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Extracellular matrix (ECM) stiffness affects the drug resistance behavior of cancer cells, while multidrug
resistance protein 1 (MRP1) on the cell membrane confers treatment resistance via actively transporting
drugs out of cancer cells. However, the relationship between ECM stiffness and MRP1 functional activity
in cancer cells remains elusive, mainly due to the technical challenge of in situ monitoring. Herein, we
engineered in vitro cancer cell models using breast cancer cells (MCF-7 and MDA-MB-231 cells) as the
reprehensive cells on polyacrylamide (PA) gels with three stiffness, mimicking different developmental
stages of cancer. We in situ characterized the functional activity of MRP1 and investigated the effect of
ECM stiffness on MRP1 of cancer cells before and after vincristine treatment using scanning
electrochemical microscopy (SECM) with ferrocenecarboxylic acid (FcCOOH) as the redox mediator and
endogenous glutathione (GSH) as the indicator. The SECM results show that the functional activity of
MRP1 is enhanced with increasing ECM stiffness, and the MRP1-mediated vincristine efflux activity of
MCEF-7 cells is more affected by ECM stiffness than that of MDA-MB-231 cells. This work, for the first
time, applied SECM to in situ and quantitatively monitor the functional activity of MRP1 in cancer cells in
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(MRP1), one of the important MRPs, can recognize and expel
therapeutic drugs, leading to decreased drug accumulation in

Introduction

Cancer is a leading cause of death in the world," and resistance
to chemotherapy is one key factor limiting cure in cancer
therapy.>® On the one hand, decreased chemotherapeutic drug
sensitivity of cancer cells has been proven to be closely related
to multidrug resistance proteins (MRPs), which are part of the
ATP-binding cassette transporters of the transmembrane
protein family and actively remove drugs from cancer cells
employing energy derived from ATP hydrolysis.** For instance,
MRPs are proven to be highly expressed in breast, ovarian and
lung cancer cells.®® Multidrug resistance-associated protein 1
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cancer cells (i.e., chemotherapy resistance).” Previous studies
have shown that MRP1 is localized on lipid rafts of the cell
plasma membrane and functions as an efflux pump stabilized
by cortical actin;'® thus, the lipid environment of cell
membranes affects the optimal function of MRP1. On the other
hand, increased extracellular matrix (ECM) stiffness has been
recently recognized as a key hallmark of cancer, due to its effect
on accelerating tumor progression, reducing the cure ratio and
promoting chemotherapeutic resistance of cancer cells.'*** For
example, the drug resistance of breast cancer cells increases
with increasing matrix stiffness by impeding drug delivery
ability and reducing cell sensitivity to drugs.*>° And the ECM
stiffness can regulate the cytoskeleton to affect cell membrane
tension,”>** which may also affect the functional activity of
MRP1. Therefore, to better understand ECM  stiffness-
dependent drug resistance, it is of great importance to clarify
the effect of ECM stiffness on the functional activity of MRP1 in
cancer cells.

Some previous studies have demonstrated that the expres-
sion of MRP1 is correlated with poor clinical outcomes in
cancer, while others have not observed this correlation.*® The
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difference can be related to the fact that the expression of MRP1
does not always correlate with the functional activity of MRP1,
which represents a key index to indicate the cancer cell
response to chemotherapeutic treatment.** That is, to study
cancer cell resistance to chemotherapy, the functional activity of
MRP1 offers advantages over its expression.® However, the
traditional fluorescence method for MRP1 characterization
mainly focuses on the expression of MRP1 rather than the
functional activity of MRP1, and it remains technically chal-
lenging to characterize the functional activity of MRP1 since the
viability and function of cancer cells must be maintained
during measurement.***® Scanning electrochemical microscopy
(SECM), using a microelectrode as its probe to record the
currents of redox mediators across the cell surface, can monitor
various redox processes across the cell membrane in situ.>”"*
The high temporal and spatial resolution, and in situ and non-
invasive imaging capabilities make it an important analytical
tool for living cell analysis.**'*® Moreover, glutathione (r-glu-
tamyl cysteingl glycine, GSH), an important intracellular anti-
oxidant for maintaining cellular redox homeostasis, can be
transported by MRP1 and is required for several anticancer
drugs (e.g., vincristine, doxorubicin and mitoxantrone) trans-
ported by MRP1.*” By recording the redox reaction between the
redox mediator (e.g., ferrocenemethanol (FcCH,OH)) in solu-
tion and GSH released from cells, SECM can characterize the
functional activity of MRP1 in cancer cells.*****® But FcCH,OH
used in the previous SECM studies would diffuse across the cell
membrane to promote the intracellular production of GSH,***°
which may interfere with the evaluation of functional activity of
MRP1 of cancer cells under their normal physiological condi-
tions. Therefore, SECM with an appropriate redox mediator can
be an ideal technique for in situ monitoring the functional
activity of MRP1 of cancer cells and investigating the influence
of ECM stiffness on the functional activity of MRP1, which has
not been reported yet.

Herein, we engineered in vitro cancer cell models using two
typical types of breast cancer cells (MCF-7 and MDA-MB-231
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cells) as the cancer cell representatives and polyacrylamide
(PA) gels with three stiffness to mimic the different develop-
mental stages of breast cancer (Scheme 1a). We evaluated three
commonly used redox mediators (i.e., [Ru(NH;)e]Cl;, ferroce-
necarboxylic acid (FcCOOH), and FcCH,0OH) of SECM experi-
ments, among which FcCOOH was proven to be the appropriate
redox mediator for our SECM system. Then we used SECM to
investigate the influence of ECM stiffness on the functional
activity of MRP1 in breast cancer cells by recording the redox
reaction between FcCOOH and the cell-released GSH before and
after vincristine (VCR) treatment (Scheme 1b). We quantified
the functional activity of MRP1 by the regeneration rate (k) of
FcCOOH by the cell-released GSH, which was obtained by
simulating the recorded SECM approach curves with the theo-
retical ones. And we also used calcein acetoxymethyl ester
(calcein-AM) and vincristine (VCR), two MRP1 substrates, to
confirm the influence of ECM stiffness on the functional activity
of MRP1, and performed the immunofluorescence staining,
western blot and qRT-PCR analyses to clarify the relationship
between MRP1 expression and functional activity. Finally, we
compared the MRP1-mediated VCR efflux activity of MCF-7 and
MDA-MB-231 cells. This work applied SECM to investigate the
relationship between the ECM stiffness and the functional
activity of MRP1 in cancer cells in situ for the first time, which
can offer a better comprehension of the mechanism of ECM
stiffness-dependent drug resistance behavior in cancer cells.

Results and discussion

PA gels with three stiffness to mimic ECM stiffness of breast
cancer at three pathological stages

According to previous studies,*** the pathological tissue of
breast cancer becomes progressively stiffer with the develop-
ment of breast cancer. In this work, we prepared PA gels with
tuneable stiffness by changing the ratios of acrylamide(%) and
N,N'-methylene-bis-acrylamide (%).** The values of Young's
moduli of the obtained PA gels measured by using

FCCOOH, ~, [FcCOOH]*

\/
GSSG/ "\ GSH
ve GSH

Ry VCR GSH

Multidrug resistance-associated
protein 1 (MRP1)

Cell membrane

Scheme 1 Schematic diagram of the assessment of MRP1 functional activity of breast cancer cells (MCF-7 and MDA-MB-231 cells) on PA gels
with three stiffness using SECM. (a) Culturing MCF-7 or MDA-MB-231 cells on PA gels with three stiffness to mimic different stages of breast
cancer. (b) Illustration of the use of SECM to investigate the functional activity of MRPL1 in breast cancer cells cultured on PA gels using FcCOOH
as a redox mediator and GSH as an indicator before and after vincristine (VCR) treatment.
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ananoindenter were 2.5 + 0.7 kPa, 17.1 + 0.4 kPa and 26.2 + 0.5
kPa, respectively (Fig. S1, ESIT), which could mimic the stiffness
of benign, malignant and advanced stages of breast tumors. The
PA gels with three stiffness were then used as the culture
substrates for MCF-7 and MB-MDA-231 cells to mimic the in
vitro ECM mechanical microenvironment of breast cancer.

Investigation of the ECM stiffness effect on the functional
activity of MRP1 in cancer cells using SECM

Selection of a redox mediator for the SECM system. To study
the effect of ECM stiffness on the functional activity of MRP1,
extracellular GSH was chosen as an indicator of MRP1 owing to
its role as an endogenous cellular substrate of MRP1,” and
SECM was employed to record the redox process between
extracellular GSH and the redox mediator in solution. To
guarantee the ECM stiffness as the only affecter on the func-
tional activity of MRP1 in this case, the redox mediator used in
the SECM system is vital which should have a redox reaction
with extracellular GSH and cannot permeate the cell membrane
to react with the intracellular GSH. Thus, we first evaluated the
three commonly used redox mediators in previous SECM
reports, i.e., [Ru(NH;)s]Cl;, FcCOOH and FcCH,OH, by using
them as the redox mediators in our SECM system to image the
breast cancer cells (MCF-7) cultured on a 2.5 kPa PA gel (Fig. 1a).
As shown in Fig. 1b, since [Ru(NH;)¢]Cl; is cell-impermeable
and cannot interact with GSH,* the normalized probe current
decreases from 1 to 0.4 when the probe approaches the cell
surface, which can be due to the hindering effect of MCF-7 cells
on [Ru(NH;)6]Cl; diffusion to the probe. Thus, the SECM probe
current in this case only reflects the topography of MCF-7 cells,
consistent with the previous report.>* As shown in Fig. 1c, since
FcCOOH is cell-impermeable,* the normalized probe current
decreases from 1 to 0.65 when the probe approaches the cell
surface, which is because FcCOOH cannot diffuse through the
cell membrane, and thus, its diffusion towards the probe is
hindered. But owing to the redox reaction between the probe
oxidized [FcCOOH]" and the cell-released GSH at the cell
surface, the obtained normalized probe current decreases less
than that of [Ru(NH;)e]Cl;. Thus, the cell topography and the
regeneration reaction of FcCOOH both affect the SECM probe
current in this case, consistent with our previous reports.””** As
shown in Fig. 1d, when using FcCH,OH as the redox mediator,
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the normalized probe current decreases from 1 to 0.79 when the
probe approaches the cell surface, which can be due to the
hindering effect of MCF-7 cells on the diffusion of FcCH,OH
towards the probe. And since FcCH,OH is cell-permeable and
can promote the release of GSH from cells,*® which is involved
in the redox cycle of FcCH,OH/[FcCH,OH]', it leads to a higher
approaching current compared to that of using FcCOOH as the
redox mediator when the probe approaches to the cell surface. It
may interfere with the SECM characterization of the functional
activity of MRP1 when considering the substrate stiffness as the
only affecter. Based on these results, we thus selected FcCOOH,
which can interact with the cell-released GSH and also is cell-
impermeable, as the redox mediator of the SECM system to
characterize the functional activity of MRP1 of breast cancer
cells on PA gels, in this case.

Then, as shown in Scheme 1b, in our SECM system, FcCOOH
is oxidized to [FcCOOH]" at the SECM probe surface applied
with a potential of 0.5 V (vs. Ag/AgCl RE) (eqn (1)). When the
probe approaches the cell surface, the cell-released GSH, which
is transported by MRP1 at the cell membrane, reduces the
probe-oxidized [FcCOOH]" back to FcCOOH (eqn (2)), leading to
an enhanced flux of FcCOOH towards the probe surface and
thus an increased oxidation current at the SECM probe.*”*®

FcCOOH — [FcCOOH]" + e~ (SECM probe surface) (1)

2[FcCOOH]" + 2GSH — 2FcCOOH + GSSG (cell surface) (2)

To extract the regeneration rate (k) of FcCOOH by the cell-
released GSH at the cell surface, a two-dimensional axially
symmetric theoretical model of the SECM experimental system
was developed using COMSOL Multiphysics software following
the previously reported method (Fig. S2, ESIT).>® The theoretical
models considering the average cell heights and average
diameters of the MCF-7 and MDA-MB-231 cells on the PA gels at
each stiffness were built and used in the simulation. The k value
is related to the GSH efflux rate and represents the functional
activity of MRP1, and it can be obtained by simulating the
recorded experimental approach curves of SECM with the
theoretical curves. The detailed reaction process, determination
of the highest point of the cell, and parameters (including cell
topography, probe-cell surface distance, etc.) used in the
simulation were determined by the methods described in the

FcCH,OH
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(a) Optical microscope image and (b—d) the corresponding SECM images of a single MCF-7 cell cultured on the PA gel with a stiffness of

2.5 kPa using different redox mediators. (b) 0.5 mM [Ru(NHz)¢]Cls (Eprope = —0.35 V vs. Ag/AgCLRE), (c) 0.5 MM FCCOOH (Egrope = 0.5V vs. Ag/
AgCIRE), and (d) 0.5 mM FcCH,OH (Eprope = 0.5V vs. Ag/AgCLRE). The probe/cell distances were set to 5 um for SECM 2D scanning experiments.
All the SECM measurements were performed using a 10 pm-in-diameter Pt microelectrode as the SECM probe.
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Experimental section and are shown in Fig. S2-S5 and Table S1
(ESIT).

ECM stiffness-dependent functional activity of MRP1 in
cancer cells characterized by SECM. As shown in Fig. 2a and b,
when the SECM probe approaches the surfaces of MCF-7 and
MDA-MB-231 cells on the stiff PA gels (17.1 and 26.2 kPa), the
SECM probe currents become higher compared to the cell
surfaces on the soft PA gels (2.5 kPa). This could be because
more GSH permeates across the cell membrane and reacts with
extracellular [FcCOOH]", which can compensate for the probe-
oxidized FcCOOH resulting in an increased probe current.
However, since the GSH released from cells cannot replenish
the overall probe-oxidized FcCOOH, the approach curves of the
cells still exhibit a negative feedback trend. By simulating the
experimental approach curves with the theoretical curves, we
obtained the average k values of MCF-7 and MDA-MB-231 cells
on the PA gels with three stiffness (Fig. 2c and d), in which the k
values increase with increasing substrate stiffness for both
MCF-7 and MDA-MB-231 cells, demonstrating that a stiffer ECM
could enhance the extracellular GSH levels of both cell types.

To verify whether the increased extracellular GSH level is
related to the efflux of intracellular GSH, we also characterized
the intracellular GSH levels by the fluorescence method (Fig. 3).
We can observe that the intracellular GSH levels in both cell
types decrease with increasing ECM stiffness, which can be
related to multiple factors and efflux of GSH can be one of the
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important factors.** From the results, it can be speculated that
ECM stiffness may alter the GSH efflux ability of breast cancer
cells. Since GSH can be actively transported out of cells by
MRP1,° the changes in the GSH efflux ability of breast cancer
cells are thus related to the change in the functional activity of
MRP1.

To confirm that the changes in the GSH efflux abilities of the
breast cancer cells are dependent on the activity of MRP1,
MK571 (a known MRP1 inhibitor®) was added to the cell culture
and used to perform the inhibiting MRP1 experiments. The
SECM experimental and the theoretical approach curves of the
MCF-7 and MDA-MB-231 cells after the MK571 treatment are
shown in Fig. 4a and b, from which we can see that all the &
values of the MCF-7 and MDA-MB-231 cells with the MK571
treatment are smaller than those without the MK571 treatment
on the PA gels with the same stiffness (Fig. 2a and b). It can be
because in the presence of MK571, the efflux of intracellular
GSH decreases, indicating that the inhibition of activity of
MRP1 decreases the efflux of GSH. Therefore, the results
confirm that the changes in the GSH efflux abilities of the breast
cancer cells are indeed dependent on the activities of MRP1.
The statistical results of the average k values of the MCF-7 cells
and MDA-MB-231 cells on the PA gels with three stiffness are
shown in Fig. 4c and d. From Fig. 4c, we can observe that there
is no significant difference in the & values of the MCF-7 cells on
the PA gels with different stiffnesses, indicating that the efflux
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Fig. 2 SECM approach curves of (a) MCF-7 cells and (b) MDA-MB-231 cells cultured on the PA gels with stiffness of 2.5, 17.1 and 26.2 kPa,
respectively. Statistical results of the average k values of (c) MCF-7 cells (n = 9) and (d) MDA-MB-231 cells (n = 9) on the PA gels with different
stiffness. Data are shown as the mean =+ sd. ****p < 0.0001 (one-way ANOVA). All the SECM measurements were performed using a 10 pm-in-

diameter Pt microelectrode as the SECM probe.
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Fig. 3 (a and b) Fluorescence images and (c) intensities of the intracellular GSH concentrations of (a) MCF cells and (b) MDA-MB-231 cells on the

PA gels with stiffness of 2.5, 17.1, and 26.2 kPa, respectively (scale bar: 50 um).
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Fig. 4 SECM approach curves of (a) the MCF-7 cells and (b) the MDA-MB-231 cells on the PA gels with stiffness of 2.5, 17.1 and 26.2 kPa,
respectively, after the MK571 treatment. Statistical results of the average k values of (c) MCF-7 cells (n = 9) and (d) MDA-MB-231 cells (n = 9) on
the PA gels with different stiffness. Data are shown as the mean =+ sd. ***p < 0.001 and ****p < 0.0001 (one-way ANOVA).
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ability of MRP1 of the MCF-7 cells is inhibited to a similar extent
on the PA gels with different stiffness. From Fig. 4d, we can see
that the k values of the MDA-MB-231 cells on the stiff PA gels
(17.1 and 26.2 kPa) are higher compared to those on the soft PA
gels (2.5 kPa), indicating that the efflux ability of MRP1 of the
MDA-MB-231 cells on the soft PA gels is inhibited to a greater
extent than those on the stiff PA gels. It further demonstrates
that the ECM stiffness may affect the inhibitory effect of MK571
on the functional activity of MRP1 of MDA-MB-231 cells.
Collectively, all these results demonstrate that the increased
ECM stiffness enhances the functional activity of MRP1 in MCF-
7 and MDA-MB-231 cells.

Investigation of the ECM stiffness effect on the expressions
and the functional activity of MRP1 in cancer cells

To explore whether the enhanced functional activity of MRP1 in
breast cancer cells with increasing substrate stiffness is caused
by the enhanced MRP1 expression on the cell membrane, we
also characterized the expressions of MRP1 in MCF-7 and MDA-
MB-231 cells using the immunofluorescence staining method.
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We can see that there is no significant difference in the
immunofluorescence images of MCF-7 and MDA-MB-231 cells
on the PA gels with three stiffness (Fig. 5a and b), which is
further confirmed by quantitative analysis of the normalized
total immunofluorescence intensities (Fig. 5¢c and d), indicating
that the ECM stiffness has no significant influence on the MRP1
expressions of the breast cancer cells. We also performed the
western blot experiments to investigate the relationship
between the MRP1 expression levels of the MCF-7 cells and
MDA-MB-231 cells and the PA gel stiffness. From Fig. 5e, we can
observe that the expression levels of MRP1 of the MCF-7 and
MDA-MB-231 cells are not affected by the PA gel stiffness, which
is similar to the above immunofluorescence staining results
shown in Fig. 5a and b. These results further indicate that the
ECM stiffness has no significant influence on the MRP1
expressions of the breast cancer cells. Moreover, to check
whether the stiffness of PA gels changes the expressions of the
mRNA encoding MRP-1 in the MCF-7 and MDA-MB-231 cells on
the PA gels with different stiffness in our case, we also per-
formed the qRT-qPCR experiments to analyse the mRNA levels
of MRP1 in the two types of cells. From the obtained qRT-qPCR
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(@ and b) Immunofluorescence images and (c and d) the normalized total MRP1 intensities of (a and c) MCF cells and (b and d) MDA-MB-

231 cells on the PA gels with stiffness of 2.5, 17.1 and 26.2 kPa, respectively (scale bar: 40 um). (e) Western blot analysis of the MRP1 expressions of
the MCF-7 and MDA-MB-231 cells on the PA gels with stiffness of 2.5, 17.1 and 26.2 kPa, respectively. (f and g) The relative MRP1 mRNA
expressions in (f) the MCF-7 cells and (g) the MDA-MB-231 cells on the PA gels with stiffness of 2.5, 17.1 and 26.2 kPa, respectively.
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results shown in Fig. 5f and g, we can see that there is no
significant difference in the mRNA levels of MRP1 in both the
MCF-7 cells and the MDA-MB-231 cells on the PA gels with three
stiffness, indicating that the increased PA gels stiffness does not
change the levels of the mRNA encoding MRP1 in the two types
of cells. Thus, it can be concluded that the increased ECM
stiffness enhances the MRP1 functional activity of MCF-7 and
MDA-MB-231 cells without altering their expression on the cell
membrane, i.e., the functional activity and expression of MRP1
do not directly correlate, which is consistent with the results of
the previous study.”® A possible reason is that collagen type 1,
which is the ECM component, has been proven to have no
significant influence on the expression level of MRP1 of MCF-7
cells and almost no influence on the expression level of MRP1 in
MDA-MB-231 cells but can increase the functional activity in
MRP1 in the two cell lines.*> Our findings clearly reveal the
contribution of ECM stiffness to the functional activity of MRP1
in breast cancer cells, for the first time.

Moreover, to further confirm the effect of ECM stiffness on
the functional activity of MRP1 in MCF-7 and MDA-MB-231
cells, we also used fluorescent efflux assay of calcein-AM,
a well-known substrate of MRP1,’® to study the functional
activity of MRP1. In the measurements, calcein-AM can be
metabolized by cytosolic esterases into hydrophilic and green
fluorescent substance-calcein, which can be transported by
MRP1. Thus, the changes in the functional activity of MRP1 can
be evaluated by the remaining intracellular calcein. The ob-
tained relative amounts of calcein transported by MRP1 of the
MCF-7 and MDA-MB-231 cells on the PA gels with 2.5, 17.1 and
26.2 kPa stiffness are 50.34%, 52.51%, and 58.37% (MCF-7), and
22.45%, 32.14%, and 41.65% (MDA-MB-231), respectively
(Fig. 6a and b). The results show that the intracellular retention
of calcein in both cell types decreases with increasing ECM
stiffness, indicating that the increased ECM stiffness enhances
the functional activity of MRP1, which is also consistent with
the above SECM experimental results.

According to previous studies,'™ the function of MRP1,
which is located in lipid rafts on the cell membrane, as an efflux
pump, depends on cortical actin. Destruction of cortical actin
by the MRP1 inhibitor can lead to the weakening efflux activity
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of MRP1, which is accompanied by the internalization of partial
proteins. The functional activity of MRP1 is mainly related to its
localization in lipid rafts rather than its internalization.'® With
the change in ECM stiffness, the mechanical cue regulates the
tension of the cell membrane/cortical fiber and affects the
intracellular skeleton rearrangement as well as cell morphology
and cell volume.***® Therefore, it can be inferred that the
enhanced MRP1 functional activity of breast cancer cells on
stiffer substrates may be related to the change in cell membrane
tension in this case.

Investigation of the effect of ECM stiffness on the MRP1-
mediated chemotherapeutic drug efflux activity of cancer cells
by SECM

To further explore the effect of ECM stiffness on the drug efflux
activity of MRP1 in breast cancer cells, vincristine (VCR),
a broad-spectrum cancer chemotherapy drug used for breast
cancer treatment in the clinic and an excellent substrate for
MRP1,>* was selected as a representative anticancer drug. First,
to evaluate the potency of VCR on MCF-7 and MDA-MB-231 cells
while maintaining cell viability, the half inhibition concentra-
tions (ICso) of VCR of the two cell types were determined
through a cell viability assay, which are 245.0, 620.4, and
1137.0 nM for MCF-7 cells and 163.0, 234.4, and 343.2 nM for
MDA-MB-231 cells on PA gels with stiffness of 2.5, 17.1 and 26.2
kPa, respectively (Fig. S6, ESIT). Then, we utilized SECM to
assess the effect of ECM stiffness on the efflux activity of MRP1
of VCR of MCF-7 and MDA-MB-231 cells after treatment with
ICs, doses of VCR. Moreover, considering that the possible
change in cell membrane permeability under VCR treatment
can lead to the transport of FcCOOH into cells, we also used
SECM with [Ru(NH;3)s]Cl; as the redox mediator to characterize
the membrane permeability of MCF-7 and MDA-MB 231 cells on
the 26.2 kPa PA gels with and without VCR treatment. As shown
in Fig. S7a and b (ESIt), both MCF-7 and MDA-MB 231 cells after
the VCR treatment show a more circular shape than those
without VCR treatment, which can be related to VCR binding
microtubules to inhibit mitosis.*® And from the SECM approach
curves in Fig. S7c and d (ESIt), we can see that there is no
significant difference in the SECM approach curves for both cell

(b) MDA-MB-231

Fedkedek
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Intracellular retention calcein (% of 30 min) of (a) MCF-7 cells and (b) MDA-MB-231 cells on the PA gels with stiffness of 2.5, 17.1, and 26.2

kPa, respectively. Data are shown as the mean =+ sd. *p < 0.05 and ****p < 0.0001 (one-way ANOVA).
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types before and after VCR treatment, indicating that VCR
treatment has nearly no effect on the cell membrane perme-
ability of the two types of breast cancer cells.

Then, we studied the effect of ECM stiffness on the MRP1-
mediated VCR efflux activity of MCF-7 and MDA-MB 231 cells
by SECM via recording the redox process between extracellular
FcCOOH in solution and cell-released GSH after VCR treatment.
The obtained SECM experimental and simulated theoretical
approach curves are shown in Fig. 7a and b. As illustrated in
Scheme 1b, in this case, during the process by which breast
cancer cells actively transport VCR out of cells, GSH is co-
transported with VCR out of cells and thus acted as a cofactor
for VCR transport.***> When the probe approaches the cell
surface on the PA gel, GSH could be co-transported with VCR by
MRP1 and then react with the extracellular [FcCOOH]’, which
can be compensated by the probe-oxidized FcCOOH and lead to
an increase in the probe current. Through simulation of the
experimental approach curves with the theoretical curves, the k

(

V)
S
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values of MCF-7 cells and MDA-MB-231 cells on the PA gels with
three stiffness after the VCR treatment were obtained. From
Fig. 7c and d, we can see that the k values of MCF-7 and MDA-
MB-231 cells increase with increasing ECM stiffness after VCR
treatment, indicating that more GSH is transported out of cells
with increasing ECM stiffness. This phenomenon can be
explained by that a stiffer ECM enhances the functional activity
of MRP1; thus, more GSH can be co-transported with VCR.
From these results, we can further conclude that breast cancer
cells growing on stiffer substrates present enhanced MPR1
functional activity and increased efflux of VCR than those
growing on softer substrates.

Comparison of MRP1-mediated VCR efflux abilities of the
MCF-7 and MDA-MB-231 cells under different ECM stiffness

MCF-7 (estrogen receptor-positive) and MDA-MB-231 (triple-
negative) exhibit phenotypic/genotypic differences and display
different response behaviors under anticancer drug treatment.>
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Fig. 7 Assessment of the MRP1 functional activity of MCF-7 and MDA-MB-231 cells cultured on the PA gels with stiffness of 2.5, 17.1 and 26.2
kPa, respectively, after VCR treatment by SECM. SECM approach curves of (a) MCF-7 cells and (b) MDA-MB-231 cells cultured on PA gels with
stiffness of 2.5, 17.1 and 26.2 kPa. Statistical results of the average k values of (c) MCF-7 cells (n = 9) and (d) MDA-MB-231 cells (n = 9) on PA gels
with different stiffness. Data are shown as the mean + sd. ****p < 0.0001 (one-way ANOVA). All the SECM measurements were performed using

a 10 um-in-diameter Pt microelectrode as the SECM probe.
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Fig. 8 Comparison of the MRP1 functional activity of MCF-7 and
MDA-MB-231 cells with/without VCR treatment on the PA gels with
stiffness of 2.5, 17.1 and 26.2 kPa, respectively.

To evaluate whether ECM stiffness has different effects on the
MRP1-mediated VCR efflux ability of MCF-7 and MDA-MB-231
cells, the k values of the two types of breast cancer cells with
or without VCR treatment were compared (Fig. 8). We can
observe that all the k values increase with increasing ECM
stiffness, and the k values of MCF-7 cells are smaller than those
of MDA-MB-231 cells with or without VCR treatment on PA gels
with the same stiffness.

To better compare the MRP1-mediated VCR efflux ability, the
obtained k values after the VCR treatment were normalized by
the k values without the VCR treatment, which is expressed as R
(kwith ver/kwio ver)- From Table 1, it can be seen that the values
of MCF-7 cells are higher than those of MDA-MB-231 cells on PA
gels with three stiffness after the VCR treatment, indicating that
the ECM stiffness has a greater effect on the VCR efflux activity
of MCF-7 cells than on that of MDA-MB-231 cells. Meanwhile,
from the dose-response curves in Fig. S6 (ESIt), we can see that
the ICs;, values of VCR for MCF-7 and MDA-MB-231 cells
increase with increased ECM stiffness, demonstrating that both
MCF-7 and MDA-MB-231 cells are less sensitive to VCR with
increasing ECM stiffness. Additionally, the IC5, values of VCR
for MCF-7 cells are higher than those of MDA-MB-231 cells on
the PA gels with the same stiffness, indicating that the MCF-7
cells are less sensitive to VCR than the MDA-MB-231 cells,
which could be related to the greater VCR efflux ability of the

Table1l The R values of MCF-7 and MDA-MB-231 cells on the PA gels
with three stiffness

Cancer cell Stiffness (kPa) R values
MCF-7 2.5+ 0.7 2.0
171+ 0.4 1.5
26.2 £ 0.5 1.3
MDA-MB-231 2.5+ 0.7 1.8
171+ 04 1.3
26.2 + 0.5 1.2

© 2022 The Author(s). Published by the Royal Society of Chemistry
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MCF-7 cells. All these results prove that ECM stiffness has
different effects on the VCR efflux activity of different subtypes
of breast cancer cells, indicating the significant role of ECM
stiffness in the chemotherapy resistance of breast cancer.

Conclusions

In this work, we engineered in vitro cancer cell models by
mimicking the benign, malignant and advanced stages of
breast cancer using PA gels with stiffness of 2.5 & 0.7 kPa, 17.1
+ 0.4 kPa and 26.2 £ 0.5 kPa, respectively, and MCF-7 and MDA-
MB-231 cells as the representative breast cancer cells. SECM was
employed to in situ and quantitatively assess the effect of ECM
stiffness on the functional activity of MRP1 in the two types of
cancer cells using FcCOOH as the redox mediator and endog-
enous GSH as the indicator. The SECM results show that the
regeneration rate (k) of FcCOOH by the cell-released GSH
increases with increasing ECM stiffness, indicating that
increasing ECM stiffness can enhance the functional activity of
MRP1. And the immunofluorescence staining, western blot and
qRT-PCR analysis results confirm that the altered functional
activity of MRP1 is not caused by the alteration of MRP1
expression. The k values increase with increasing ECM stiffness
after VCR treatment, further proving the increased MRP-
mediated VCR efflux ability with increased ECM stiffness.
From the comparison result of kyith ver/kwio ver Of the two
breast cancer cells, the ECM stiffness shows a greater effect on
the VCR efflux activity of MCF-7 cells than MDA-MB-231 cells,
and MCF-7 cells present stronger efflux ability to VCR than
MDA-MB-231 cells. This work used the SECM approach to in situ
investigate the functional activity of MRP1 in cancer cells under
different ECM stiffnesses for the first time. The findings are
important as they provide a better understanding of the effect of
a mechanical factor of the cell microenvironment on the drug
resistance behavior of cancer cells. Further exploring the
potential regulatory mechanisms may help in deriving thera-
peutic targets.

Experimental
SECM measurements

All SECM experiments were done using a SECM instrument
(ElProScan 3, HEKA Elektronik GmbH, Harvard Bioscience Inc.)
in combination with an inverted optical microscope (Nikon,
TS100-F, Japan). A three-electrode system was employed in all
the SECM experiments, in which the SECM probe/working
electrode was a 10 pme-in-diameter Pt ultramicroelectrode
(UME, RG = 2), the reference electrode was a 0.6 mm-in-
diameter Ag/AgCl wire and the counter electrode was a 0.5
mm-in-diameter Pt wire.

Before the SECM experiments, MCF-7 cells and MDA-MB-231
cells were seeded at a density of 1 x 10* cells cm 2 on the PA
gels with different stiffness and then cultured in an incubator
(5% CO,, 37 °C). After 24 hours, the cell medium containing
MCF-7 or MDA-MB-231 cells was replenished with an L-15
medium containing 0.5 mM FcCOOH and equilibrated for 10
minutes. Then, the probe, which was applied with the oxidation
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potential of FcCOOH (0.5 V wvs. Ag/AgCl RE), was
firstly approached to the PA gel around the cell and then to the
cell surface with the aid of the inverted microscope. When the
tip of the SECM probe touched the PA gel surface or the cell
surface, which can also be observed by the inverted optical
microscope combined with the SECM system, an “inflection”
point of the probe current-distance curve was obtained, which
was then regarded as the zero point of the approach curve. And
when an “inflection” point appeared in the approach curve, the
probe was manually stopped and then lifted up by 25 pm and
moved to the top of the cell surface. Subsequently, the probe
was lifted up by another 25 um and approached the cell surface
vertically with a velocity of 0.5 um s~ .

When performing approaching experiments on the cells on
the PA gels, first, to determine the “highest point” of the cell on
the PA gels, the 2D scan and line scan modes of SECM were used
along two perpendicular directions. After the probe approaches
the cell surface, the probe was raised up by 5 pum and moved to
the edge of the cell in the x and y directions. Then, after
determining the scanning area on the cell by observing the cell
size using the inverted microscope, 2D SECM scanning on the
cells was carried out with a scanning speed of 2 pm s~ " and
a scanning interval of 1 um. The highest point of the cell was
consequentially determined according to the obtained cell
morphology-probe current map. Finally, the probe was raised
up by 20 um and then approached the highest point of the cell
in the z-axis to obtain the approach curves.

SECM theoretical model

The simulation model of the SECM experiments was developed
in 2D axial symmetry coordinates by COMSOL Multiphysics
software 3.5a (COMSOL Inc., Sweden). As illustrated in Fig. S2
(ESIt), the r-axis and z-axis are parallel and perpendicular to the
Pt microelectrode (UME) surface, respectively. The origin of the
coordinate axes is set at the middle of the Pt UME (5 pum in
radius, RG = 2).

The redox reactions occurring at the probe and cell surface
are shown in eqn (1) and (2) (see above). The diffusion of
FcCOOH at the probe surface follows Fick's law of diffusion,
which can be expressed by using eqn (3).
c(r,z,t)  19c(r,z,t)  0%c(r,z,1)

dc(r,z,t) B B
Jt =b or? + r or + 022 =0 0

where r and z are the axisymmetric coordinates, ¢ is the time and
c(r,2) is the local concentration of FcCOOH. The initial condi-
tion of eqn (4) is defined as:

c(rz)=co, t =0 (4)

The redox reaction at the cell surface is presumed to be an
irreversible reaction. Then the regeneration rate constant, %, is
simulated and the boundary condition at the cell surface
follows eqn (5).

D F"g; 2)} - K[co — c(r,d)] (5)
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where ¢, is the concentration of FcCOOH in the bulk solution, D
is the diffusion coefficient of FcCOOH (D = 5.7 x 10" "®m*s™*
in this case), and d is the distance between the probe and the
highest point of the cell.

Under diffusion control, the current on the probe surface
could be calculated by using the following equation:

i = 2TnFD J r (acgrz, Z)) dr (6)

0

where 7 is the electron transfer number (n = 1 in this case), F is
Faraday's constant (96 485 C mol L"), D is the diffusion coef-
ficient of FeCOOH (D = 5.7 x 10~ ° em® s~ " in this case), and a is
the probe tip radius (@ = 5 um in this work). The detailed
boundary conditions of the SECM model are listed in Table S1,
ESIL.} All the & values in this work are the average values of over
nine experiments.

Data availability

The experimental section (including chemicals and materials,
preparation and characterization of PA gels, cell culture and
treatment with vincristine (VCR), measurement of intracellular
GSH levels, characterization of the functional activity and
expression of MRP1 in cells, and measurements of drug-dose
response and cell viability of VCR), stiffness of PA gels, the 2D
axial SECM geometry simulation model, characterization
studies of cell topography and probe-cell surface distances in
SECM measurements, measurements of ICs, values of VCR of
MCF-7 and MDA-MB 231 cells on PA gels, and characterization
of the cell membrane permeability of MCF-7 and MDA-MB 231
cells on PA gels with/without VCR treatment by SECM, are all
provided in the ESLf
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