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The emergence of resistance to multiple unrelated chemotherapeu-
tic drugs impedes the treatment of several cancers. Although the
involvement of ATP-binding cassette transporters has long been
known, there is no in situ method capable of tracking this trans-
porter-related resistance at the single-cell level without interfering
with the cell’s environment or metabolism. Here, we demonstrate
that scanning electrochemical microscopy (SECM) can quantitatively
and noninvasively track multidrug resistance-related protein 1–
dependent multidrug resistance in patterned adenocarcinoma
cervical cancer cells. Nonresistant human cancer cells and their
multidrug resistant variants are arranged in a side-by-side format
using a stencil-based patterning scheme, allowing for precise posi-
tioning of target cells underneath the SECM sensor. SECMmeasure-
ments of the patterned cells, performed with ferrocenemethanol
and [Ru(NH3)6]

3+ serving as electrochemical indicators, are used to
establish a kinetic “map” of constant-height SECM scans, free of
topography contributions. The concept underlying the work de-
scribed herein may help evaluate the effectiveness of treatment
administration strategies targeting reduced drug efflux.
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Cancer cells, such as lung cancer or leukemia, acquire re-
sistance to multiple unrelated drugs in response to treatment

with chemotherapeutic agents (1, 2). Resistance impedes thera-
peutic effectiveness, which in turn, reduces the long-term sur-
vival rate of cancer patients (2). The emergence of multidrug
resistance (MDR) involves the overexpression of transmem-
brane proteins P-glycoprotein (P-gp) and MDR-related protein 1
(MRP1), which both belong to the family of 5′-triphosphate-
binding cassette transporters (known as ABC transporters). P-gp
and MRP1 act as molecular “pumps,” actively removing thera-
peutic agents from the cancer cells, thereby preventing the drug
from inducing the desired effect on the cell nucleus or cytoplasm.
MDR based on P-gp is relatively well understood and involves
binding of hyaluronan to the cell surface glycoprotein CD44. The
resulting up-regulation of the transcriptional cofactor p300
expression and therefore the NFkappaB-specific transcriptional
up-regulation lead to the production of P-gp, and with that che-
moresistance in cells (3). However, the mechanism that causes
MRP1-mediated MDR remains unclear.
Currently, quantification ofMDR relies on immunohistochemical

analyses, such as real-time PCR, focusing mostly on P-gp or other
members of ABC transporters (4–9). Fluorescent MRP1-specific
studies were also conducted, revealing that resistant and non-
resistant cancer cells have differential intracellular content of glu-
tathione and GST, which affect their cell death mechanism during
hyperthermia (10). Microvoltammetry was also used to measure the
efflux of chemotherapeutic drugs from normal and MDR cancer
cells on the single-cell level, with detection limits in the nanomolar
range (11). Finally, flow cytometry has routinely been used to
quantify and compare expression levels and activity of different
ABC transporters that are linked to MDR (12–14). Although the
transporter activity can be inferred from the drug retention in the
cell, this method has been advanced by using the invariable drug
retention on polymer beads as a standard in flow cytometry mea-

surements (15). Herein, we report the use of cell coculture patterns
for quantitative analysis ofMDR in adenocarcinoma cervical cancer
cells on the single-cell level using scanning electrochemical micros-
copy (SECM). In contrast with flow cytometric quantification of
MDR, SECM allows for in situ observation on the single-cell level
without interfering with the cell’s environment or metabolism.
In SECM, a microelectrode is scanned across a surface while the

electrochemical current is recorded with high spatial and temporal
resolution (16). Since the first studies on single human cells
emerged in 1998 (17), SECM has gained increasing attention as an
analytical tool for biological studies (18–21). After successfully
confirming cell viability and oxidative stress in living cells (22–24),
the focus of analytical studies shifted toward the investigation of
MDR. For example, theMRP1-mediated efflux of the menadione-
S-glutathione conjugate (thiodione) was monitored in yeast and
hepatoblastoma cells, making it possible to estimate the export rate
of thiodione by SECM (24, 25). Most recently, Bard et al. moni-
tored the formation of thiodione from menadione in adenocarci-
noma cervical cancer cells (HeLa). In this study, the detection of
thiodione by SECM not only allowed for the quantification of
MRP1-mediated efflux of thiodione, but with the use of MK571 as
anMRP1 blocker, theMRP1 efflux pumpwas identified as a major
carrier for thiodione in living HeLa cells (26). The work presented
in this study uses genetic modification of HeLa cells to compare
a wild-type culture withMRP1 overexpressing cells (HeLa-R). The
redoxmediator ferrocenemethanol (FcCH2OH) is used to quantify
MRP1 activity of these two cell lines through its unique interaction
with glutathione, a peptide molecule involved in MRP1-related
transport. Tracking the evolution of MRP1 activity and expres-
sion is important because direct clinical implications makeMRP1
a relatively unique molecular marker in comparison with other
prognostic variables identified for several cancer types (27, 28).

Results and Discussion
Patterning of Cell Islands. Comparative SECM measurements on
the single-cell level benefit from culture substrates that allow for
arrangement of cells in a regular format. A consistent template
providing alignment and registration between cells (as opposed to
a random distribution) makes it possible to perform measure-
ments multiple times and achieve a high level of reliability. In
addition, it facilitates the positioning of cells underneath the mi-
croelectrode, thereby reducing preparation and analysis time.
Because growth of cells largely depends on the properties of the
surface on which they grow, template formation generally requires
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a patterning step to be performed with the substrate. One ap-
proach involves activation of selected regions on a nonresponsive
surface. A number of modification schemes involving self-assem-
bled monolayers (29, 30), polymer films (31), and proteins (32)
have been shown to direct cell attachment on a variety of natural
and artificial substrates. Another approach relies on masking se-
lected sites on an active surface to prevent adhesion of cells in
these regions. The use of microfluidic systems (33, 34) and stencil
masks (35, 36) are examples of this approach. Both methodologies
take advantage of topographic features that provide a physical
barrier in the patterning process. Even though many techniques
are readily applicable to the patterning of a single cell line, they
often fail to be effective when two (or more) cell lines are to be
considered for array formation, especially at reduced scale.
Herein, we describe a stencil-based patterning approach that

constitutes a practical solution to this end. We use an open
through-hole membrane fabricated from an elastomeric block-
copolymer (e.g., Versaflex CL30, GLS Corp.) (37) (see SI Text
for details) in combination with oxygen plasma treatment to
achieve live cell patterns on an insulating plastic substrate (e.g.,
Zeonor 1060R, Zeon Chemicals). Versaflex CL30 is a melt-
processable styrenic ethylene/butylene block-copolymer (38, 39)
which has recently been shown to promote the fabrication of
thin-film membranes with small-scale openings in a single step
using hot embossing lithography (HEL) (37). In principle, open
through-hole membranes can be produced from other elas-
tomers such as poly(dimethylsiloxane) (PDMS), which to this
end constitutes the prime material for soft microfabrication
and patterning (35, 36). However, the method described herein
provides several advantages with respect to fabrication and
handling of the membranes (37). For example, Versaflex CL30
provides off-the-shelf availability as it can be stored (e.g., as an
extruded sheet) over extended periods of time, whereas PDMS
as a thermoset polymer necessitates timely preparation. Thin,
open through-hole membranes obtained with standard PDMS
formulations (e.g., Sylgard 184) are relatively fragile, which
makes their handling nontrivial and limits the scope of possible
applications. Versaflex CL30, on the other hand, provides su-
perior mechanical stability as reflected by 780% elongation at
break (whereas PDMS generally does not exceed 140%),
diminishing the risk of damage during removal from the mold
and providing the possibility of reducing vertical and lateral
dimensions of the replicated features. Spin-casting of PDMS
further contributes to irregularities in thickness of the membrane

(40), whereas those fabricated from Versaflex CL30 using HEL
are smooth and uniform in thickness, with the embossed open
through-holes showing excellent lithographic definition. We
produced membranes with openings ranging from 50 to 500 μm,
as shown in Fig. 1 A and B. Openings are used to form oxygen
plasma-treated spots (OPS) on Zeonor serving as a solid cell culture
substrate. Previous work has shown that hydrophilic, oxygen-con-
taining groups promote cell attachment on a Zeonor surface (33).
Each membrane made it possible to achieve cell islands with dif-
ferent dimensions, as shown for both HeLa (Fig. 1 C–E) and HeLa-
R cells (Fig. 1 F–H). However, the details of the patterning process
must be adjusted for each cell line according to morphology and
characteristics of growth. For example, HeLa cells are more effi-
ciently patterned onOPSprovided by anuntreatedmembrane that is
placed on the Zeonor slide following exposure to oxygen plasma.
Due to their tendency to grow in colonies, HeLa-R cells are pref-
erably seeded on a Zeonor substrate from which the membrane was
removed upon oxygen plasma treatment. Regardless of the option
used, formation of OPS benefits from the ability of the elastomeric
membrane to achieve intimate, yet reversible contact with the sub-
strate (37). OPS ranging from 200 to 400 μm in diameter enable cell
growth in defined, well-populated islands, whereas 50-μm OPS (ei-
ther circular or rectangular) result in groups with a limited number
(e.g., 2–9 cells) for both HeLa and HeLa-R cell lines. The defined
physical separation of cells provides control over several experi-
mental parameters, such as location of target cells, cell movement
during acquisition, and analysis time (which can be extended to at
least 8 h). Studies on cell communication or cell signaling, observa-
tion of cell death, and examination of the cell response to drugs or
othermedical treatmentswill benefit from this patterning procedure.

SECM Imaging. We performed SECM measurements on patterned
HeLa cells using a Ptmicroelectrode biased at a potential where the
dissolved redox mediator FcCH2OH is oxidized to [FcCH2OH]+

(Scheme S1) under mass-transfer control. Fig. 2A represents a re-
dox reactant competition mode to illustrate electrochemical reac-
tions during SECM measurements. In this scheme, the reactant
FcCH2OH is “consumed” by the cell through passive diffusion,
whereas the microelectrode “consumes” FcCH2OH to produce the
[FcCH2OH]+ that will be regenerated by the cell. The faradaic
microelectrode current monitored during SECM imaging inher-
ently contains contributions from both topography and electro-
chemical activity of the underlying surface. Because the substrate
itself does not show any electrochemical activity, themicroelectrode

Fig. 1. Layout of the elastomeric stencil and result-
ing cell patterns. (A) Photograph of an open through-
hole membrane as used within this study. (Inset)
Scanning electron micrograph of a corner section.
(Scale bar: 500 μm.) (B) Close-up view of the central
part of the membrane. The array contains 100 open-
ings of 50 μm in diameter arranged in a 10 × 10
configuration. (Scale bar: 500 μm.) (Inset) Scanning
electron micrograph depicts a cross-sectional view of
the array after the membrane had been cut in half
using a blade. (Scale bar: 100 μm.) (C‒H) Optical
micrographs of cell islands formed from HeLa (C‒E)
and HeLa-R cells (F‒H). OPS were generated using
circular through-holes of 400 and 200 μm in diameter
as well as rectangular features of 50 μm in width and
length, respectively. (Scale bar: 100 μm.)
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current progressively decreases with decreasing tip-to-substrate
distance as a result of the hindered diffusion of the redoxmediator.
Using this negative feedback signal, the microelectrode is first
prepositioned over a bare region of the substrate at a tip-to-sub-
strate distance greater than the maximum cell height (e.g., 12 μm).
The biased microelectrode is then scanned at this constant height
across a defined area of patterned cells. As the microelectrode
scans over the patterned cells, the measured current monitors the
gradient in concentration of FcCH2OH, which is concomitantly
affected by the topography of the cell, the cell’s permeability to
FcCH2OH, and the glutathione-dependent regeneration of
FcCH2OH (Fig. 2A). Overall, the contributions from negative
feedback and passive FcCH2OH diffusion into cells are out-
weighed by the enhanced mass transport contribution of the re-
generation reaction of FcCH2OH (Fig. 2B). The SECM image in
Fig. 2B shows a distinct, well-separated signal for each cell island,
which correlates with the original layout of 50-μm features with
a spacing of 100 μm in between. The color bar presents the di-
mensionless microelectrode current NiT described as

NiT =
iT
iT∞

; [1]

where iT is the measured microelectrode current and iT∞ is the
measured microelectrode current in bulk solution. Regions of
increased NiT over the patterned cells in Fig. 2B result from
the action of FcCH2OH, which is cell-permeable and alters intra-
cellular glutathione disulfide levels, thereby producing an excess of
glutathione (GSH) that is expelled from the cell by MRP1. GSH
serves as an antioxidant (Scheme S2) in mammalian cells, and can
be used as an indicator for a cell’s redox state. Furthermore, its
concentration is dependent on MDR (10). The active efflux of
GSH from the cell participates in the FcCH2OH/[FcCH2OH]+

redox cycle by reducing [FcCH2OH]+ back to FcCH2OH (41).

Fig. 2. Cell imaging using SECM. (A) Schematic illustration of constant-height
feedback mode SECM imaging with a living cell in the presence of FcCH2OH as
a redoxmediator. FcCH2OH is oxidized to [FcCH2OH]+ at the Ptmicroelectrode,
and regenerated in proximity to the cell as a result of GSH efflux. (B) Nor-
malized SECM current recorded at a distance of 12 μm above the substrate
when HeLa cells were exposed to FcCH2OH (1 mM) for 75 min. (Inset) Close-up
3D viewof the signal obtained from an individual cell island. (Scale bar: 50 μm.)

Fig. 3. Formation of cell coculture patterns in a side-by-side configuration.
Patterning scheme involves a template partly covered by a PDMS slab to
promote selective adhesion and growth of a first cell line (HeLa-R) on the
substrate. The optical microscope image depicts an OPS occupied by three
HeLa-R cells whereas the adjacent one remains covered by the PDMS slab.
Once the slab is removed, the sample is exposed to a second cell line during
which cells adhere on OPS that were inaccessible during the first in-
cubation step. The fluorescence micrograph shows stained HeLa cells (red)
and HeLa-R cells (green) in the form of a side-by-side coculture pattern. (Scale
bar: 100 μm.)
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As a result, the flux of FcCH2OH to the electrode surface
increases, leading to a higher electrochemical signal.

Formation of Cell Coculture Patterns. Uniformity of the pattern ge-
ometry and chemistry is critical in coculture formation because
both parameters can alter the natural morphology and metabolism
of the studied cells (42). Within the context of SECM measure-
ments, the dimensions of cocultured patterns should comply with
the scan range provided by the instrument to enable simultaneous
analysis under identical conditions, which has proven difficult in the
past (42–46).We responded to this challenge by partly shielding the
template with a thin cover slab of PDMS to produce cocultures of
HeLa and HeLa-R cells in a side-by-side format (Fig. 3). During
incubation with a first cell line (e.g., HeLa-R), only noncovered

OPS are occupied, whereas the PDMS prevents access of the cells
to the surface underneath. Once completed, the cell suspension is
removed from the substrate, followed by washing and peeling off
the PDMS slab. Subsequent incubation with a second cell line (e.g.,
HeLa) favors adhesion to OPS previously covered by the PDMS
slab. The process can also be performed in an alternative fashion by
using an open through-hole membrane for incubation, and cover-
ing designated sections with PDMS. In principle, this variant would
limit the risk of contaminating OPS because PDMS contains low-
molecular-weight residues that can be transferred upon contact
(47). Dividing an array of 50-μm OPS using a PDMS slab requires
alignment, yet the spacing between features was maintained suffi-
ciently large (e.g., 100 μm) to facilitate manual manipulation using
a standard microscope setting. A HeLa-R cell pattern with the
PDMS slab still in place is included in Fig. 3, demonstrating the
ability of the PDMS slab to effectively protect the OPS underneath
during the first incubation step. To facilitate discrimination of in-
dividual cells in each segment, we performed patterned coculture
using HeLa and HeLa-R cells stained with red and green fluores-
cent dyes, respectively (see SI Text for details). Inspection of the
patterned sample revealed that it is possible to produce high-
quality arrays in which both cell lines remain perfectly separated
from each other as shown by the example in Fig. 3. Patterns
obtained with 50-μmOPS usually contain 2.8 ± 1.5 HeLa cells and
5.2 ± 2.1 HeLa-R cells. Despite the fact that the number of cells is
prone to variation, patterns produced in this way are well suited for
quantitative SECM investigation.

SECM Imaging of Cocultures and Data Analysis. We imaged cell
cocultures in two different electrochemical solutions to effec-
tively decouple the cell height variability across patterns and
quantitatively compare the electrochemical signals produced by
each cell line, using the pattern in Fig. 4A. The sample comprises
HeLa-R (Fig. 4A, Left) and HeLa cells (Fig. 4A, Right) free of
cross-contamination, as confirmed by the fluorescence image in
Fig. 4B. To decouple topography from electrochemical activity,
the coculture was first imaged in a solution of [Ru(NH3)6]

3+

(Fig. 4C), serving as a control, and then in FcCH2OH solution
(Fig. 4D) under the same experimental conditions. As a highly
charged cation, [Ru(NH3)6]

3+ is a cell-impermeable redox
mediator that allows for recording a pure negative feedback
response (Fig. 4C), which is analogous to surface topography.

As the microelectrode is scanned above the patterned cells,
the diffusion of [Ru(NH3)6]

3+ to the microelectrode surface is
hindered by the physical presence of the cells. Increased cell
heights lead to more pronounced decrease in NiT. Using pure
negative feedback theory and the experimental response of [Ru
(NH3)6]

3+, it was possible to transform the SECM current image
(Fig. 4C) into a topography image (Fig. 4E), where the color bar
represents the tip-to-substrate distances (micrometers). Wittstock
et al. have demonstrated a similar transformation procedure (48).
In our study, the dimensional distances were calculated from
the normalized tip-to-substrate distances L, which were ex-
tracted from the experimental data using the Nelder–Mead
simplex algorithm (49) and the analytical approximation for
negative feedback current (50)

where NiT
ins is the normalized current over an insulator, L is the

normalized distance defined as the ratio of the tip-to-substrate
distance and the radius of the metal wire of the electrode, and RG
is the ratio of the microelectrode outer radius and metal wire
radius. The L values used to calculate the tip-to-substrate dis-
tances in Fig. 4E were extracted for a microelectrode with RG =
5.5, which is within the validity limits of Eq. 2 (RG < 200 and all L
values). Also, the value of the normalized distance of the first
point in the scan (upper left-hand side corner) was 0.92, which
corroborates the value extracted from the prepositioning ap-
proach curve (0.96). Finally, the slopes in x and y at the edges of
the images remained unaltered following the transformation from
Fig. 4 C to E. Although PBS is known to alter cell’s morphology
and hence its metabolism over time (41), studies on human gastric
carcinoma cells have shown a change in cell height of just 55–365
nm when exposed to PBS for a period of 2 h (51). Even when cells
were exposed to hypotonic or hypertonic solutions, a height var-
iation of 0.75–2 μm was observed (52). Given an electrode di-
ameter of 25 μm and a significantly more sustaining environment
during our studies in cell medium, any possible effect of alteration
in cell height lies within the measurement error.
Following this first SECM scan, the [Ru(NH3)6]

3+ solution is
removed and replaced by FcCH2OH solution to acquire a second
SECM scan (Fig. 4D) using the same experimental conditions.
Given the presence of a regeneration reaction, the total normal-
ized microelectrode current NiTot, which contains contributions
from both cell topography and electrochemical activity, is de-
scribed by (53, 54)

NiTot =Nis

 
1−

NiinsT

NicondT

!
+ NiinsT ; [3]

where Nis is the kinetically controlled substrate current, NiT
cond

is the normalized current over a conductor, and NiT
ins is the

normalized current over an insulator (see SI Text for further
details). The behavior of homogeneous reactions toward SECM
is not yet described. We assume the reactions to take place
mainly in close proximity to the cell surface. Using Eq. 3, the
extracted normalized distances (from Fig. 4E), and the Nelder–
Mead simplex algorithm, the SECM current image acquired in
FcCH2OH solution (Fig. 4D) is converted into a kinetic map

NiinsT =

�
2:08

RG0:358

��
L−

0:145
RG

�
+ 1:585�

2:08
RG0:358

�
ðL+ 0:0023RGÞ+ 1:57+

lnðRGÞ
L

+
�

2
πRG

�
ln
�
1+

πRG
2L

�; [2]
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(Fig. 4F), where the color bar quantifies the apparent heteroge-
neous rate constant (kf). The extracted values for kf fall within
the validity ranges of Eq. 3, for which 0.1 ≤ L ≤ 1.5 and 0.01 ≤ Λ ≤
1,000 (53). For the bare Zeonor substrate, kf is on the order of
10−7 cm·s–1, which is indistinguishable from pure negative feed-
back behavior. The slope in x and y at the edges of the image on
the nonpatterned plastic surface was also insignificant, which
demonstrates that the decoupling procedure successfully re-
moved the topographical component from the total current
and allowed for the extraction of the kinetic contribution. In
comparing the kinetic constants extracted for both patterned
cell areas, a clear differential response is observed between nor-
mal HeLa cells and their MDR variant. The overall distribution
of kf values over HeLa cells is significantly lower than over their
MDR counterparts. Furthermore, the maximum kf value ob-
served over HeLa-R cells was 2.4 times greater than over HeLa
cells (e.g., kf = 3.18 × 10−6 cm·s−1 vs. 1.35 × 10−6 cm·s−1, respec-
tively). From Fig. 4F, we conclude that the MRP1 phenotype of
human cancer cells can be monitored using a nontoxic, electro-
chemical indicator that causes minimal alterations to the metab-
olism of the cell.

Conclusions
The SECM measurements presented in this study suggest that it
is possible to decouple microelectrode current into two separate
profiles for topography and electrochemical activity. The extra-
cellular regeneration of FcCH2OH was detected and imaged in
real time by an SECM microelectrode positioned 12 μm above
cell patterns. Comparison of electrochemical signal intensities
revealed that a differential response is obtained between HeLa
and HeLa-R cells, the latter showing increased activity. The
ability to produce cocultures of both HeLa and HeLa-R cells in
a spatially controlled manner was essential in this context. The
stencil-based patterning method differs from preceding work in-
sofar as it employs a cover slab to control the configuration of the
cell culture template, making it accessible for cells on demand in
subsequent incubation steps. The relative proximity and regular
arrangement of cell islands shortens registration and analysis
time. Moreover, this configuration enables multiple experiments
to be performed under the exact same microenvironmental con-
ditions, promoting the acquisition of electrochemical data with
a high statistical significance. It is possible that this quantitative

methodology can be generalized and extended to several adhesive
cell lines, given the anticipated versatility of the patterning
strategy presented herein. Ideally, we envision a series of cocul-
tured cells having an increasing MRP1 phenotype as obtained
through doxorubicin drug challenges (55). The action of selective
or competitive MRP1 inhibitors could then be monitored under
normal and stressed conditions. Also, the evolution of MDR in
cells having an initial low MDR phenotype could be monitored
with increasing chemotherapeutic exposure time. In the future,
SECM-based methods could indicate the risk of resistance using
cells harvested from biopsies. They could be also used for rapid
screening of different MDR inhibitors and classify the resistance
signature of several cancer cells so that a patient can receive the
most appropriate and personalized treatment.

Materials and Methods
Formation of Cell Culture Patterns. For HeLa cell patterning, the Zeonor
substratewasfirst exposed to oxygenplasmaand then brought in contactwith
an untreated elastomeric membrane containing open through-holes (see SI
Text for further details). The cell culture substrate was placed in a 30-mm
Petri dish and fixed using biocompatible high-vacuum grease (Dow Corning).
Next, 2.5 mL of DMEM+ was added, followed by removal of air bubbles under
reduced pressure for 15 min. A suspension of 5 × 105 cells along with 4 mL of
DMEM+was added to the Petri dish, and the sample was incubated at 37 °C in
a 5% (vol/vol) CO2 atmosphere for 5‒24 h. Upon completion of the seeding
process, the membrane was peeled off the surface. For HeLa-R cell pattern-
ing, the membrane was placed on the Zeonor substrate before treatment
with oxygen plasma. The membrane was removed and the Zeonor substrate
was placed in a 30-mm Petri dish, followed by addition of a suspension
containing 3.5 × 105 cells along with 4 mL of DMEM+. The sample was in-
cubated at 37 °C in a 5% (vol/vol) CO2 atmosphere for 5‒24 h. To obtain
coculture patterns, both Zeonor substrate and membrane were exposed to
oxygen plasma. The membrane was then removed and the substrate was
placed in a 30-mm Petri dish and fixed using biocompatible high-vacuum
grease. A section (∼50%) of the central array comprising 50-μm OPS was
covered using a planar PDMS slab. A cell suspension of 5 × 105 green-stained
HeLa-R cells was added and completed to 4 mL with DMEM+. The sample
was incubated at 37 °C in a 5% (vol/vol) CO2 atmosphere for 12 h, followed
by washing with DMEM−. Upon removal of the PDMS slab, a suspension of
7 × 105 red-stained HeLa cells was added and completed to 4 mL with
DMEM+ if necessary. The sample was incubated at 37 °C in a 5% (vol/vol) CO2

atmosphere for 14‒18 h.

Electrochemical Measurements. Electrochemical imaging was performed in
constant-height mode (12 μm above sample normal) at a scan rate of 15

Fig. 4. SECM imaging and decoupling of feedback
response for a HeLa and HeLa-R cell coculture sub-
strate. (A) Optical micrograph of a coculture pattern
containing seven HeLa-R cells (Left) and six HeLa cells
(Right). (B) Fluorescence micrograph of the sample
shown in A, with HeLa-R cells stained green and
HeLa cells stained red. (C and D) Normalized SECM
currents recorded with the same sample at 12 μm
above the substrate in 1 mM [Ru(NH3)6]

3+ (C) and 1
mM FcCH2OH (D). (E) Extracted normalized tip-to-
substrate distance profile. (F) Profile of the extracted
apparent heterogeneous rate constant (cm·s–1) for
the sample shown in A. (Scale bar: 50 μm.)
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μm·s–1 using an Electrochemical Probe Scanner 3 SECM instrument manu-
factured by HEKA Elektronik Dr. Schulze GmbH (56). Pt microelectrodes (25
μm in diameter) were fabricated and assembled as described previously (41).
Oxidation of FcCH2OH (1 mM dissolved in DMEM−) was recorded at a po-
tential of 0.5 V vs. Ag/AgCl for which a steady-state current was determined
using cyclic voltammetry. An electrochemical approach curve was recorded
at a speed of 2 μm·s–1. Before electrochemical measurements, HeLa and
HeLa-R cells were exposed to 1 mM FcCH2OH in DMEM− solution for 75 min.
Electrochemical imaging of [Ru(NH3)6]

3+ (1 mM dissolved in DMEM−)

reduction was performed at a potential of −0.35 V vs. Ag/AgCl. SECM data
were analyzed using Matlab R2012b (MathWorks).
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