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Abstract

differentiation.

Adhesion strength model

Reflection interference contrast microscopy (RICM) allows the visualization of the cell's adhesion topology on
substrates. Here it is applied as a new label-free method to measure adhesion forces between tumor cells and their
substrate without any external manipulation, i.e,, the application of force or adjustments in the substrate elasticity.
Malignant cancer transformation is closely associated with the down-regulation of adhesion proteins and the consequent
reduction of adhesion forces. By analyzing the size and distribution of adhesion patches from a benign and a malignant
human pancreatic tumor cell line, we established a model for calculating the adhesion strength based on RICM images.
Further, we could show that the cell's spread area does not necessarily scale with adhesion strength. Despite the larger
projected cell area of the malignant cell line, adhesion strength was clearly reduced. This underscores the importance of
adhesion patch analysis. The calculated force values were verified by microfluidic detachment assays. Static and dynamic
RICM measurements produce numerous adhesion-related parameters from which characteristic cell signatures can be
derived. Such a cellular fingerprint can refine the process of categorizing cell lines according to their grade of
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Background

Cell adhesion is central to the development and orga-
nization as well as the maintenance and repair of tissue,
because cell-matrix and cell-cell interactions provide an-
choring and triggering of cell signaling processes related
to survival, proliferation, differentiation, motility and, in
particular, tumor cell transformation [1,2]. Cell adhesion
is a time-dependent process: adhesive components de-
velop within several hours after initial cell binding to the
extracellular matrix (ECM); next adhesion strengthening
occurs, at first through cell spreading, integrin aggrega-
tion and focal adhesion (FA) formation, and then via the
generation of mechanical forces by the actin-myosin net-
work [3].
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Commonly used techniques for characterizing cell
matrix adhesion include the analysis of cell spreading,
migration and FA formation as well as simple wash
assays. But all of these methods are merely indirect indi-
cators of adhesion strength and do not provide a quanti-
tative measurement of the forces and stresses involved
in cell adhesion.

There exist two classes of quantitative force assays: 1.
Traction force assays, which provide an indirect meas-
urement of the adhesion strength. These require a suit-
able elastic substrate that displays particle displacement
generated by an applied force. A limitation of this
method is the fact that substrate elasticity directly im-
pacts the force generation of cells [4,5]. 2. Detachment
assays, which quantify the forces required to detach a
cell from the substrate. Examples of detachment assays
include centrifuge assays and several hydrodynamic
shear assays as well as single cell micromanipulation
techniques, such as atomic force microscopy [6].
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Abnormalities in adhesive interactions, caused by
changes in the complex cell adhesion process, are often
associated with pathological states such as tumor cell
transformation [7]. Most tumors originate from the
epithelial layer, where cell adhesion plays an important
role. During tumor progression, changes in adhesion
behavior occur. It is commonly assumed that in most
cases epithelial-derived tumor cells undergo an epithelial
to mesenchymal transition, accompanied by a down-
regulation of adhesion-supporting proteins and a simul-
taneous up-regulation of migration-aiding proteins [8,9].
In carcinomas the loss of functional cell polarity and cell
adhesion typically represent a requirement for the inva-
sive and metastatic potential of the tumor cells [10].

Dysfunctions in adhesion and adhesion-related pro-
teins in tumor cells induce subtle alterations in the ad-
hesion pattern, a process that cannot be visualized by
standard light microscopy in real-time. Reflection inter-
ference contrast microscopy (RICM), with its ability to
measure inter-surface distances between a cell and a flat
substrate in aqueous conditions with a nanometer preci-
sion of ~5 nm [11], has proven to be very useful in
imaging adhesion zones in real-time and valuable infor-
mation on the nature of adhesions can be derived from
these data [12-16]. Since RICM image formation merely
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relies on the reflection of light at the different inter-
phases (Figure 1A), fluorophore labeling of cells before-
hand is not required. In this sense, RICM provides a
marker-free characterization technology for cell adhe-
sion. More precisely, dark zones in the RICM image cor-
respond to close contact areas [17,18]. The interference
pattern displays the exact adhesion topology and can
serve to extract adhesion-related information. As a re-
sult, a characteristic adhesion-based fingerprint for a dis-
tinct cell type can be obtained. The resolution of RICM
is actually so high, that small cell protrusions, which are
rarely visible in bright field microscopy, can be made vis-
ible using this technique (Figure 1B).

In this study we used a pair of human sister cell lines,
PaTu8988S (PatuS) and PaTu8988T (PatuT), which were
derived from the same metastasis of a pancreas adeno-
carcinoma but differ in their grade of differentiation, i.e.,
their malignancy [19]. PatuT, in contrast to Patu$ cells,
do not express E-Cadherin receptors and therefore rep-
resent the malignant, dedifferentiated cell line. The loss
in E-Cadherin expression is accompanied by enhanced
migratory capabilities of PatuT cells (in comparison to
PatuS cells), which were determined by an in vitro mi-
gration assay (so-called “scratch assay”) [20]. A study
where the two cell lines were implanted in the yolk sac

-
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(see image enlargements).

Figure 1 Reflection interference contrast microscopy. (A) Scheme depicting RICM image formation at the cell-surface interface. |, and |, are
the intensities of the light reflected on the glass-buffer and the buffer-cell interface. The interference between these rays is measured. (B) RICM
image (top) and brightfield image (bottom) of a cell. The RICM image displays different grey levels, which correspond to differences in the
distance of the cell membrane to the glass interface. Darker areas represent close distances between the cell membrane and the glass interface,
in other words, areas of cell adhesion. In addition, small cellular filopodia that are invisible in the brightfield image can be visualized with RICM
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of a zebrafish embryo proved the more invasive and
metastatic behavior of the PatuT cell line [20]. The
PatuT cells also show a higher fractal dimension in their
cell contour and adhesion topology that is correlated
with a higher malignancy [16].

To better understand contact formation between the
cell membrane and surface, especially in epithelial de-
rived tumor cells with down-regulated adhesion proper-
ties, we monitored the individual cell adhesion kinetics
of the two cancer cell lines PatuT and PatuS. Using
RICM, we visualized adhesive contact formation be-
tween the cell membrane and the surface after contact
initiation on collagen-coated glass surfaces. Based on the
numerous data extracted from single adhesion map im-
ages and from the kinetic evolvement of individual pa-
rameters, we were able to differentiate between the two
highly similar sister cell lines. The aim of this study was
to prove the high potential of RICM images for visualiz-
ing subtle alterations in cell adhesion that occur during
tumor progression and to use these data for the assign-
ment of a tumor prognosis. By quantifying size and
spatial arrangement of adhesion patches within a cell
and implementing this data into a cell adhesion model,
we were able to estimate the cell adhesion strength by a
noninvasive optical method. The obtained results were
verified with a microfluidic cell detachment assay, which
involves exposing the cells to hydrodynamic shear stress.

RICM imaging is a powerful and well-established tool
for cell adhesion analyses, as it provides non-invasive,
marker-free, and real-time observation of living cells. In
this study, we used a well-established method, the RICM
technique, in a new context, namely adhesion strength
calculation. By doing this, we took full advantage of
RICM’s unique benefit: the ability to provide detailed in-
formation about the cell contact area. This new take on
a familiar method has the potential to be applied in a
clinical setting for determining the metastatic potential
of tumor cells.

Methods

Cell culture& immunocytochemistry

Two pancreatic tumor cell lines derived from the same
metastasis of a pancreas tumor [19], Patu8988t (PatuT)
and Patu8988s (PatuS), were obtained from the German
collection of microorganisms and cell cultures (DSMZ).
The cells were grown in DME (Dulbecco modified
Eagle) medium supplemented with 5% FBS (fetal bovine
serum; Life technologies) and 5% horse serum (Sigma) at
37°C and 5% CO,. The culture medium was exchanged
every 2 or 3 days. Cells were grown to 70-80% conflu-
ence and were then treated with 2.5% trypsin/EDTA
(Gibco) and centrifuged (1200 rpm, 3 min). For RICM
experiments 75x10> cells were cultured in 2 ml medium
with 1% serum. For microfluidic experiments cells were

Page 3 of 13

stained with Cell Tracker Red or Cell Tracker Green®
(Life technologies) within the culture flasks for 45 min
prior to trypsinization and centrifugation. 5x10° cells of
each stained cell line were mixed in 1 ml medium with
1% serum. Focal contacts were investigated 24 h after
seeding by immunofluorescence staining of fixed PatuT
cells using an antibody against paxillin (P13520, Trans-
duction Laboratories; now: 610051, BD Biosciences), a
known component of focal adhesions.

Substrate coating

Glass coverslips (20x20 mm; Carl Roth) were cleaned in
Piranha solution (hydrogen peroxide (H,O,) and concen-
trated sulfuric acid (H,SO,) at a ratio of 1:3) for 60 min,
then rinsed with MilliQ® water and blown dry with
nitrogen. Next, coverslips were incubated with collagen
(collagen type I, rat tail, Harbor Bio-products) at a concen-
tration of 100 pg/ml in 0.02 N acetic acid for 30 min at
room temperature. After the coating step, the coverslips
were rinsed with MilliQ° water and PBS buffer.

Fabrication of microfluidic channels

Polydimethylsiloxane (PDMS, Sylgard 184; Dow Corning)
single flow channels (25 mm x 3 mm x 40 pum) were pro-
duced by standard soft lithography techniques [21,22].
Briefly, the master (J.D. Phototools) was fabricated by
photolithography based on the company’s protocol
using a negative photo resist (SU-8 25; MicroChem
Corporation) on a silicon wafer substrate (Si-Mat). The
SU8 mold was coated with perfluorooctyltrichlorosilane
(ABCR) prior to casting liquid PDMS. The PDMS tem-
plate was cured for at least 4 hours at 65°C to fully cross-
link the elastomer structure. Then, the PDMS block was
peeled off the mask and was connected to tubes (PFTE,
OD:1/16"; ID: .030"/75 mm; Vici®) through holes punched
into the PDMS channel. The flow channel and a Piranha-
cleaned coverslip (24x60 mm, Roth) were activated with
oxygen plasma (30 s at 150 W, 0.5 mbar) and then con-
nected to each other.

Microfluidic cell detachment assay

Fluid flow was controlled by using a syringe pump sys-
tem (Model AL-1000; World precision instrument) with
20 ml syringes (Braun). The channel consists of two in-
lets (one for the cell suspension, one for the cell culture
media) and one outlet (Figure 2). A collagen solution
(c=100 pg/ml) was applied to coat the coverslip of the
flow cell. After 30 min the flow chamber was rinsed with
cell culture medium with 1% serum. Next, the cell sus-
pension was pumped into the microfluidic channel and
cells were allowed to adhere for 90 min. We chose a
time span of 90 min to ensure that all cells were com-
pletely adhered to the substrate within the flow channel.
Cells were visualized with the DeltaVision system
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Figure 2 Microfluidic cell detachment assay and flow chamber. (A) The detachment assay determines the fraction of adherent cells after
exposure to increasing shear stress. PatuT and Patus cells were allowed to adhere for 90 min before starting up the flow. Error bars represent the
SEM. The critical shear stress Tso where 50% of the cells were detached defines the adhesion strength. A schematic sketch (B) and a photograph
(C) of the flow chamber are shown. The flow cell is mounted on a collagen-coated coverslip. The flow chamber consists of two inlets and one
outlet. The cells within the flow cell are fluorescently labeled.

(Applied Precision Inc.) on an Olympus IX inverted
microscope (Olympus) using a a 20x magnification ob-
jective (0.50 Ph 1 UPlanFl, Olympus). For the detach-
ment assay the channel was flowed with cell culture
media (1% serum) and the flow rate increased in a step-
wise manner. The initial flow rate was 20 pl/min to re-
move loosely attached cells. We increased the flow rate
in increments of 40 pl/min up to a maximal rate of
700 pl/min. At each step the medium flowed for one mi-
nute, then stopped. Images of dye-incorporated cells
were recorded employing the respective fluorescence fil-
ter one minute after stopping the flow. After each flow
step the remaining cells were counted and plotted, after
normalization to the cell count, at a flow rate of 20 pl/
min (t=0.3 Pa).

Reflection interference contrast microscopy (RICM)
2)A-RICM setup

The RICM setup was implemented on an inverted
microscope Olympus IX71 (Olympus) equipped with an
antiflex 63x oil immersion objective (NA 1.25, Neofluar-
Antiflex; Zeiss). Samples were illuminated by a fiber-

coupled Xenon lamp (R 100 W/45C OFR; Osram) that
is coupled into the microscope via a cage system com-
posed of a lens, an iris (to minimize stray light), and a
dichroic mirror. The RICM reflector cube within the
microscope consists of a polarizer, a dichroic mirror and
an analyzer. A beam splitter (560DCXR; AHF Analyse-
technik) was used to simultaneously record two wave-
lengths. Orange light was filtered by a bandpass filter
(593/40; AHF Analysetechnik) before it was imaged by a
12 bit CCD camera (Orca-R2; Hamamatsu). Green light
was imaged by a second 12 bit CCD camera (Orca-R2;
Hamamatsu) and subsequently filtered by a bandpass fil-
ter (546/10; AHF Analysetechnik). The entire cage sys-
tem was covered with a custom-built light protection
system to ensure a good image quality with high con-
trast. The microscope itself was enclosed by a heated
and air humidified custom-built chamber.

Theory

Image contrast of RICM results from the interference of
light that is reflected at several refractive index bounda-
ries. The reflected rays interfere and give rise to an
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interference pattern, which allows an estimation of the
object’s contour (Figure 1). The intensity distribution of
the interference pattern for objects in the (x,y) plane at a
given wavelength A can be described by:

I (h(xay)v/l): 11 +12

+ 2 \/1112 cos (Lmn};ﬂ—k(S)

(1)

I(h(x,),A) is the intensity in the interferogram at point
(x,y) with a height of h(x,y). I; and I, are the intensities
of the two interfering beams, # is the refractive index of
the medium and ¢ is the phase shift of the light reflected
from the object, which equals 7 if #opject > Hpuger. In the
case that the two interfaces are close together the inter-
ferogram shows a minimum. When the membrane is
further away from the substrate the path difference in-
creases and the corresponding intensity on the interfero-
gram also increases. It is obvious from the cosine in the
interference function that the interference pattern re-
peats periodically every Ak =1/2n. By adding a second,
or accessorily a third, wavelength the ambiguity of about
A/2 in the interference pattern can be elided through
comparison of the interferograms, allowing the calcula-
tion of absolute distances [23,24].

RICM experiments

Cells were seeded in the microscopy chamber and single
cells were imaged every 2 min for the first 60 min after
substrate contact formation and then every 5 min for
the next 7 hours. Since maximal adhesion area and pro-
jected cell area was reached after 60 min, in same cases
after 70 min, more extensive adhesion behavior analysis
was done during the first hour post plating.

Data analysis of RICM images

Data analysis was performed with the MATLAB soft-
ware (R2007b, 1994-2011 The MathWorks, Inc.). Based
on an algorithm from the cell segmentation toolbox, the
analysis was modified for RICM images. Cell segmenta-
tion was used to read out different parameters: projected
cell area (in pixel), minimum and maximum intensity
value (range 0-255), pixel list (x- and y coordinates of
each pixel and its associated intensity value), and inten-
sity histogram. The 3D intensity surface plots were cal-
culated using the information of the pixel list. An
intensity threshold was determined to define the con-
tact/adhesion area. The threshold intensity I,,.s was
derived from equation 1 by setting the threshold
membrane-to-substrate distance at 40 nm [25-28] for a
wavelength of 1; =593 nm or 1, =546 nm and using the
minimum and maximum intensities [,,, and I,; on each
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cell image [29]. This is a semi-quantitative method
[25,29] which distinguishes between adherent and non-
adherent parts of the cell membrane. Adherent parts are
defined as less than 40 nm away from the surface and
non-adherent parts as further away.

Pixels with intensities < Iy, are identified as tight ad-
hesion zones and are displayed in black. Pixels with
higher intensity values > Iy, are displayed in white,
creating a binary display of the cell showing the fraction
and distribution of contact areas within the cell.

Further image analysis

The adhesion patches of the threshold images were ana-
lyzed with the tool “Analyze particles” in the Image] ver-
sion 1.46a. The spatial distribution of adhesion patches
was analyzed with a “radial plot profile” plug-in for
Image]. The profile plot shows the normalized integrated
intensities around concentric circles as a function of dis-
tance from a point in the image. From this image point
the intensity at any given distance represents the sum of
the pixel values around a circle. To yield normalized
comparable values the integrated intensity is divided by
the number of pixels in the circle that is also part of the
image.

Modeling and mathematical test

All mathematical analyses, including fitting and statis-
tical analysis, were performed with the software Origi-
nPro8.6G (OriginLab, Northampton, MA). In all cases
the mean value with its respective standard error is
shown.

Results

Cell spreading kinetics

In order to precisely identify the starting point of stable
adhesion and the differences in the adhesion behavior of
the two cell types, we performed live cell imaging dir-
ectly after cell plating. To identify adhesive areas we
used a semi-quantitative analysis [25] to distinguish be-
tween adherent and non-adherent areas within the pro-
jected cell area. To this end, we applied a threshold
intensity corresponding to a cell-to-substrate distance of
40 nm [26]. Figures 3A & B show RICM images and re-
spective threshold images of a representative PatuT and
PatuS cell at different stages of cell spreading, namely
16, 30 and 60 min post plating. The threshold images of
RICM micrographs illustrate the formation and develop-
ment of adhesion zones within the cells and show that
adhesion patches are distributed differently in the two
cell lines. For a more detailed analysis of spreading kin-
etics the mean projected cell area as well as the mean
adhesion area within the first 70 min post plating were
plotted for both cell lines (Figure 3C). The projected cell
area of the two cell lines differed in dimension and
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Figure 3 Cell adhesion kinetics. RICM images and corresponding threshold images at various stages of cell spreading for PatuT (A) and PatuS
cells (B) at 16, 30, and 60 min post plating (Scale bar: 10 um). Cell spreading kinetics for the average projected cell area (C) and the average
adhesion area (D) of the two cell lines. Error bars represent the standard errors of the mean (SEM). Characteristic normalized intensity profile plots

(E) of the interface of a typical PatuT (top) and PatuS (bottom) cell for the same time points are shown. The distances are color-coded from close
(blue) to far (red).
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formation kinetics. PatuT cells showed a 40% larger pro-
jected cell area than PatuS cells. They also reached their
maximum projected cell area after about 20 min, which
is three times faster than their sister cell line (~ 70 min).
The initial growth within the first several minutes was
greater and notably faster for PatuT than for PatuS cells.
PatuT cells exhibited a projected cell area of approxi-
mately 60 um” at four minutes post plating and doubled
their area within two minutes, whereas PatuS cells had a
projected cell area of about 50 pum® at six minutes post
plating and doubled their area within 10 minutes.

In contrast to the different time course for achieving
the maximum projected cell area, maximum adhesion
area (as measured by RICM) was reached for both cell
lines after approximately the same amount of time
(Figure 3D). The final adhesion area of PatuT cells was
only ~30% larger than that of PatuS cells. This is re-
markable considering the 40% difference in the projected
cell area of the two cell lines. In sum, the ratio between
adhesion and projected cell area was smaller for the
more malignant, dedifferentiated and E-cadherin nega-
tive PatuT cells than for the highly differentiated, E-
cadherin expressing PatuS cells. This indicates a loss of
adhesion capability for the more malignant cell line
PatuT. The representative intensity plot profiles of a sin-
gle cell of each cell line visualize the existence of more
pronounced adhesion parts in PatuS than in PatuT cells
(Figure 3E). The intensity values obtained from the
RICM image were normalized to the highest occurring
value in the image. The color gradient from blue to red
reflects the cell to substrate distance from close to dis-
tant. PatuT cells often exhibited more homogeneously
distributed, smaller adhesion zones. Those adhesion
zones of PatuS cells that grew during the first 60 min
post plating were found to have the shape of larger
patches and were localized in the cell periphery.

Adhesion patch distribution

Since both cell lines showed clear differences in cell
spreading and adhesion kinetics, we next specified their
adhesion patches. The topography, as seen in the inten-
sity profile plots in Figure 3E, provides detailed insight
into the adhesion areas, thus revealing differences be-
tween the two analyzed cell lines. Adhesion contacts are
defined as areas of closest distance between the mem-
brane and the substrate (see Additional file 1 Figure SI).
These findings contradict the work of Iwanaga et al
[30]. For a more detailed study, we next created heat
maps of the adhesion pattern (Figure 4A) of each cell
and investigated these adhesion patterns with regard to
their spatial location (Figure 4B), their number and their
size (Figure 4C). The heat maps of the adhesion patterns
of two representative cells shown in Figure 4A visually
reproduce the differences in the adhesion patch size of
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the two cell lines. The color code reflects the size of the
adhesion patches from green (0-2.42 um?) over blue to
red (14.58 - 17.01 pum?).

We analyzed the spatial distribution of adhesion patches
using Image]. To this end, we produced plot profiles of
normalized integrated intensities around approximated
concentric circles as a function of distance from a specific
point in the binary threshold images of the cells. Figure 4B
shows the average profiles for both cell lines 16 and
60 min post plating. The intensity of the averaged radial
profiles of PatuT cells decreased over time, which illus-
trates the growth of adhesion zones during this time span.
The smaller the integrated intensity the more adhesion
zones became apparent within the cell. Furthermore, the
adhesion zones in PatuT cells were distributed evenly over
the entire cellular contact zone. In contrast, adhesion
zones of PatuS cells were distributed inhomogeneously
with a clear preference for the cell periphery. This is ap-
parent by the appearance of a clear minimum in the inte-
grated intensity. The minimum turning point in the radial
profiles of PatuS cells, which represents the smallest inte-
grated intensity in the curve, also progressed outwards
with increasing adhesion time. The smallest integrated in-
tensity is inversely correlated with the amount of adhesion
area within the cell. Thus, the adhesion zones obviously
grow within the first 60 min, all the while moving out-
wards. In addition, the normalized integrated intensity was
smaller for PatuS cells. This is reflected in a greater num-
ber of black pixels in the cell images, indicating more ad-
hesion patches in these cells.

Size distribution of adhesion patches

To analyze adhesion patches with regard to their num-
ber and size, we used the particle analyzer tool in Ima-
ge]. The first time point that was analyzed was 16 min
after plating. Here, PatuS cells exhibited more small ad-
hesion patches with a size of 1.7-3.3 um® than PatuT
cells (PatuS: ~35%; PatuT: ~29%) Figure 4C). In contrast,
mid-size patches in the size range between 3.4-13.4 pm?
were more numerous on PatuT (~62%) than on PatuS
cells (~48%). Significantly more patches with a size
>13.4 pm? were found on Patu$ cells than on PatuT cells
(PatuS ~ 17%; PatuT ~ 9%). After 60 min a change in the
size distribution occurred: on PatuT cells patches of
smaller sizes were now in the majority (not the mid-
sized patches, as had been the case after 16 min). After
60 minutes 51% of patches belonged to the small size
range, whereas only 32% mid-sized patches and 18%
large patches were visible. After 60 min the number of
midsized patches continued to decrease, while at the
same time the number of small and large patches
increased. Patch size distribution in PatuS cells followed
a different pattern: patches within the small and
medium size range decreased in number with time. This
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Figure 4 Adhesion patch analysis. Heat maps of the adhesion patches for a selected PatuT (left) und PatuS cell (right) 60 min after plating (A).
The radial distribution of adhesion patches is shown as the average of the normalized integrated intensity versus the normalized radius for PatuT
and Patu$S (B). The smaller the integrated intensity the more adhesion zones within the cell pattern become apparent. Dashed lines represent the

SEM. The adhesion patch size distributions for both cell lines 16 and 60 min after plating are shown in (C).

coincided with an increase of large patches, resulting
in a nearly balanced size distribution (small: ~31%,
medium: ~35%, large: ~34%) 60 min after plating.

In sum, based on our observations — namely the lower
ratio of adhesion area to projected cell area for PatuT cells,
the differences in patch size distributions, and, addition-
ally, the differences in the spatial distribution of adhesion
patches between both cell lines — we conclude that the

more malignant cell line, PatuT, exerts less adhesion force
onto the substrate than the benign cell line, PatuS. To ver-
ify this we investigated both cell lines with regard to adhe-
sion strength using a microfluidic detachment assay.

Cell detachment assay
Cell detachment assays measure the ease with which
cells can be detached. In our assay cells were exposed to
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a hydrodynamic flow within a flow channel. Cell detach-
ment was achieved by increasing the flow rate in a step-
wise manner. The detachment assay was started 90 min
after seeding to ensure that cells had formed functional
adhesion zones. Based on a Poiseuille model for parallel
plate flow channels the generated channel wall shear
stress 1, the cause for cell detachment, can be described
with equation 2 [31]:

T = 6’7Q/(hzw) (2)

y is the viscosity [kg/ms], Q the flow rate [m?/s] of the
liquid, / the height, and w the width of the channel. In
Figure 2A the fraction of adherent cells as a function of
shear stress is shown. The two most notable findings
were: Firstly, the behavior of the two cell lines dif-
fered above a specific shear stress threshold (t=
2.7 Pa). Secondly, above this threshold PatuS dis-
played a stronger ability to remain adherent. Using
this plot we determined the critical shear stress 159
where 50% of cells were detached and assigned the
value 159 to the mean adhesion strength. PatuT cells
were able to withstand a critical shear stress of t5
patur = 3.1 Pa. In contrast, PatuS cells persevered at a
much higher shear stress of Ts50patus =4.3 Pa. This
result shows that the adhesion strength of PatuT
cells is only 74% of that of PatuS cells (Fp,ur = 0.74
Fpatus). This confirms our hypothesis stating that the
more malignant PatuT cell line suffers from reduced
adhesion strength.

Adhesion strength model on the basis of RICM images
Finally, we also rated adhesion strength directly from the
RICM images with the help of a mathematical model.
The model we applied is based on the model of integrin-
mediated cell adhesion strengthening parameters to
overall adhesion strength, described in Gallant et al.
(2005) [32]. Gallant et al. employed this model to calcu-
late the force of single adhesion patches with regard to
integrin bond force, bond numbers and bond distribu-
tion along the contact area. Using our adaption of this
model the adhesion strength of the entire cell can be de-
scribed with the help of the adhesion maps obtained
from RICM images. For this, we divided each cell into
different circular zones i, which were centered on the
cell's middle and differed in their radius. The resultant
force F produced by each zone i can then be calculated
using the following force rule:

F; = fBi[e+ (1-g)e'”] (3)

fis the individual integrin—ligand bond strength, B; the
number of bonds in zone i, and ¢ the fraction of bonds
associated with cytoskeletal focal adhesion (FA) elements
(from € =0: no FA to €=1: all FA). The adhesion
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strength of the entire cell can then be described by the
sum of the strength in each zone:

Fe — LF; (4)

Two stress distributions can be described with equa-
tion 3 by modeling the parameter &: 1) an uniform stress
model where the spatial arrangement of the adhesion
patches is irrelevant because all bonds break simultan-
eously, and 2) a peeling model, where the spatial ar-
rangement of the adhesion patches influences the cell
adhesion strength. The uniform stress model assumes
that all bonds within the contact area are uniformly
stressed. It defines cell detachment as the moment when
all bonds break simultaneously. From this we can de-
duce that in this uniform stress model all bonds are as-
sociated with focal adhesion elements and that e=1.
This results in an adhesion force F; that solely depends
on the number of bonds in that specific circular zone
and on their individual integrin-ligand bond strength B;
(F;=f B;). The peeling model, on the other hand, de-
scribes cell detachment as a peeling-off process. It as-
sumes that bonds on the cell periphery are subject to
greater stress than the interior bonds. Detachment in
this case resembles the undoing of a clothing zipper.
When the force on the periphery exceeds the maximum
bond strength, the bond breaks and the boundary layer
moves inward, assuming that the bond stress decays ex-
ponentially with increasing distance from the cell edge.
This process can be modeled with € = 0, which results in
an adhesion force of F; =f B; el

In the following, we present the model on the basis of
the RICM results for adhesion at 60 min after cell seed-
ing. Figure 5 depicts the conditions for each cell line as
obtained from the cell analysis: PatuT cells show smaller,
homogeneously distributed adhesion patches (Figure 5
left), whereas PatuS cells showed fewer and larger adhe-
sion patches which, in addition, were preferentially lo-
cated in the cell periphery (Figure 5 right).

In the model, PatuS cells were divided into six cir-
cular zones, covering their entire projected cell area.
In contrast, PatuT cells — which have a larger pro-
jected cell area than PatuS cells — were divided into
ten circular zones. We used the information obtained
from the radial plots to determine adhesion patch
positions (Figure 4B). Based on these data, we calcu-
lated the percentage of the adhesion area for each of
the different circular zones using the normalized cell
radius r. To perform calculations using equation 3
the use of assumptions is necessary. Concerning the
number of adhesion bonds we assumed 26000 bonds
and 19500 bonds that are distributed proportionally
in all of the circular cell zones for PatuT cells and
PatuS cells, respectively. When defining the number
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PatuT

PatusS

Fpaur = 207 NN

Estimated Adhesion Force from Model:

= FPmuT =0.71 FFaluS

Fpaws = 290 NN

\

Figure 5 Adhesion strength model. Depiction illustrating the parameters of the adhesion strength model. PatuT cells (left) possess numerous
small adhesion patches, which are homogeneously distributed over the entire cell contact area. Patu$S cells (right) have a 40% smaller projected
cell area than PatuT cells and adhesion patches are located in the cell periphery as well as distributed in fewer and larger segments. For the
model the cells are divided into circular zones centered on the cell's middle and numbered from the cell periphery to its center. The estimated
adhesion force from the model was 207 nN and 290 nN for PatuT and Patu$ cells, respectively.

of bonds for each cell line we took the smaller abso-
lute adhesion area of the PatuS cells and the resulting
smaller number of bonds into account. We chose the
bond numbers based on the following values: the in-
tegrin head domain diameter of 9 nm [33] and a dis-
tance of approximately 50 nm between integrins in
the adhesion patch, which is comparable to the size
of intracellular FA proteins like talin [34,35]. Based
on these values we calculated the receptor density at
3.7x10' / cm? which lies within the previously re-
ported density range of 10’-10"* / cm? [36].

In a next step, we assigned & values for calculating
forces. For this we factored in the size of the adhe-
sion patches and used simplified assumptions. We
also took into consideration that one third of the
total adhesion area is occupied by focal adhesions
and chose € values such that the sum of the € values
of the three size ranges equaled 1/3 (see Additional
file 1: Figure S1 showing the co-localization images of
fluorescently labeled focal adhesion protein paxillin
with adhesion patches of RICM images of a PatuT
cell on collagen after 24 h).

To this end, we made the following three assumptions:

1. Small adhesion patches are not yet clustered and are
not stably anchored to the cytoskeleton (there are
no focal adhesions) — detachment occurs
exponentially with the distance —e=0

2. Middle sized adhesion patches contain FAs — 2/3 of
the patch area consists of FAs (and the ratio of FAs
to the adhesion area is 1/3) — ¢=2/3*1/3=2/9

3. Large patches must consist of more than only FAs,
because FAs of this large size do not exist — large
patches make up 1/3 of the FA fraction — ¢ =1/3*1/
3=1/9.

The calculated adhesion strength — based on these as-
sumptions and the information on the patch size range
distribution for both cell lines (see Figure 4C) — is about
30% less in PatuT cells than in PatuS cells (Fpr=0.71
Fpatus)- This is in good agreement with our microfluidic
cell detachment assay showing that PatuT cells exhibit
only 74% of the adhesion strength of PatuS cells.

By approximating the force to break a single integrin
as an integrin-ligand bond strength of an integrin o231
with collagen type I (f~50 pN) [37], we can calculate
(from equation 3) an adhesion force of Fpu1~207
nN and Fpuus~290 nN for PatuT and PatuS cells,
respectively.

Discussion

By comparing cell adhesion kinetics we found that the
ratio of the adhesion area to the entire cell area differed
between the two cell lines: although PatuS cells had both
a smaller projected cell area and a smaller adhesion area
than PatuT cells, the ratio between the two was larger
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for PatuS cells. It is known that cell-substrate adhesion
strength decreases as metastatic capacity increases [38].
This finding suggests that as cells progress in their meta-
static capacity they produce fewer focal adhesions (FAs),
perhaps resulting in a less adhesion-dependent mode of
migration. Since a linear relationship between force and
area of FAs exists [39,40], we conclude that the malig-
nant, dedifferentiated cell line (PatuT) exerts less adhesion
strength to the substrate than the highly differentiated cell
line PatuS. This supports findings by Albersdorfer et al.
(1997), who reported in their model membrane study of
giant vesicles and supported membranes that the adhesion
energy of tight adhesions is larger than the adhesion en-
ergy of less adherent regions [41].

To determine adhesion zones in RICM images of cells
we used a semi-quantitative threshold method for data
analysis. This method is fairly robust concerning the
comparison of sequences of images, because the deter-
mination of the threshold intensity remains a valid tool
if all intensities in an image are influenced equally (e.g.,
darker illumination in one experiment) or if all inten-
sities are subjected to a linear transformation (e.g., back-
ground subtraction or histogram expansion). For our
analysis we define the dark zones in the RICM images as
areas of close contact between the cell membrane and
the substrate. In other words, we consider these to be
tight adhesions. This method lacks the ability to measure
absolute distances between the cell and substrate, but
produces realistic estimates of the adhesion area. This
analysis is supported by the co-localization of fluores-
cent images of focal adhesions and dark patches in
RICM images (Additional file 1: Figure S1). The thresh-
old distance of 40 nm that we applied is in good agree-
ment with current literature. Using tandem scanning
confocal image analysis, Davies et al. (1993) ascertained
distances of less than 50 nm throughout the adhesion
regions of endothelial cells [26]. Experimental estimates
of cell to substrate distances range between 20 to 40 nm,
which matches the known length of adhesion receptors
[25,27,28]. Furthermore, it has been shown that dark
areas in RICM images represent focal adhesions [42]
and that they can be described as regions of close con-
tact in transmission electron microscopy images [43].
With their immunostaining experiments on fibroblasts
Riveline et al. (2001) were able to prove that dark
patches are, indeed, focal adhesions [17]. Case et al.
(2011) showed in combined TIRF-IRM measurements
that the appearance of integrin waves coincides, both
temporally and spatially, with propagating regions of
IRM intensity decrease [44].

Our separation method made it possible to analyze
characteristic adhesion patterns found in RICM images.
Our two main findings are that the two cell lines differ
in their adhesion patterns and that the ratio of the
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adhesion area to the entire cell area is greater on PatuS
cells than on PatuT cells. We suggest that PatuT cells ex-
hibit lower adhesion forces than PatuS cells. This was
confirmed by microfluidic detachment assays. The re-
sults of these investigations are in good agreement with
traction force studies showing that traction stress in
two-dimensional cultures and cell-substrate adhesion
strength are decreased as metastatic capacity increases.
In addition, a reduction in the overall number of focal
adhesions and the level of active beta-1 integrin are indi-
cators of an increased metastatic capacity of the cell
[38]. Because there is a linear relationship between the
internal forces exerted by a focal adhesion and its lateral
size [39], the adhesion strength can potentially be used
to estimate the invasiveness of tumor cells. Several pub-
lished theoretical studies correlate cell adhesion strength
only with spread cell area [31,45]. At the same time, the
influence of the effective adhesion area is neglected.
Here we show that the cell’s spread area must not neces-
sarily scale with its adhesion strength, since larger spread
PatuT cells generally show less adhesion strength than
less spread PatuS cells.

Furthermore, our RICM image-based adhesion strength
model shows that the spatial distribution and the size of
adhesion patches influence the adhesion strength, proving
PatuT cells to have less adhesion strength. By approximat-
ing the force necessary for breaking a single integrin
a2p1-collagen bond at 50 pN [37] and assuming a recep-
tor density of 3.7x10'°/cm? (assuming a distance of 50 nm
between integrins and an integrin diameter of 9 nm [33]),
we obtain an adhesion strength of around 200-300 nN for
the two cancer cell lines. AFM studies on non-tumor cells
(fibroblasts), for example, found an even greater adhesion
strength of 350—-580 nN [46,47].

The method we used to quantify cellular adhesion
strength does not require an elastic substrate, such as is
the case for traction force microscopy or pillar bending
assays. Nor does it need the application of external force
for pulling the cells off the substrate, which is the case
in AFM type experiments. Instead, our method has clear
advantages, namely the possibility to measure the distri-
bution and size of adhesion plaques without the use of a
marker and the chance to calculate the adhesion force
per cell without physically disturbing the cell.

Conclusion

The aim of the work was to identify and separate cells
according to their characteristic adhesion fingerprint,
and thereby make it possible to classify the tumor grade.
In summary, we could show that RICM is a novel, label-
free tool highly suitable for classifying tumor cells. By
visualizing the process of contact formation between
cells and planar surfaces many characteristic parameters
can be read out of the obtained RICM images.
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One important parameter for the classification of ma-
lignancy is the adhesion strength. Our method, based on
RICM image analysis and the calculation of the adhesion
strength using the adhesion strength model we devel-
oped, is the first time that adhesion patterns extracted
from RICM images are used for the direct calculation of
adhesion strength. The model we developed includes
two different detachment models: the uniform stress
model considers the influence of focal adhesions [32],
whereas the peeling model describes the force distribu-
tion as a function of the position of adhesion patches
within the cell [48,49]. By adding further parameters,
such as the dynamics of adhesion patches, the accuracy
of the malignancy prognosis can be improved.

In future, an adhesion map library of multiple tumor
cells, which would allow the comparison of individual
parameters, could be generated. Our long-term goal is
to establish a computer-aided-diagnostics (CAD) system
for biopsy samples, much like those now used in clinics
to retrieve conspicuous structures and sections in MRI
or x-ray scans. We show that RICM imaging is an easily
setup microscopy technique from which multiple adhe-
sion-related parameters can be read out, processed by
advanced image analysis and used to categorize tumor
cells according to pathology grading systems. Further-
more, the summary of the different applied pattern
recognition algorithms on single cell images results in
an undistinguishable fingerprint. Our newly developed
method has the potential to optimize cancer therapy.

Additional file

Additional file 1: Figure S1. Colocalization images of fluorescently
labeled focal adhesion protein paxillin with adhesion patches of RICM
images of a PatuT cell on collagen after 24 h. (A) Epifluorescent image of
immunocytochemical stained paxillin clusters. (B and C) RICM images of
PatuT cells, captured at wavelengths of AT =593 nm and A2 =546 nm.
Dark areas represent tight adhesions. Overlay images are shown in

(D and E). Scale bar: 10 pm.
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