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Sensing cisplatin-induced permeation of single live
human bladder cancer cells by scanning
electrochemical microscopy

Meng-Ni Zhang®®, Zhifeng Ding®*, Yi-Tao Long"*

Cisplatin is a widely used anti-cancer agent, which was believed to trigger apoptosis of cancer cells by
forming DNA adducts. However, recent studies evidenced a cisplatin-induced extrinsic apoptotic pathway
through the interaction with plasma membranes. We present quantitative time-course imaging of cisplatin-
induced permeation of ferrocenemethanol to single live human bladder cancer cells (T24) using scanning
electrochemical microscopy (SECM). Simultaneous quantification of cellular topography and membrane
permeability was realized by running SECM depth scan mode. It was demonstrated that the acute addition
of cisplatin to the outer environment of T24 cells immediately induced membrane permeability change in
5 min, which indicated a loosened structure of the cellular membrane upon the cisplatin dosage. The
cisplatin-induced permeation of T24 cell might be a one-step action, an extrinsic mechanism, since the
cell response was quick, and no continuous increase in the membrane permeability was observed. Time-
lapse SECM depth scan method provided a simple and facile way of monitoring cisplatin-induced
membrane permeability changes. Our study is anticipated to lead to a methodology of screening anti-

cancer drugs through their interactions with live cells.

Introduction

Bladder cancer is the fourth most common cancer of men and
the eighth most common cancer of women, and has unusually
high rate of reoccurrence’. Like most of other cancers, bladder
cancer begins with the mutation of one single cell®
Investigations of bladder cancer, especially their interactions
with anti-cancer drugs, at the single cell level can provide new
insights into physiology, pathology and pharmacology, and
promote the development of chemotherapy®. Cisplatin is one of
the most widely used anti-cancer agents*® and can be used as
the single or combination agent in chemotherapy of bladder
cancers.” People used to believe that cisplatin-induced
apoptosis was through the formation of DNA adducts®™°.
However, the cisplatin-induced side effects suggest the
contribution of non-DNA targets to its anti-cancer action and
toxicity®™ 2. Indeed, the DNA-damaging mechanism cannot
explain all the cisplatin actions, and several works have
recently conducted for its effect on the plasma membranes®
14

The plasma membrane is the first cellular barrier that anti-
cancer agents encounter in live cell system. Mounting evidence
indicates that cisplatin-induced apoptosis involves the
formation of plasma membrane rafts therefore triggers the
extrinsic apoptosis pathway®*’. In such process cisplatin
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interacts with membrane proteins, exchangers, channels, and
alters the membrane fluidity and permeability****. Membrane
permeability is an important property that presents a measure
for the membranes to transport substances via different
mechanisms. While the permeability to large, polar molecules
or ions presents the function of specific protein channels or
transporters®® 1820 that to small, non-polar molecules reflects
the membrane integrity and structural functions of the
membranes?*.

As a non-invasive analysis  metho scanning
electrochemical microscopy (SECM) has been successfully
applied to studies of the extracellular reactive oxygen and
nitrogen species®**, and membrane permeability of single live
cells, such as the permeability of the nuclear envelope at
isolated Xenopus Oocyte nuclei*®, the effect of Triton X-100 on
the membrane of HelLa cells*’, the permeability of algal
protoplast to different compounds,® redox properties at the
subcellular level®, as well as other biophysical studies®® . In
SECM, an ultramicroelectrode (UME) as the probe provides
sufficient spatiotemporal resolution to reveal the cell
morphology®2" ?° and fast kinetics®® ¥ %> *® at permeable
membranes. Our SECM instrument has a close-loop nature and
can repeatedly scan exactly the same area, which enables time-
lapse measurements*. Here we exploit time-lapse SECM as a
rapid, quantitative method to monitor the time-course cisplatin-
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induced variation in T24 cell membrane permeability.
Conventional SECM method to quantify the membrane
permeability is to use probe approach curves (PACs, curves of
the probe current current versus its distance to substrates)®® %
However, such measurement is conventionally only for single
course that is time consuming and visibility for changing in
cellular topography is poor. Especially, when anti-cancer agents
such as cisplatin were applied, the cellular topography and
membrane permeability were found to change simultaneously.
Thus we applied the novel SECM mode, depth imaging, which
was recently incorporated into SECM*. A batch of PACs can
be collected effectively at once and the topographical alteration
could be visualized in real time. In addition, time-lapse depth
imaging adds advantages in temporal resolution. We chose
ferrocenemethanol (FcCH,OH), which is non-cytotoxic®® and
simply diffuses through permeable membranes®®, as probe of
T24 membrane permeability.

Materials and Methods

Chemicals

Cisplatin, FcCH,OH, phosphate buffered saline (PBS) were
purchased from Sigma-Aldrich (Mississauga, ON). The pH 7.4
PBS solution was prepared with 18 MQ Milli-Q water
(Millipore, Etobicoke, ON), which were used to prepare all
other solutions. The concentrations of the cisplatin and
FcCH,OH stock solutions in PBS are 3.00 x 10* ng/mL (0.10
mM) and 1.08 < 10° ng/mL (0.50 mM), respectively.

Cell culture, treatment and preparation

T24 cells were supplied by American Type Culture Collection
(ATCC, Manassas, VA). All the culture medium (DMEM), and
supplements were purchased from Gibco (Invitrogen,
Burlington, ON). T24 cells were incubated in a 37 <€ incubator
for at least 12 h before being brought to SECM experiments.
The cultured T24 cells were divided into two groups: control
group and cisplatin-challenged group. All cells were washed
with pH 7.4 PBS solution for 3 times after culturing and refilled
with 3 mL fresh pH 7.4 PBS solution containing 1.08 x< 10°
ng/mL (0.50 mM) FcCH,OH prior to SECM experiments. 7.50
= 10° (0.025 mM)ng/mL cisplatin (final concentration) was
added directly to the cisplatin-challenged group in SECM
experiments. The FcCH,OH concentration was not diluted upon
the addition of the cisplatin since its stock solution contained
also 1.08 % 10° ng/mL (0.50 mM) FcCH,OH.

Fabrication of the UMEs

The platinum UMEs with a diameter of 5 um were prepared by
sealing 5 pm Pt wires (Goodfellow Metals, Cambridge, UK) in
a tapered end of a glass capillary (0.d.: 2 mm; i.d.: 1 mm;
length: 5 cm; Sutter Instrument, Novato, CA) pulled with a
heating-coil puller (PP-83, Narishige, Japan). The sealed end
was grinded to expose the disk shaped Pt, polished with Al,O;
polishing pad (0.05 micron, Buehler, ON) to get a smooth
electrode surface, and trimmed down to a RG value of 3.5 (the

2 | Analyst, 2015, 00, 1-7

ratio of the glass radius to the platinum disk radius). The
prepared SECM probes were characterized as described
elsewhere®® 47,

SECM instrumentation

The SECM instrument was modified from Alpha-SNOM
(Witec, Ulm, Germany) scanning probe microscope by
mounting a home-made electrode holder on the objective lens
turret. The sophisticated positioning system of the microscope
can precisely control the displacement of the UME along X, y
and z axes with a minimum displacement of 1 nm. Raster scans
can be conducted in both the horizontal (x-y) plane and vertical
(x-z) planes as show in Figure 1. All the electrochemical
experiments were performed with an electrochemical analyzer
(CHI 800b, CH Instruments, Austin, TX), and the current signal
was fed into the Alpha-SNOM instrument through a data
acquisition channel. The output current signal from the real
panel of the CHI 800b workstation equipped with a Picoamp
Booster (CHI 200, CH Instruments) was filtered by a custom-
made Notch filter to reduce the 60 Hz noise from the main
electricity power. Other details of instrumentation and
operation procedures of SECM were described by us
elsewhere®,

SECM measurements

In SECM experiments, a Petri dish with T24 cells attached to
the bottom was mounted on the heated scanning stage. The
temperature of the heating stage (Bioscience Tools, San Diego,
CA) was controlled at 37.0 £ 0.2 <€ throughout the SECM
experiments. At the beginning a single T24 cell was located
with an inverted microscopic object lens (Nikon, Japan). The
UME was immersed into the PBS solution and was biased at
0.400 V vs. Ag/AgCI reference electrode. The oxidation of
FcCH,OH at the diffusion-controlled rate gives a steady state
current i, when the UME is far away from the cell, Figure 1A.
The current decreases as the UME approached to the selected
T24 cell since the membrane in the cell resting stage blocks the
diffusion of FcCH,OH (Figure 1B)% *8_ The position of the
UME at this height was marked as z = 0 um. For the control
cell group, time-lapse SECM depth scans were conducted
repeatedly for 1 hour within a vertical (x-z) plane, where z was
set from 20 to O pm and x from 0 to 40 um. It took 3 min for
each depth image of the above geometry in 128 pixels by 128
pixels. 12 SECM depth-scan images were obtained with an
interval of 5 min. For the cisplatin-challenged cell group, one
depth scan image was taken firstly without cisplatin. Cisplatin
was added once the SECM depth scan was over. 2 min later,
time-lapse SECM scans were performed for 1 h with the same 5
min time interval, Figure 1C. Experimental PACs were
extracted from these time-lapse depth scan images by drawing
vertical lines at specific points.

This journal is © The Royal Society of Chemistry 2015
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Figure 1. Principle of measuring membrane permeability by SECM with
ferrocenemethanol as the probe. (A) Hemispherical diffusion of
ferrocenemethanol to the UME surface in the bulk solution. (B) The flux of
ferrocenemethanol is blocked by a live cell in resting stage. (C)
Ferrocenemethanol diffuses across permeable membranes thus the flux is higher
than that of cells in resting stage.
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Step-by-step instruction of programming simulation with
COMSOL software (v3.5a) is described in ESI and an example
code is available upon request to the authors.
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Figure 2. Theoretical PACs from an insulator (open circles), and cells with
membrane permeability coefficient P, = 1.0 x 107> m/s, 5.0 x 10™* m/s, 2.0 x 10™*
m/s, 1.0 x 10* m/s, 5.0 x 10~ m/s, and 0.0 m/s (solid curves from top to bottom).

Results and discussion

Simulation of the membrane permeability of T24 cells by SECM

In this section we present our simulations of the membrane
permeability, P, using the model described in Electronic
Supplementary Information. Theoretical SECM PACs with
different P, values (Figure 2) were simulated by assuming the
center symmetry and running finite elemental analysis in 2D
axial symmetry (See ESI). Figure 2 demonstrates also the PACs
depending on the permeability of the membrane in the range of
0.0 to 1.0 x 107 m/s. If a vertical line is drawn across all the
PACs in Figure 2 at a normalized distance of 1, the current
increases upon augmentation of the permeability. This is
reasonable since the inward and outward fluxes of the cell were
both increased. Noticeably, PACs with P,, < 1.0 x 10 " m/s and
P, = 0.0 m/s overlap together and cannot be distinguished.

This journal is © The Royal Society of Chemistry 2012

When the UME was placed in the close proximity of a cell in
resting stage that is similar to an insulator (Figure 2), the flux of
FcCH,OH to the UME surface was blocked (Figure 1B). Thus
the current was smaller than i,. As the UME kept approaching
to the cell, the current remained decreasing, which is called
negative feedback in SECM. When the UME was in the close
proximity of a live cell that was somehow permeable to
FcCH,OH (for instance, P, = 1.0 <10 m/s (Figure 1C)), such
permeabilization added an extra flux of FcCH,OH to the UME.
The PAC (top curve in Figure 2) show less negative feedback
than the one to the cell in resting stage. It should be noticed that
the PACs to a cell with P, < 1.0 x 10”7 m/s overlap with that to
an insulator (pure negative feedback), meaning that membranes
with P, < 1.0 x 1077 m/s are in the resting stage and nearly
impermeable. Different membrane permeability can be
distinguished and determined quantitatively by fitting the
experimental PACs to the theoretical ones.

The above observations agree very well with those obtained by
Matsue’s group®, who investigated permeation of redox
species through a single, living algal protoplast.

SECM depth scan images and probe approach curves

SECM depth scan mode was adapted from that of confocal
microscopy®" *. Figure 3 illustrates time-lapse SECM depth
scan images at 0 min (Figure 3A) and 45 min (Figure 3B). As
the T24 cell blocks FcCH,OH molecules from diffusing to the
UME surface, a typical mirror dark hemisphere SECM image
of the T24 cell can be observed.

PACs can be extracted from any position of the SECM depth
scan images by drawing vertical lines toward spots of interest
on images. Figure 3C demonstrates original experimental PACs
to the centre of the cell, which seemed to present different P, at
0 min and 45 min. Noticeably, there is a gap between the two
PACs represented by a displacement in z direction.

Analyst, 2015, 00, 1-7 | 3
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Figure 3. (A) & (B): Time-lapse SECM depth scan images of a control T24 cell. (C)
Experimental PACs from the red arrow pointed position . (D) Experimental PACs
fitted to a theoretical PAC. d: probe-to-cell distance. (E) & (F) Adjusted time-
lapse PACs. Solid lines: Theoretical PACs of P, < 1.0 x 107 m/s (black), P, = 5.0
x10® m/s (red).

The distance gap between two experimental PACs (Figure 3C)
might be caused by increased cellular topography. The real
probe-to-cell distance at the bottom of the SECM depth scan
images was obtained by fitting the experimental PACs to the
theoretical PAC representing pure negative feedback
approximately (Figure 3D). According to Figure 3D, at 0 min,
the probe-to-cell distance at the bottom of Figure 3A was 3.87
um in the assumption of negative feedback, while at 45 min, the
probe-to-cell distance at the bottom of Figure 3B was ca. 1.08
um. In time-lapse SECM depth scans, the UME scans over the
same area repeatedly, therefore the decreased probe-to-cell
distance at the bottom of the time-lapse SECM depth scan
images indicates about 2.79 um increase in the cellular height.
We noticed that within 45 min, the dark hemisphere
corresponding to the T24 cell in the SECM depth scan images
had expanded. We took the point where i = 0.9 i,, on the central
vertical line as the top edge of the dark hemisphere and
measured the height of the dark hemisphere in both Figure 3A
(H;) and Figure 3B (H,) for comparison. The increase of the
height of the dark hemisphere in Figure 3A and Figure 3B was
determined to be H, — H; = 2.67 pum, which is in good
agreement with the distance gap between the time-lapse PACs
in Figure 3C.

In SECM, the feedback effect always depends on the probe-to-
cell distance®. At t = 0 min, the current decreased to i = 0.9i,,
when the probe-to-cell distance reached d; (Figure 4). 45 min
later, the UME still need to approach the cell till the probe-to-
cell distance equals to d; to obtain current i = 0.9i,.. However,
as the cellular topography had increased by Ah, the point where
i = 0.9i, will accordingly move upward by Ah in the SECM

4 | Analyst, 2015, 00, 1-7

depth scan image (Figure 4). Therefore, the alteration in the
height of the dark hemisphere in time-lapse SECM images
represented the actual change in the cellular height. Due to such
advantage of SECM depth scans, the experimental PACs can be
adjusted along z axis according to the visualized topographical
alteration, therefore the actual variation in the curvature of
PACs can be revealed. After such adjustment, the time-lapse
experimental PACs from every control cell overlap together
(Figure 3E), indicating that the membrane permeability did not
change within the SECM experiment duration. For each
cisplatin-challenged cell, the time-lapse PACs after cisplatin
addition have the same curvature; however they present less
negative feedback than the PAC before cisplatin addition
(Figure 3F).

In conventional time-lapse SECM PAC experiments, the UME
was held at a certain height at the beginning, then moves down
for a certain distance along z axis. The current was recorded as
a function of the displacement in z direction to plot a PAC.
After one PAC, the UME was brought to its original position to
start another PAC over the same distance along z axis. Such
method is time consuming and visualization for change in
cellular topography of live cells is poor. Our SECM depth scan
mode incorporated information on cell topography and
reactivity. In this way, the cell height in real time, and the time-
lapse PACs can be visually distinguished by comparing depth
scan images which are essential in SECM studies of membrane
permeability.

Scanning area Scanning area

0 min 45 min

abewn Wo3sg

| abew! Wo3s

cell cell

Figure 4. Correlation between the increase in the negative feedback area in
SECM depth scan images and the increase in cellular topography. Open circle:
the point where i = 0.9c.

Time course of the cisplatin effect on the membrane
permeability

In order to monitor the cisplatin-induced variation of the
membrane permeability in real time, 7.50 < 10° ng/mL (0.025
mM) cisplatin (final concentration) was added in situ for the
SECM experiment. This dosage is mimicking chemotherapy of
acute bladder exposure to cisplatin as the single agent. The
time-lapse SECM depth scans were conducted for 60 min at a
time interval of 5 min to record the time-course cisplatin effect
on the membrane permeability. The electrochemical reactivity
of cisplatin was confirmed by cyclic voltammetry (CV). Figure
5 shows the cyclic voltammogram of 1.50 % 10* ng/mL (0.050
mM) cisplatin in 7.46 > 10° ng/mL (0.1 M) KCI electrolyte
solution. Cisplatin does not show electrochemical reactivity
until 0.620 V vs. Ag/AgCl. The CV result confirmed that the

This journal is © The Royal Society of Chemistry 2015
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Figure 5. Cyclic voltammograms of 1.50 x 10* ng/mL (0.050 mM) cisplatin in 7.46
x 10° ng/mL (0.1 M) KClI electrolyte solution (red) and 7.46 x 10° ng/mL (0.1 M)
KCI blank electrolyte solution (black).

cisplatin is not electrochemically active at 0.400 V vs. Ag/AgCI
at which FcCH20H is oxidized. Therefore no current resulting
from cisplatin was involved in our SECM experiments. The
adjusted time-lapse PACs to a control T24 cell (Figure 3E) and
a cisplatin-challenged T24 cell (Figure 3F) are compared. The
adjusted time-lapse PACs to the control T24 cell present the
same curvature, indicating constant membrane permeability
within the SECM experiment duration (Figure 3E). While the
adjusted time-lapse PACs to the cisplatin-challenged T24 cell
present the same curvature (color curves in Figure 3F), it shows
more positive feedback than that before the cisplatin addition
(black curve in Figure 3F). As observed from the theoretical
PACs presenting different membrane permeability (Figure 2),
after adding cisplatin, this tendency toward more positive
feedback rationales an increase in the membrane permeability
for the cisplatin-challenged T24 cell. The cell reacted to the
cisplatin dosage in 5 min, and did not change any further over
time. The same result was obtained with 3 parallel experiments.
In order to examine if cisplatin alters the membrane
permeability to the same extent with every T24 cell, or the
change varies from cell to cell, the average time-lapse current
of three control T24 cells and three cisplatin-challenged T24
cells at the same probe-to-cell distance (z/a = 1.5, setting the
bottom of the first SECM depth scan image of each image set
as z = 0) was read from the experimental time-lapse PACs in a
time course of 60 min. Figure 6 demonstrate the average
current values versus time in the SECM experimental duration,
where error bars show deviations from the average values.
Without cisplatin treatment (empty bars in Figure 6), the
average normalized current over control cells at the constant
probe-to-cell distance does not change with time. The
maximum standard deviation is 6.8 < 10° in Figure 6,
suggesting that the membrane permeability of the control T24

cells to FcCH,OH does not differ from cell to cell over the time.

Once cisplatin was administrated to the T24 cells (filled bars in
Figure 6), the electrochemical current at the constant probe-to-
cell distance immediately (within 5 min) increased to a higher

This journal is © The Royal Society of Chemistry 2012
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level, and remained at that level without further changing with
time. Since the detected current is proportional to the flux of
FcCH,OH, the elevated current level is attributed to the
cisplatin-induced permealization of the plasma membrane of
T24 cells. The maximum standard deviation in Figure 6 is 9.2 <
107, indicating that cisplatin induced similar alteration in the
membrane permeability for every T24 cell over the time course.
To quantitatively elucidate the cisplatin effect on the membrane
permeability of T24 cells, we only need to determine two
parameters, that is, the membrane permeability without
cisplatin treatment and the membrane permeability under
cisplatin treatment.

100 T T T T T T T

] 1 without cisplatin ]

0.98 1 mmm  with cisplatin 1

:\\f 0.94 3 .
0.90 3

0.86 7 ]

0 10 20 30 40 50 60
t (min)
Figure 6. Time-lapse average probe current at z/a = 1.5 (z is the displacement of
the UME during depth imaging. At the bottom of the first depth scan image in an

image set, z = 0) from (A) three control T24 cells and (B) cisplatin-challenged T24
cells. Error bars show the deviations from the average values.

Quantification of the cisplatin effect on the membrane
permeability of T24 cells

The membrane permeability of control T24 cells and cisplatin-
challenged T24 cells was determined by overlaping the
experimental PACs to the theoretical ones. Figure 3E and
Figure 3F show an example of three parallel fittings under each
condition. The experimental PACs to a control T24 cell
overlaps with the theoretical PAC, leading to a Pm < 1.0 x 107
m/s, which means a T24 cell in the resting stage is nearly
impermeable to ferrocenemethanol. In the same manner, the
experimental PACs over a cisplatin-challenged T24 cell
superposes to the theoretical PAC with Pm = 5.0 < 10° m/s.
According to these two values, we can conclude that cisplatin
treatment efficiently permeabilized T24 cells in 5 min, which
increased the permeability coefficient to ferrocenemethanol
from < 1.0 x 107 m/s to 5.0 <107 m/s.

Qualitatively, similar time-lapse membrane permeability
behaviour was observed with each group of T24 cells. The
addition of cisplatin quickly increases (within 5 min) and
maintains the membrane permeability of the T24 cells.
Cisplatin effect on the plasma membranes of cancer cells was
recently considered as an extrinsic pathway of apoptosis'® %7
which involves membrane fluidification and permeabilization*
12,14 The cisplatin-induced permeation of T24 cells probed by
FcCH,OH here agrees well with those observations, indicating
a loosened structure of the plasma membrane. It was reported
that the cisplatin-induced permeation of plasma membrane
leads to an enhanced cisplatin uptake 2. Therefore a continuous

Analyst, 2015, 00, 1-7 | 5
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increase in the membrane permeability was expected with the
enhanced cisplatin uptake is expected if the cisplatin-induced
permeation is an intracellular controlled process. However, the
cisplatin-induced permeation of the cellular membrane of T24
cells observed here is a one-step action, and no continuous
increase in the membrane permeability was observed in our
experimental time scale. This might implicate an extracellular
mechanism in which the cisplatin-induced permeation is
controlled by the direct contact between cisplatin and the
plasma membrane.

Table 1. Permeability of different bio-membranes.

 membrane permeability to ferrocenemethanol. ® membrane permeability to
ferrocyanide.

Membrane type Permeability (10 m/s)
*Human bladder cancer cells’ plasma membrane 5.0
®Frog egg’s nuclear envelope * 740
PHeLa cells’ plasma membrane >’ 0.65
2Algal cells without cell walls * 5.0

Quantitatively, upon the addition of 0.0080 mg/mL (0.027 mM)
cisplatin, the membranes permeability coefficient of T24 cells
increased from < 1.0 <107 m/s to 5.0 <10 m/s in 5 min. The
effectiveness of cisplatin on the plasma membrane of T24 cell
was quantitatively revealed by time-lapse SECM depth scan
simply by fitting an experimental PAC obtained in 3 min to
theoretical ones.

The permeability of different bio-membranes studied by other
groups®*3 and this work is listed in Table 1. Membrane
permeability of cisplatin-challenged T24 cells is very similar to
that of algal protoplast (plant cells without cell walls). A major
difference between plasma membrane of plant cells and
mammalian cells is the cholesterol content®. While mammalian
cells contain high level of cholesterol in the plasma membrane,
there is little cholesterol in the plasma membrane of plant
cells®. High cholesterol content in the plasma membrane of
mammalian cells results in less defects in the bilayer structure
of plasma membrane and a decreased permeability to small
neutral molecules®. After cisplatin addition, the membrane
permeability of T24 cells altered to the same level as plasma
membrane of plant cells, which has little cholesterol thus has
much looser structure. This comparison indicates the

6 | Analyst, 2015, 00, 1-7

effectiveness of the cisplatin on loosening the structure of
plasma membrane of T24 cells.

Conclusions

We successfully revealed the cisplatin-induced permeation of
intact T24 cells by a novel SECM technique, time-lapse SECM
depth scan. This technique allows us to obtain probe approach
curves while monitoring the variation of the cell topography in
real time. The collection of experimental PACs can be
conducted continuously for a long time since the cell remains
intact and alive in SECM experiments, therefore enables real-
time monitoring of the cellular response upon exogenous
stimuli. High temporal resolution combined with non-invasive
nature renders time-lapse SECM depth scan a promising
method to quantitatively investigate the effectiveness, kinetics
and mechanism of anti-cancer drugs basing on responses of
single live cells in real time. Membrane permeability might be
used as a measure to screen anti-cancer drugs and probe for
comprehensive understanding of pathology and pharmacology
in chemotherapeutics.
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