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ABSTRACT: Cancer cells can develop multidrug resistance
(MDR) after prolonged exposure to chemotherapeutic drugs,
which is a severe impediment to successful treatment. MDR is
typically associated with transmembrane proteins mediating
efflux of administered drugs, thereby keeping their intracellular
concentration below the threshold required to kill cells.
Although expression assays based on flow cytometry and
immunostaining have shown that multidrug resistance-
associated protein 1 (MRP1) is prevalent in many cancer
types, the functional activity of this efflux pump is more
difficult to elucidate, especially at the single-cell level. Herein, we report the measurement of MRP1 functional activity in
individual cancer cells using scanning electrochemical microscopy (SECM). Cells were cultured onto plastic substrates
containing selective adhesion sites. Optical microscopy and SECM revealed that cells adapt to the underlying surface, while
MRP1 functional activity increases once the dimensions of the adhesive islands become smaller than those of the cell itself. Time-
lapse SECM imaging revealed a suitable window of 30 min to complete each measurement before the cell undergoes blebbing,
which is associated with a considerable increase in functional activity. Distinct cell populations were produced by performing a
doxorubicin drug challenge on two parental cell lines (e.g., wild-type HeLa cells and MRP1-overexpressing HeLa-R cells).
Expression and functional activity of MRP1 were determined using flow cytometry and SECM, and our findings show that these
parameters do not directly correlate. This suggests that functional activity may represent a powerful indicator of a cancer cell’s
response to chemotherapeutic treatment and should improve our understanding of efflux mechanisms based on MRP1.

M ultidrug resistance (MDR) has been attributed to several
proteins within the ATP-binding cassette (ABC)

superfamily of transporters, including multidrug resistance-
associated protein 1 (MRP1).1−3 The prognostic significance of
MRP1 expression remains controversial, as several reports have
described a direct correlation between MRP1 expression and
patient survival,4−6 while others have demonstrated that no
such relationship exists.7,8 However, an important consideration
that is often overlooked is the relationship between transporter
expression and functional activity.9 Elucidation of this relation-
ship could help clarify the role of MRP1 as a prognostic
indicator for cancer patient survival.
The measurement of MRP1 expression has been achieved

using chromatography,10 immunostaining,11 reverse transcrip-
tion polymerase chain reaction (RT-PCR),12 and western
blotting. The most common assay remains flow cytometry, due
to its ease of use and high throughput capabilities.13 The
majority of expression assays use intracellular MRP1 antibodies,
requiring fixed or lysed cells. Unlike these assays, the
determination of functional activity is more challenging, since
cell viability and function must be maintained throughout the

measurement. Consequently, the number of techniques
available is limited. They include inverted membrane vesicles,14

positron emission tomography,15 and flow cytometry.16 On the
single-cell level, determination of functional activity is even
more difficult.
For this purpose, scanning electrochemical microscopy

(SECM) can be particularly useful, as it is relatively noninvasive
and does not require the use of labels. By scanning a poised
microscale electrode over a surface and measuring its current
response, it is possible to image both topography and local
reactivity with high resolution.17 This electroanalytical
technique has been extensively used for the investigation of
live cell processes, including respiratory activity,18 cellular redox
state,19 neurotransmitter release,20 and cytotoxicity.21 We
recently demonstrated that SECM could also be used to
identify a difference in functional activity between wild-type
HeLa cells and genetically modified MPR1-overexpressing
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HeLa-R cells.22 By measuring the faradaic current produced at a
microelectrode during the oxidation or reduction of two
complementary redox mediators, the topography of the cell
surface and the associated MRP1 functional activity could be
determined. Koley and Bard also demonstrated the use of
SECM for quantitative studies of MRP1.23 They showed that in
the presence of the MRP1 inhibitor MK571, the functional
activity of MRP1 was significantly reduced.
Herein, we rely on SECM to monitor functional activity at

the single-cell level. A membrane-based patterning scheme was
used to prepare culture substrates on which cells were arranged
in a regular array format to facilitate imaging. We utilize
complementary SECM and flow cytometry measurements with
cells that have undergone a doxorubicin drug challenge to
investigate the relationship between MRP1 functional activity
and expression.

■ EXPERIMENTAL SECTION

Chemicals. All reagents were purchased from either Fisher
Scientific (Ottawa, ON, Canada) or Sigma-Aldrich (Oakville,
ON, Canada), unless noted otherwise.
Cell Lines. HeLa cells (human cervical adenocarcinoma)

were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, U.S.A.), and MRP1-overexpressing
HeLa-R cells were a generous gift from Dr. Susan Cole
(Queen’s University, Kingston, ON, Canada). Both cell lines
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, ThermoFisher Scientific, Waltham, MA, U.S.A.)
supplemented with 10% v/v fetal bovine serum (FBS), defined
as DMEM+, while DMEM without FBS is defined as DMEM−.
Medium for HeLa-R cells also contained 50 μg mL−1 of
gentamicin.
Drug Challenge. Cells (3 × 104) were seeded in a six-well

plate containing DMEM+ and a predetermined concentration
of doxorubicin. For each cell line, one well contained an
untreated control population and two others contained
doxorubicin-treated populations (i.e., three populations for
each cell line, six populations total). Cells were passed when
confluence was greater than 70% (typically 3−4 days).
MTS Assay. The doxorubicin sensitivity of parental HeLa

cells was determined using the MTS assay (Promega, Madison,
WI, U.S.A.). Cells were added to a 96-well plate (2500 cells/
well) and incubated in standard culture medium for 24 h to
allow adhesion. The cell medium was then replaced, and
increasing amounts of doxorubicin were added. After 72 h of
incubation, 20 μL of MTS reagent (3,4-(5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium salt) was added to each well, followed by incubation for 2
h, during which a soluble formazan product was formed in
metabolically active cells. The absorbance of each well was
measured at 490 nm using a Synergy H4 microplate reader
(Biotek Instruments, Winooski, VT, U.S.A.). Cells were treated
with 0.4% Triton X-100 as a dead control, untreated cells were
used as a negative control, and DMEM+ with 10 μM
doxorubicin was used as a positive control. Untreated cells
were assumed to have 100% viability, and all other samples
were normalized based on this value.
Western Blotting. Adherent cells were washed twice with

PBS, mechanically dislodged with a cell scraper, and
resuspended in ice-cold RIPA cell lysis buffer (150 mM
NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, 1% Triton X-100, 25 mM TrisHCl, and 1% Halt
Protease and Phosphatase Inhibitor Cocktail). After 30 min of

constant agitation at 4 °C, the suspension was centrifuged (20
min, 14000 rpm), and the supernatant was conserved for
further analysis. The protein concentration of the cell lysate was
determined using the Bradford Protein Assay (Bio-Rad,
Mississauga, ON, Canada).
Lysate samples were boiled at 95 °C for 5 min, and 20 μg of

sample protein was loaded onto a hand-cast 7.5% poly-
acrylamide gel (Bio-Rad). Electrophoretic separation was
carried out for 90 min at 110 V. The separated proteins were
transferred onto a polyvinylidene fluoride membrane using wet
transfer (4 °C, 30 V, 90 mA, overnight). The membranes were
then incubated for 1 h at room temperature in blocking
solution (5% bovine serum albumin in Tris-buffered saline
containing 0.3% Tween). After washing, the membranes were
exposed to MRP1 mouse monoclonal antibody QCRL3 (BD
Biosciences, San Jose, CA, U.S.A.) and GAPDH mouse
monoclonal antibody (ThermoFisher) at 4 °C overnight.
Following this treatment, membranes were exposed to
horseradish peroxidase-conjugated goat antimouse IgG
(Abcam, Cambridge, MA, U.S.A.) for 1 h at room temperature.
Finally, membranes were treated with the Clarity Western ECL
Blotting Substrate Kit (Bio-Rad) and imaged with a Chemidoc
MP System (Bio-Rad). Band-intensity units were measured
using Image Lab analysis software (Bio-Rad). The amount of
each protein was corrected for loading variations by taking the
ratio to the GAPDH control housekeeping protein.

Flow Cytometry. Cells were prepared using a Fixation/
Permeabilization Solution Kit (BD Biosciences). After harvest-
ing with trypsin solution, cells were washed twice with PBS (5
min, 1500 rpm) and resuspended to a concentration of 106 cells
mL−1. Cells were fixed (Cytofix, 1 mL, 4 °C, 20 min) and then
washed twice with permeabilizing solution (Cytoperm, 5 min,
1500 rpm). Samples were incubated for 30 min at room
temperature with FITC-tagged QCRL3 or a FITC Mouse
IgG2a, κ isotype Control. Unstained cells were used as a
negative control. After incubation, all samples were washed
twice with PBS, filtered using a filter with 40 μm pore diameter,
and analyzed using a FACS Aria III (BD Biosciences) equipped
with a 488 nm laser and 530/30 filter. Data was analyzed using
FlowJo, LLC data analysis software (Ashland, OR, U.S.A.).

Preparation of Cell-Culture Substrates. Cell culture
substrates had the shape of a disk (2.3 cm in diameter, 0.5 mm
in thickness) and were produced by injection molding of
Zeonor 1060R (Zeon Chemicals, Louisville, KY, U.S.A.) using
an e-motion 110 injection molding tool (Engel, Schwertberg,
Austria) operated at a temperature of 250−260 °C, an injection
speed of 40 mm s−1, and a pressure of 132 bar. Substrates were
rinsed with ethanol, methanol, and DI water (18.2 MΩ cm),
followed by drying with a stream-on nitrogen gas. Open
though-hole polymer membranes were fabricated from
Fluorolink MD 700 (Solvay Group, Bruxelles, Belgium) using
a procedure that is described in detail elsewhere.24,25 Each
membrane was cut into smaller pieces (e.g., 10 to 100 mm2 in
size) which were placed onto the Zeonor disks. Substrates were
then exposed to oxygen plasma at 40 W sccm−1 (50 mTorr) for
4 min using a Plasmalab 80 Plus apparatus (Oxford
Instruments, Bristol, UK). The membrane was peeled off the
Zeonor surface before the substrate was incubated with
cell culture medium.

Electrochemical Measurements. SECM imaging was
performed using an Electrochemical Probe Scanner 3 (Heka
Elektronik, Lambrecht, Germany) with a three-electrode
configuration. All potentials were recorded relative to a
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chloridized silver wire (in house) quasi-reference electrode and
a Pt-wire counter electrode. The SECM probe was a 7 μm
carbon-fiber disk microelectrode, fabricated using a previously
reported protocol.26 SECM imaging was performed in
constant-height feedback mode, at a scan speed of 10 μm s−1,
in a DMEM− solution containing 1 mM ferrocenemethanol
(FcMeOH) and hexaammineruthenium(III) chloride (Ruhex).
Prior to SECM imaging, cells were exposed to 1 mM FcMeOH
in DMEM+ for 75 min. All SECM data was analyzed using
MATLAB R2016b (MathWorks, Natick, MA, U.S.A.).

■ RESULTS AND DISCUSSION

Cell Patterning for SECM. Conditioning of a Zeonor
cell culture substrate involves exposure to oxygen plasma in
conjunction with a soft, open through-hole membrane whose
openings enable the formation of oxygen plasma-treated spots
(OPS) on the surface (Figure 1A). Previous work has shown

that hydrophilic, oxygen-containing groups (e.g., hydroxyl and
carboxylic acid) generated during this process promote
attachment, proliferation, and growth of HeLa cells on
Zeonor.27 Activating selected sites on an otherwise non-
responsive surface makes it possible to direct and confine
adhesion of cells in a regular format, which offers several
advantages for single-cell SECM investigations. First, it
facilitates positioning of the microelectrode above the cells,
reducing preparation and analysis time. Second, measurements
can be repeated using a similar configuration on the same
substrate, which improves the reliability and the significance of
the acquired electrochemical response. Finally, it enables the
formation of coculture patterns comprising two different cell
lines in close proximity, making it possible to investigate their
behavior in a single experiment and with the exact same
conditions.22 We have shown that coculture can be achieved by
selectively masking portions of the OPS array to prevent
adhesion in these regions during a first incubation step with
HeLa-R cells. Upon removal of the mask, the substrate was
incubated with HeLa cells to fill the remainder of the array in a
complementary fashion. Superimposing the OPS array with a
multichannel microfluidic system should, in principle, provide a
plausible means for increasing the number of cell lines to be
included simultaneously in a coculture pattern while controlling

their distribution on the substrate with superior precision and
spatial resolution.28

Open through-hole membranes were produced from a UV-
curable polymer resin through a novel process that involves
molding against an enclosed micropillar structure.24,25 The
method offers a high degree of reliability and promotes the
fabrication of membranes over a relatively large area (Figure
1B). Our previous work relied on elastomeric membranes
obtained by hot embossing featuring holes between 50 and 400
μm. However, further reduction of the pore dimensions using
this approach was challenging and plagued by high failure rates
(e.g., pores partially open or not open at all). The method
employed herein makes it possible to consistently generate
arrays that comprise through-holes with comparatively small
dimensions while providing a high degree of porosity (Figure
1C,D). We produced membranes featuring both circular and
square openings with dimensions ranging from 10 to 50 μm.

SECM Imaging of MRP1 Functional Activity. The
current response measured in SECM depends on the
topography and electrochemical activity of the substrate,
making it necessary to deconvolute the signal in order to
correctly assess MRP1 functional activity for each cell. We
recently demonstrated that such a deconvolution can be
achieved with a dual redox mediator system comprising
FcMeOH and Ruhex.22

FcMeOH is a neutral, hydrophobic redox mediator capable
of passively diffusing through the cell membrane, as
demonstrated in previous studies on bladder cancer cells.29

At a biased microelectrode (E = +350 mV), FcMeOH is
oxidized to [FcMeOH]+. In HeLa cells, FcMeOH passively
diffuses through the membrane, inducing an increased
production of glutathione (GSH) within the cell. GSH, a
well-established MRP1 substrate, is then effluxed outside the
cell by MRP1 and reduces [FcMeOH]+ back to FcMeOH
(Figure 2A). This homogeneous reaction between GSH and

[FcMeOH]+ strongly influences the flux of material toward the
microelectrode tip, producing positive feedback (i.e., an
increased apparent heterogeneous rate constant measured at
the microelectrode), which is representative of the functional
activity of the MRP1 pump. It should be noted that before
performing SECM experiments, the cells are pre-equilibrated in

Figure 1. Cell patterning for SECM. (A) Schematic representation of
the cell patterning process. (B) Photograph of an open through-hole
membrane deposited on the bottom of a Petri dish. (C) Top and (D)
side view SEM images of open through-hole membranes.

Figure 2. Assessment of MRP1 functional activity using SECM. (A)
The cell is scanned in the presence of FcMeOH (abbreviated as Fc), a
cell-permeable redox mediator, producing a positive feedback image
that represents both topography and functional activity. (B) The cell is
scanned in the presence of Ruhex (abbreviated as Ru), a cell-
impermeable redox mediator, producing a negative feedback image
representing solely topography.
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a solution of 1 mM FcMeOH in DMEM+ at 37 °C. Ruhex, on
the other hand, is a positively-charged mediator that is reduced
at the microelectrode. Contrary to FcMeOH, expelled GSH
does not participate in the electrochemical transformation
process. Much like other hydrophilic mediators, Ruhex cannot
diffuse through the cell membrane, and the cell effectively acts
as an insulator.30 As the microelectrode approaches the cell, the
diffusion of Ruhex toward the microelectrode is hindered,
creating negative feedback (Figure 2B).
Using this principle, the measured current responses can be

deconvoluted to produce distance and kinetic profiles, as shown
in Figure 3. First, the raw current is normalized using the

steady-state current in bulk solution, which was measured prior
to the acquisition of each SECM image using chronoamper-
ometry at the appropriate potential (EFcMeOH = +350 mV and
ERuhex = −350 mV). This produces a normalized current image
for each mediator (Figure 3A,B), representing positive
(IFcMeOH) and negative feedback (IRuhex). Using a grid search
in conjunction with analytical expressions defining negative
feedback current,31 it is possible to extract a normalized tip-to-
substrate distance (defined as L) for each point, and transform
the IRuhex image (Figure 3B) into a distance image, representing
the topography of the surface (Figure 3C). Using the data from
these images (IFcMeOH, IRuhex, and L) and a grid search, it is
possible to extract an apparent heterogeneous rate constant
(defined as k) profile, which is indicative of the MRP1
functional activity of each cell (Figure 3D). Consequently, this
SECM methodology allows for the measurement of MRP1
activity at the single cell level, which is currently not possible
using other techniques.
Effect of Pattern Size. We prepared OPS arrays using

different membrane configurations (e.g., with pore diameters
ranging from 10 to 50 μm) to investigate whether the size and
layout of the pattern affect functional activity of HeLa cells
(Figure 4). Although HeLa cells typically have a triangular
morphology, optical micrographs for each sample show that
cells adapt to the available area, either by expanding or
retracting. In the case of 10 μm OPS, the cells lack sufficient
space and only a small portion can attach to the surface,
creating a globular morphology. The corresponding k profile

shows that these cells have a relatively high functional activity,
caused by increased stress and unstable attachment. Cells can
equally span over several OPS as can be seen for 12 and 15 μm
features. Previous studies have shown that cells exceeding the
dimensions of the adhering islands are prone to apoptosis
unless these features are provided at sufficient density to
promote spreading.32 As the available area increases (i.e., 30 μm
OPS), the cells begin to exhibit a more triangular shape, which
is accompanied by a decrease of the measured apparent
heterogeneous rate constant. With 50 μm square OPS, the cells
exhibit triangular morphology, while k values are comparable to
typical levels found for HeLa cells on nonpatterned substrates
(Figure S1). On the basis of these findings, we selected OPS
with a footprint of 50 × 50 μm2 as the most adequate substrate
for conducting all further experiments presented in this study.
As a control, an empty OPS (i.e., no adhered cells) was also

imaged using both mediators, and no significant response was
observed, demonstrating that the conditioning process did not
result in changes with respect to topography and electro-
chemical activity on the Zeonor surface (Figure S2).

Effect of Time. A particular challenge with live cell SECM
imaging derives from the fact that the measurement conditions
differ considerably from those of the more ideal physiological
environment required for cell culture, including composition of
the medium, CO2 levels, and temperature. The cell’s
metabolism and morphology are both subject to alteration
when changes in environmental conditions occur. We have
previously demonstrated that low concentrations (≤1 mM) of
FcMeOH and Ruhex can be used in solution for up to 4 h
without causing cell death.33 Furthermore, serum-free DMEM
is used for all measurements, as serum can cause electrode

Figure 3. SECM imaging methodology. (A) SECM negative-feedback
image obtained over the cells using 1 mM Ruhex (E = −350 mV vs
Ag/AgCl). Currents are normalized by the steady-state current in bulk
solution. (B) SECM positive-feedback image obtained over the same
cells using 1 mM FcMeOH (E = +350 mV vs Ag/AgCl). Currents are
normalized by the steady-state current in bulk solution. (C) Extracted
normalized distance profile (i.e., topography). (D) Extracted apparent
heterogeneous rate-constant profile. Values are presented as 10−3 cm
s−1. All images have an area of 100 × 100 μm2. (Imaging conditions: a
= 3.5 μm; v = 10 μm s−1).

Figure 4. Effect of OPS size on SECM measurement of functional
activity. Left panel: Optical micrographs of HeLa cells patterned on
OPS of different sizes and feature densities. The contour of each
feature can be seen due to phase contrast induced during imaging and
does not represent topography. A small section of the carbon-fiber
microelectrode can be seen in the bottom left corner of each
micrograph, representing the starting point of each scan. Right panel:
Extracted apparent heterogeneous rate constant profile for each
substrate. Values are presented as 10−3 cm s−1. All images have an area
of 100 × 100 μm2. (Imaging conditions: a = 3.5 μm; v = 10 μm s−1).
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fouling. Measurements were performed at room temperature
(24 °C) upon removal of the cell culture substrate from the
incubator (37 °C), while the concentration of CO2 in solution
remained uncontrolled. We monitored individual HeLa cells
using SECM and optical microscopy for a period of 50 min
(using 10 min intervals) to determine the possible effect that
this transition may have on cell behavior (Figure 5). Initially,

the cell exhibits a fairly triangular shape, representative of
typical HeLa cell morphology. The concurrent k profile shows
low functional activity. However, with each sequential scan, the
optical micrographs reveal that the cell slowly begins to retract,
while at the same time, its functional activity increases. After 40
min (i.e., four consecutive scans), the cell has lost its triangular
shape and has progressed toward a more globular morphology,
indicative of a stressed state. The optical micrograph also shows
a particularly important feature, as blebs can be observed
around the cell membrane. Blebbing occurs when the cell

membrane detaches from the actin cortex and cytosol flows
from the cell body, inflating the detached area. This effect has
been described in other SECM reports and can be indicative of
apoptotic cell death.34 In this case, the concurrent k profile
reveals very high activity with maximum values almost triple the
initial rate. This time-lapse SECM imaging suggests that
measurements of MRP1 functional activity should ideally be
completed within 30 min to prevent accumulating effects of
stress. Likewise, the morphology of the cell should be
continuously monitored using optical microscopy, as the
formation of blebs results in increased apparent heterogeneous
rate constants and could create a false positive response.

Drug Challenge. In order to establish cell populations with
varying degrees of expression, a drug challenge was performed,
whereby parental cell lines are treated with increasing amounts
of a chemotherapeutic agent.35 Here, we used doxorubicin, an
anticancer drug that is utilized in many chemotherapy
regimens. Prior to beginning the drug challenge, the
cytotoxicity of doxorubicin on HeLa cells was determined
using a colorimetric cell proliferation assay (Figure S3), which
revealed that the LD50 is equivalent to 0.5 μM. To produce cell
populations with increased MRP1 expression while maintaining
cell viability, each parental cell line (e.g., HeLa and HeLa-R)
was treated with 1/10 and 1/5 of the LD50, corresponding to
doxorubicin concentrations of 0.05 and 0.1 μM, respectively.

MRP1 Functional Activity. The functional activity of six
different cell populations was determined using SECM (Figure
6). Cells were patterned onto 50 μm square OPS and allowed
to adhere for 24 h. After incubation with FcMeOH for 75 min,
a carbon-fiber microelectrode was positioned over the Zeonor
using an approach curve. Cells were imaged in constant-height
feedback mode in the presence of both FcMeOH and Ruhex
redox mediators. The scanning area for all images was
maintained at 100 × 100 μm2, which allowed for each image
to be acquired in less than 5 min.
In each case, 2−4 cells have attached within the OPS, and

most importantly, no blebbing was observed, indicating that
cells were not in a stressed state during the measurement. The
microelectrode, characterized by small electroactive radius (a =
3.5 μm) and a low Rg (glass radius/electroactive radius = 3.2),
provided ideal spatial resolution to distinguish individual cells
within each OPS. Using IFcMeOH, IRuhex, and L, in conjunction
with a grid search, a final k profile was generated, representing
the MRP1 functional activity of each cell population. By
compiling the maximum k value (cm s−1) above an individual
cell, the functional activity of each cell population can be

Figure 5. Effect of imaging time on SECM measurement of functional
activity. Left panel: Sequence of optical micrographs depicting a single
cell attached on a square OPS (50 × 50 μm2) over a duration of 50
min. Right panel: Extracted apparent heterogeneous rate constant
profile of cell for each time interval. All images have an area of 100 ×

100 μm2. (Imaging conditions: a = 3.5 μm; v = 10 μm s−1).

Figure 6. MRP1 functional activity of six different cell populations obtained through a doxorubicin drug challenge. Top panel: Optical micrographs
of the cell populations during SECM imaging. Bottom panel: Extracted apparent heterogeneous rate constant profile. A single scale is used for all
populations to visualize differences in contrast. Values are presented as 10−3 cm s−1. (Imaging conditions: a = 3.5 μm; v = 10 μm s−1).
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quantified. Doxorubicin treatment stimulates a cellular
response, which leads to increasing MRP1 functional activity
with higher drug doses, both in HeLa and HeLa-R cells.
MRP1 Expression. Prior to starting the drug challenge, the

baseline MPR1 expression level of both parental cell lines was
verified using western blotting with a monoclonal intracellular
MRP1 antibody (e.g., QCRL3, Figure 7A). Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, 37 kDa) was used as a
housekeeping gene to control for protein loading. HeLa cells
lacked any expression of MRP1, while HeLa-R cells showed a
positive expression of the 190 kDa protein, which is consistent
with previous literature reports.36 This large initial difference
also suggests that the three populations originating from the
HeLa-R parental cell line should express much higher levels of
MRP1 relative to the three HeLa populations.
Following the SECM experiments, the MRP1 expression of

the exact same six cell populations (e.g., same passage number)
was measured using flow cytometry with a FITC-tagged
monoclonal antibody (e.g., QCRL3, Figure 7B). An isotype
control was also used to account for nonspecific antibody
binding. The mean fluorescence intensity of each cell
population was determined after applying several gates,
including both debris- and doublet-exclusion gates (Figure
S4). As expected, all three populations of HeLa-R cells showed
a significantly higher expression when compared to their HeLa
counterparts.
Expression vs Functional Activity. The functional

activity and expression level of six different cell populations
were determined using SECM and flow cytometry. In order to
assess the relationship between these two important parame-
ters, each data set was normalized by the value for untreated
HeLa cells. Using this approach, an activity factor (AF) and an
expression factor (EF) was calculated, whose values for each
cell population are presented in Figure 8.
Each treated population showed a small yet significant

increase in EF relative to their parental cell line (95% CL),
confirming the presence of six distinct cell populations. EF for
HeLa-R populations was at least 6.7× higher than that of HeLa
populations, which is consistent with the large difference in
initial expression between the parental cell lines. Interestingly,

despite this rather large difference in expression level, AF values
of both parental cell lines (i.e., nontreated HeLa and HeLa-R)
were not significantly different from each other (95% CL).
Stimulation with doxorubicin resulted in an increase in AF for
all treated populations (0.05 and 0.10 μm).
The most important observation from Figure 8 is that despite

large differences in EF, the change in AF among populations
remains relatively small, indicating that in fact these two
parameters do not directly correlate. This finding has
substantial implications considering that a clear correlation
between MRP1 expression and disease-free survival has yet to
be established. The determination of functional activity using
the described methodology, in conjunction with expression
measurements, could provide improved insight into the
prognostic value of MRP1 in different types of cancer.

■ CONCLUSION

We have successfully applied SECM to the measurement of
functional activity for both nonresistant and MRP1-over-
expressing HeLa cells in real-time and with high spatial
resolution. The use of micropatterned substrates allowed for
confinement of individual cells to selected adhesion sites to
limit additive or interfering effects caused by larger assemblies.
Pattern size and geometry were both tailored to achieve
maximum isolation while inflicting minimum stress to the
adhering cells. The functional activity and expression level of six
different cell populations, produced through a doxorubicin drug
challenge, were measured using SECM and flow cytometry,
respectively. Comparison of both data sets showed that
functional activity and expression do not directly correlate.
This finding is important insofar as it suggests that perhaps the
measurement of functional activity, rather than expression,
should be prioritized for the investigation of MDR pumps and
their effects, a concept that is gaining traction within the
literature.9,37 One limitation of the present work is that the
experimental window for SECM investigation is relatively
narrow (e.g., <30 min), thus preventing observation of long-
term effects on cells when challenged with a chemotherapeutic
drug. It would be interesting, however, to use the described
methodology for gaining insight into the temporal evolution of
MDR-related drug efflux and cell detoxification in general.

Figure 7. Assessment of MRP1 expression. (A) Measurement of
MRP1 expression in both parental cell lines (HeLa vs HeLa-R) using
western blotting. (B) Flow cytometry measurement of MRP1
expression in drug-selected HeLa and HeLa-R cells.

Figure 8. Comparison of MRP1 functional activity and expression.
The plot shows activity and expression factors calculated by
normalizing the data to the untreated HeLa population. Values
represent mean ± standard error of the mean.
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Observing drug efflux concurrently with MRP1 activity would
thereby complement this study in a useful fashion.38 For
example, combining SECM with an integrated perfusion system
to selectively administer drugs to a single cancer cell might be a
suitable step in this direction. This could be achieved using a
multifunctional electrode (e.g., which comprises an adjacent
delivery channel) as to enable activity and drug uptake being
monitored simultaneously in a spatially controlled manner.39

Additionally, it would be interesting to investigate the effect of
FcMeOH concentration, as previous SECM reports have
demonstrated an increase in the apparent heterogeneous rate
constant when the concentration of the mediator was
decreased.40
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