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Abstract Specific membrane capacitance (SMC) and
Young’s modulus are two important parameters charac-
terizing the biophysical properties of a cell. In this work,
the SMC and Young’s modulus of two cell lines, RT4 and
T24, corresponding to well differentiated (low grade) and
poorly differentiated (high grade) urothelial cell carcinoma
(UCC), respectively, were quantified using microfluidic
and AFM measurements. Quantitative differences in SMC
and Young’s modulus values of the high-grade and low-
grade UCC cells are, for the first time, reported.
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Introduction

It was estimated that over 141,140 people in the United
States alone were diagnosed in 2012 with carcinoma of the
urinary bladder [1]. Histopathologically, more than 90 %
[1, 2] of bladder cancers are classified as urothelial (or
“transitional”) cell carcinomas (UCC or TCC). This car-
cinoma arises in cells lining the urinary bladder and has a
propensity for recurrence, since the causative factors giving
rise to urothelial carcinoma affect the entire urinary tract,
an example of the so-called “field effect” [3].

T24, a cell line derived from poorly differentiated (grade
IIT) bladder carcinoma [4], and RT4, derived from a grade I
urothelial carcinoma (sometimes termed papilloma) [5],
represent two extremes of the bladder carcinoma spectrum
and have been extensively studied in bladder cancer
research. These two cell lines are known to exhibit dif-
ferent human leukocyte antigen profiles [6], growth and
migration characteristics [7], receptor expressions, mor-
phological features [2, 8, 9], and in vitro responsiveness to
chemotherapeutic agents, such as mitomycin C (MMC)
[10]. However, the biophysical properties of these two
bladder cancer cell lines are not known.

Biophysical properties of a cell include both electrical
properties (e.g., cell membrane [11-13]) and mechanical
properties [14]. Cell specific membrane capacitance
(SMC), which is the membrane capacitance per unit sur-
face area [13], is an electrical parameter that changes
according to the cell’s physiological state. It is known that
for a smooth lipid bilayer membrane, the SMC value is in
the range of 4-6 mF/m? [15]. Biological cells’ SMC values
are higher (e.g., 10-40 mF/m?), since their membranes
contain variable surface proteins and brush layers (micro-
villi, microridges, and cilia). Using atomic force micros-
copy (AFM) Iyer et al. [16] have shown that benign and
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malignant epithelial cells have different membrane brush
layers. Benign cells usually have a single-length brush
layer, while cancerous cells have a brush layer with two
characteristic lengths and higher grafting densities (number
of ‘molecules’ per pm?) than normal cells. Since RT4 and
T24 are cancer cells of different grades, we hypothesized
that their SMC values could have measurable differences.

Young’s modulus, increasingly studied as a means of
understanding cell phenotype, is associated with cell
adhesion, invasion, and cytoskeletal organization [17, 18].
Cell stiffness has been used in several studies to identify
cancerous cells, which show altered Young’s modulus
values compared to benign cells [19, 20]. Cancer pro-
gression is characterized by the disruption or reorganiza-
tion of the cytoskeleton, which results in altered cancer cell
stiffness and metastatic efficiency [21]. Thus, different
Young’s modulus values were expected in RT4 and T24
cells.

Materials and Methods

T24 and RT4 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA).
Cells were cultured in ATCC-formulated McCoy’s Sa
modified medium supplemented with 10 % fetal bovine
serum and 1 % penicillin under 37 °C in a 100 % humid-
ified 5 % CO, incubator.

Our microfluidic device for SMC measurements has
been previously described [22]. For this study the device
was modified to accommodate the sizes of RT4 and T24
cells. The device contains a tapered channel with entrance
width 23.5 £ 0.4 pm, outlet width 8.02 £ 0.05 pum,
channel length 118.2 & 0.2 pm, and channel height
10.0 £ 0.5 um (n = 3 chips). Cells were first trypsinized
from the flask substrate. The cell suspension was mixed
with fresh culture medium in 1:4 ratio. The cell suspension
mixture was then added to the inlet reservoir of the device.
Figure la—d show steps to trap a cell inside the tapered
microfluidic channel. Electrodes were inserted into the
inlet and outlet ports of the device for SMC measurement
(Fig. le). During the SMC measurement, each cell’s
impedance profile was measured from 5 kHz to 1 MHz,
including 201 measuring points that formed the cell’s
impedance spectrum. Detailed device operation and data
processing methods were described elsewhere [22].

For mechanical characterization, RT4 and T24 cells
were tested using an AFM (Bioscope Catalyst, Bruker,
Santa Barbara, CA) mounted on an inverted optical
microscope (Nikon Eclipse-Ti). The spherical tips were
epoxy-glue assembled by manually attaching a borosilicate
glass microsphere (radius = 4.870 um) onto the cantilever
right behind the standard pyramidal tip (MSCT-D, Bruker,
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Santa Barbara, CA) (see Fig. 2a). Epoxy glue was com-
pletely cured before cell experiments to avoid potential
toxicity effect on cells [23, 24], and only top half of the
microsphere was bonded by epoxy glue to the cantilever.

For AFM measurements, RT4 and T24 cells were see-
ded at a density of 2,500 cells/cm? in a Petri dish. Cells
were incubated at 37 °C with 5 % CO, for 24 h before
performing AFM measurements. All measurements were
made in the fluid environment at room temperature. All
force curves were captured at four distinct spots on the cell
surface with a height of at least 3 pym (i.e., on cell
body)(Fig. 2b, c), and the trigger force applied to the cell
was consistently 500 pN, to ensure that the indentation did
not exceed 15 % of the height of the cell [25] and to avoid
extraneous cantilever-cell contact [26] and substrate effect
[27]. We repeated indentation at the same location of the
cell five times and observed no significant change in the
Young’s moduli. The standard Hertz model was used to
determine the cell’s Young’s modulus, as previously
described [28]. Briefly, the Hertz model with Sneddon’s
modification, F = ()vR[£;]#*? was applied to fit the
approach trace of each force curve to estimate elastic
modulus, where F is the loading force applied by the AFM,
E is the Young’s modulus of the sample, v is the Poisson
ratio of the sample, 4 is the cell indentation depth, and R is
the radius of the indenting sphere. The cantilever spring
constants were calibrated every time before running the
experiment by measuring the power spectral density of the
thermal noise fluctuation of the unloaded cantilever [29].

For fluorescence imaging, RT4 and T24 cells were
seeded in a 24-well plate at the same density as for AFM
measurements, and were incubated for 24 h before stain-
ing. The cells were fixed with 10 % neutral buffered for-
malin, permeabilized with 0.1 % Triton X-100, and stained
for F-actin (phalloidin, 1:25 dilution), followed by nuclear
staining with Hoechst dye (1:500 dilution). Fluorescence
images were taken using a fluorescence microscope
(Olympus IX-71). The resulting images were analyzed
using ImageJ. Multiple images were taken from distinct
regions for each cell type and the total numbers of cells
were counted, and a typical comparison is presented.

Both SMC and Young’s modulus values are reported as
mean =+ standard error of the mean and were analyzed by
one-way ANOVA for pairwise comparison. The statistical
significance in each comparison was evaluated with
p < 0.05 chosen to denote significance.

Results and Discussion

The average diameters of RT4 and T24 cells in their sus-
pension state were measured to be 13.6 = 1.3 um (n = 19)
and 13.1 £ 2.0 pm (n = 20). The SMC values of RT4 and
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Fig. 1 a A T24 cell is first guided into the constriction channel via
negative pressure. b Impedance measurements were conducted when
the cell stops at a certain position inside the channel where suction
force and friction force reach equilibrium. ¢, d The application of a

T24 were measured to be 39.7 + 8.3 mF/m? (n=19) and
47.0 £+ 5.1 mF/m? (n = 20), respectively (Fig. 3).

Electrically, the capacitance of the cell membrane is
contributed by the lipid bilayer, associated proteins and
other membrane structures [30]. RT4 cells and T24 cells
are of different grades; however, they were derived from
the same basic cell type [31]. Therefore, hydrocarbon
molecule types which form the lipid bilayer of the two cell
lines are not expected to differ significantly. As Wang et al.
[30] reported, the capacitance contribution of the lipid
bilayer is mainly determined by the non-polar hydrocarbon
groups. Hence, the capacitance contribution of the lipid
bilayer of RT4 cells and T24 cells could be considered
similar.

The difference in SMC values of T24 cells and RT4
cells is likely due to their distinct membrane structures. It is
known that T24 and RT4 cells have different membrane
nanotubes densities [9, 31]. Membrane nanotubes grown on

larger suction force, after the impedance measurements, removes the
cell out of the constriction channel. e Electrodes are inserted into the
inlet and outlet ports of the device for electrical impedance
measurement

cell surface connect separate cells and offer an effective
way for intercellular transport and communication. T24
cells are known to have denser nanotube structures than
RT4 cells [9]. Thus, the total membrane surface area per
patch of a T24 cell can be larger than the same sized RT4
cell patch. The extra surface area of the cell increases its
charge storage ability, resulting in a higher capacitance
value. Consequently, although the two cell lines have
similar diameters, SMC values of T24 cells are signifi-
cantly higher than RT4 cells (p < 0.01) likely due to their
more complicated surface morphologies.

Mechanically, RT4 cells exhibit significantly
(p <0.002) higher Young’s moduli (0.47 £ 0.04 kPa)
than T24 cells (0.21 4+ 0.02 kPa) (Fig. 4). The results
reveal that T24, which is a high-grade invasive cell line,
has reduced stiffness compared to RT4 (low-grade and
non-invasive). The lower stiffness of high-grade cancer
cells is in agreement with previously reported findings in
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Fig. 2 a AFM indentation of a single cell. Inser shows a microsphere assembled onto a standard AFM tip. b AFM spherical tip in contact with
cell. ¢ A representative force—displacement curve with schematics showing each contact step with cell
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Fig. 3 Comparison of SMC values of RT4 (n = 19) and T24 cells
(n =20) (* p<0.01)

other cancer cells [14]. It is known that cancer cells differ
from normal cells in many aspects, including cell metab-
olism [32], cell—cell interactions [33], and the organization
of the cytoskeleton [34]. As cancer advances, cancerous
cells show high activities of cell metabolism, and usually
overexpress glycolytic enzymes [35]. Some of the glyco-
Iytic enzymes are associated with the cytoskeleton [36].
Importantly, the detachment of the cytoskeleton-associated
enzymes from the cytoskeleton leads to a decrease in the
glycolysis level, and also leads to the cell cytoskeleton
reorganization by rearranging the actin network, since
glycolytic enzymes were found to crosslink actin filaments
into ordered structures [37]. Furthermore, the reorganiza-
tion of the cell cytoskeleton causes changes in cell
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Fig. 4 Comparison of the Young’s modulus values of RT4 (n = 39)
and T24 cells (n = 14) (* p < 0.002)

stiffness, since the mechanical response is primarily dom-
inated by the actin filaments network directly beneath the
cell membrane [38]. It has been shown that a low stiffness
of breast cancer cells is accompanied by a partial loss of
organized actin filaments and/or stress fibers, and therefore
by a lower density of the cellular scaffold [39]. Studies of
cell deformability confirmed that cancerous cells are less
stiff than their normal counterpart cells [40]. Interestingly,
it was also shown that T24 cells exhibited increased cell
stiffness when the cellular glycolytic activity was strongly
inhibited with the treatment of chitosan with high deacet-
ylation degree, implying inhibition of enzymes bound to
the cytoskeleton [41].
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Fig. 5 Cytoskeletal F-actin (red) and nuclear staining (green) of
a T24 cell and b RT4 cell. T24 cells (n = 126) have thin cortical actin
filaments only (noted by white arrows) and show very few
cytoplasmic actin. F-actin in T24 cells form a more disorganized

We further investigated the actin molecular structures
in RT4 and T24 cells (see Fig. 5). The cells were F-actin
labeled with phalloidin (red) and their nuclei labeled with
Hoechst dye (green). Neither of the cells formed promi-
nent actin stress fibers. RT4 cells (n = 57) show higher
cytoplasmic actin density than T24 cells. In contrast,
82 % of T24 cells (n = 153 in total) have thin cortical
actin filaments only and show very few cytoplasmic actin.
F-actin in T24 cells form a more disorganized network
and appear to be fragmented into bright spots. It has been
shown that cell stiffness increases with cortical actin
thickness, and that having only a thin cortical actin layer
could result in soft and easily deformed cells [42, 43]. It
has also been suggested that the cortical actin is softer
than the “deeper” F-actin structure [44], which implies
that the differences in stiffness between T24 and RT4
cells could be attributed to the differences in F-actin
distribution (i.e., cortical vs. cytoplasmic). This may
imply that the reorganized actin structure in T24 cell,
possibly as a consequence of cancer progression, is one
contributing factor to its lower stiffness.

Moreover, keratin intermediate filaments, which pre-
dominate in epithelial cells, could also contribute to lower
stiffness of T24 cells via reorganizing their molecular
network. It was shown that normal and cancerous cells
express keratins differently in breast epithelial cells [45].
Treatment of human epithelial pancreatic cancer cells, with
the naturally occurring bioactive lipid-SPC in concentra-
tions comparable to that of malignant ascites in vivo,
results in a threefold reduction in elastic stiffness as a result
of reorganization of the keratin molecular network in the
perinuclear region [46]. Similarly, differences in the
expression of keratin intermediate filaments between RT4
and T24 cells could be expected. Further investigation is
required to confirm its contribution to the measured cellular
stiffness differences.

network and appear to be fragmented into bright spots (noted by blue
arrows). RT4 cells (n = 57) show higher cytoplasmic actin density
(noted by white arrows) than T24 cells (Color figure online)

Conclusion

This study, for the first time, quantitatively demonstrated
that bladder cancer cell lines of different grades possess
different biophysical parameters (SMC and Young’s
modulus). Higher grade bladder cancer cells (T24) have
larger SMC (47.0 £ 5.1 vs. 40.0 £ 8.3 mF/mz) and lower
Young’s modulus (0.21 £ 0.02 vs. 0.47 & 0.04 kPa) than
the lower grade cells (RT4). These two bladder cancer cell
lines are known to be different in chromosomal and mor-
phological expression. The results from this study provide
new knowledge about their biophysical properties and
differences.
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