAcplx ]
3

P, AlS-post

where Cprocin 1S the concentration of proteins in the cell sample
and P, is the total amount of protein in mg mL-!.

The CEIA shows potential for kinetic investigations of
immunological reactions, since the peak areas of both the free
antibody and the immune complex can be determined
independently of time. Figure 5% shows the variation in the
peak area of the complex with time for an anti MRP1 antibody.
The plot shows that the reaction is complete after about 1 h.
Such measurements can be adapted for empirical kinetic studies
of immune complexation.

Relative quantification has been applied to determining the
amount MRP1 in cancerous cells, including lung cancer cells
(A549) and RDES.?” As shown in Table 2, the amount of MRP1
increases significantly during the first 12 h after introducing a
dose of doxorubicin into the culture medium, beyond which a
modest change in MRP1 is noted. This general increase in
MRP1 leads to a possible increase in the drug efflux and hence
lowered concentration of the drug in the cell. In the presence of
an inhibitor like probenecid, the amount of MRP1 generally
increases with both the exposure time and the amount of the
added inhibitor. An increase in the amount of the drug in the
presence of a higher concentration of the inhibitor may suggest
that the inhibitor, itself, is a substrate for MRP1, and hence
being effluxed instead of doxorubicin. From the aforementioned

ANALYTICAL SCIENCES NOVEMBER 2015, VOL. 31
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Fig. 5 Variation of peak area of the immune complex with time.
Sample: A549 cell lysate treated with DOX for 12 h, incubation
temperature 37°C. Reprinted from Ref. 27 with permission from
Elsevier.

Table 2 The levels of MRP1 expression and the amount of
accumulated DOX in cancer cells

Relative amount of ~ Amount of DOX/

Cell type  Treatment MRP1/protein protein content/
content/nM mg-! M mg!

A549 F 764+2.4 0
A-12 98.8 4.0 0.42
A-24 940+32 0.26
AI-12 144 £5.8 0.99
AI-24 90.0+3.2 —*

RDES F 43.2+02 0
A-12 68.0£3.0 1.15
A-24 70.0+£0.2 0.99
AI-12 98.0+4.4 1.56
AI-24 73.6+2.6 —*

F. DOX free, A-12. 12 h incubation with DOX, A-24. 24 h incubation
with DOX, AI-12. 12 h incubation with DOX and probenecid, AI-24.
24 h incubation with DOX and probenecid. *Amounts of DOX were
not determined for AI-24. Reprinted from Ref. 27 with permission
from Elsevier.

results, the developed CEIA method can be used for measurement
and hence monitoring of the total amount of MRP1 in cancerous
and non-cancerous cells.

4 Conclusions

A purely aqueous MEKC-LIF method for the measurement of
epimeric anthracyclines (DOX and EPI) in the presence of other
anthracyclines is effective for the in vitro determination of
anthracyclines levels in cells. This method can be extended to
the determination of anthracyclines in complex environmental
samples including investigations of anthracylines in hospital
waste water. The CEIA method for the relative determination of
resistance transporter proteins, MRPI1, using antibodies,
addresses shortfalls of established techniques including flow
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cytometry and ELISA, owing to its speed, cost, and reliability;
it can be used for both explorative and detailed investigations of
resistance proteins in cancerous cells. The method can easily be
adapted for measurement of other ABC protein transporter
proteins, like P-glycoprotein and BCRP.
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