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Abstract
Cell adhesion is a broad topic in cell biology that involves physical interactions between cells and
other cells or the surrounding extracellular matrix, and is implicated in major research areas
including cancer, development, tissue engineering, and regenerative medicine. While current
methods have contributed significantly to our understanding of cell adhesion, these methods are
unsuitable for tackling many biological questions requiring intermediate numbers of cells (102–
105), including small animal biopsies, clinical samples, and rare cell isolates. To overcome this
fundamental limitation, we developed a new assay to quantify the adhesion of ~102–103 cells at a
time on engineered substrates, and examined the adhesion strength and population heterogeneity
via distribution-based modeling. We validated the platform by testing adhesion strength of cancer
cells from three different cancer types (breast, prostate, and multiple myeloma) on both IL-1β
activated and non-activated endothelial monolayers, and observed significantly increased adhesion
for each cancer cell type upon endothelial activation, while identifying and quantifying distinct
subpopulations of cell-substrate interactions. We then applied the assay to characterize adhesion of
primary bone marrow stromal cells to different cardiac fibroblast-derived matrix substrates to
demonstrate the ability to study limited cell populations in the context of cardiac cell-based
therapies. Overall, these results demonstrate the sensitivity and robustness of the assay as well as
its ability to enable extraction of high content, functional data from limited and potentially rare
primary samples. We anticipate this method will enable a new class of biological studies with
potential impact in basic and translational research.

1 Introduction
Biological cells physically interact with and adhere to different materials and elements in
their tissue microenvironments. These interactions play important roles in maintaining
normal cell behavior, and are implicated in many different pathologies. For example,
adhesion is involved in the normal mechanoregulation of vascular and lymphatic
endothelium1,2, the differentiation of mesenchymal stem cells (MSCs) on extracellular
matrices (ECMs) of various mechanical stiffnesses3, and the attachment of circulating tumor
cells (CTCs) at ectopic locations of the vasculature during metastasis.4 Furthermore, the
advancement of tissue engineering relies critically on the ability of cells to attach, grow, and
remain viable on engineered scaffolds and other biocompatible materials.5,6 Thus, cell
adhesion is central to myriad important questions in modern biology and biomedicine,
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including those related to development, physiology, pathophysiology, tissue regeneration
and cell-based therapies.

Many techniques and systems have been developed to measure and characterize adhesion
properties of cells.7 The most common approach involves the use of population-based shear
flow systems that rely on laminar flow to apply controllable shear rates on cultured cells,
and quantify the fractions of adherent (and non-adherent) cells in the entire circulated
population. Among these systems, parallel plate flow chambers and cone-and-plate
viscometers utilize either increasing or decreasing shear rate protocols to cause detachment
or attachment of cells, respectively8,9, whereas variable width or height flow chambers and
radial flow systems rely on geometry to generate variable shears at different spatial locations
using a single flow rate.10–13 A second major class of adhesion measurement techniques is
single-cell manipulation methods where individual cells are subjected to controlled force
application using atomic force microscopy or micropipette aspiration to detach cells from
their adhered surfaces.7,14–16

These two traditional classes of cell adhesion assays lie on opposite ends of the population-
size spectrum (Fig. 1A). While single-cell techniques can provide detailed information on
adhesion properties of individual cells, they are laborious and require expensive, delicate
equipment, and as such are typically used to study tens or (at most) hundreds of cells. In
contrast, while the majority of population-based shear flow systems can test more than 105

cells in a single experiment, they are limited to average readouts that inherently mask single-
cell information, which may reveal important insights on population heterogeneity.
Furthermore, these macroscale flow systems often require a minimum of ~105 cells to yield
detectable endpoints for each assay, limiting the range of possible biological questions that
can be tackled. Thus, a technical gap exists for intermediate cell samples between ~102 to
105 cells, including, for example, primary samples from humans or animal models, and
cellular subpopulations isolated via cell sorting. While microfluidic systems have received
attention for their ability to increase throughput, reduce reagent volumes and cell sample
requirements, and enable new biological studies, these systems have yet to fill this
measurement gap for adhesion assays.17–20

To address this unmet need, we developed a new microfluidic system for conducting cell
adhesion assays on limited cell samples consisting of only hundreds to thousands of cells
(Fig. 1B). The system enables pipette-based loading of cells and reagents, is amenable to
complex microscale geometries and microenvironments, and offers flexibility in custom
fluid flow waveforms for various applications. These capabilities, coupled with an
information-rich readout, allow this system to be applied to a range of biological
experiments. Here we describe the method and demonstrate the ability to observe
physiologically relevant changes in adhesion in the context of both cancer biology and
cardiology. We describe a method for identifying and quantifying distinct subpopulations of
cell-substrate interactions, and also employ cell-derived matrix substrates, demonstrating the
ability to integrate engineered microenvironments for developing more biologically relevant
in vitro studies.

2 Results
2.1 Design and Operation

The designed microscale system integrates four key features to create an adhesion assay
intended to fill the gap in measurement techniques and enable new experiments: (1) open
microfluidics via passive pumping, (2) oscillatory flow, (3) a custom data acquisition and
image analysis protocol, and (4) a multi-population modeling approach for quantifying
adhesion (Fig 1B). Passive pumping, which relies on surface tension to pump fluid from
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small droplets to larger droplets based on Laplace’s law (Fig 1B),21 reduces dead volumes
associated with tubing and media reservoirs common to flow-through systems, and can be
used with different channel geometries and substrates to incorporate advanced functionality
and micropipette-based operation.22–24 In the current system, a simple straight microchannel
(7.5 mm × 1.5 mm × 200 μm) connects a small input port to a large output port to facilitate
micropipette delivery of cell suspensions, media, and reagents via passive pumping (Fig.
1C).

Oscillatory flow was generated using a flexible diaphragm fabricated from
polydimethylsiloxane (PDMS) positioned over the large output port, and reversibly sealed to
the top of the PDMS microchannel (Fig. 1C–D). The diaphragm was actuated using a piezo-
cantilever, which bends along its length in response to a voltage signal produced using a
function generator and signal amplifier. Deflections of the diaphragm induced pressure
changes within the reversibly sealed air chamber to induce oscillatory flow in the
microchannel while the ports served as low-volume reservoirs to accommodate volume
fluctuations. Although, device geometry and operating frequencies and amplitudes used in
the cell-based studies ensure a linear relationship between frequency and shear stress
(maximum Womersley number < 1), characterizations of linear and non-linear system
behavior were also performed for completeness and potential use in other applications (ESI).

To perform the assay, the piezo-cantilever was set to a frequency of 2 Hz to initiate
oscillatory flow and cells were seeded via the input port while the fluid was oscillating.
Seeding the cells in this manner prevented undesired cell adhesion before data acquisition
began. After cells settled for ~45 s (sufficient for the cells to reach the bottom), data
acquisition was initiated and the frequency of oscillation was decreased logarithmically from
2 Hz to 100 mHz over 500 s, i.e., a descending logarithmic frequency sweep (Fig. 1B, 2A, &
ESI). As shear stress decreased, an increasing number of cells were allowed to adhere over
time. An automated image analysis algorithm was developed to quantify the percent of
adhered cells over the 20-fold range in shear-stress for each of the 46 image streams using
automated image analysis (Fig. 2).

Analysis was limited to the center 80% of the channel width to ensure data was taken within
a region of uniform shear stress.25 Percentage of adherent cells in this region was plotted as
a function of shear stress, τ, and fitted to a sigmoidal curve based on the log-normal
cumulative distribution function, FLN, to extract values for τ50 and σ, thereby modeling the
data as a single population of cell-substrate interactions (ESI). Physically, τ50 represents the
critical shear stress at which 50% of cells are adhered (i.e., the median shear stress), and σ
represents the standard deviation of the shear stress on a logarithmic scale, which reveals
population heterogeneity of adhesion interactions. The data was also fitted with the linear
combination of two FLN functions to model the data as two populations. If the dual-
population model provided a sufficient increase in the goodness of fit measure, R2, the dual-
population model was used instead of the single-population model to determine a τ50 and σ
for each of the two subpopulations. The results of the subpopulations are then combined
using a weighted average to estimate overall values for τ50 and σ (ESI).

2.2 Assay Validation: Cancer Cell Adhesion
As validation that our method was sufficiently robust and sensitive for characterizing
physiologically relevant changes in adhesion, we tested adhesion of three established cell
lines derived from distinct types of cancer, including prostate (PC3-MM2), breast (MDA-
MB231), and multiple myeloma (RPMI8226), on cultured monolayers of activated (IL-1β
treated) and non-activated human umbilical vein endothelial cells (HUVECs). Studies on the
adhesiveness, invasiveness, and metastatic potential of these cell lines have shown that PC3
cells are particularly adhesive and invasive.26,27 MDA-MB231 cells are also highly invasive
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among breast cancer cell lines28,29, but are known to adhere to activated endothelium only
in the absence of shear-stress > 0.05 Pa.28 In contrast to prostate and breast cancers, the
adhesiveness and invasiveness of cells of multiple myeloma (MM) origin has been studied
to a much lesser extent. Reports of MM cell adhesion that are available suggest that
adhesion to (bone marrow) endothelium is mediated by various molecules other than E-
selectin.30–32 Thus, we expected that PC3-MM2 and MDA-MB231 cells would exhibit more
adhesive phenotypes, while RPMI8226 cells would likely show less adhesion to the
endothelial monolayers.

The adhesion data curves were obtained using ~2,500 tumor cells per microchannel. Thus,
the total of 50 microchannels that were needed to perform the 6 different sets of experiments
and acquire 2,300 adhesion-shear data points required ~125,000 tumor cells total, which is
about the number of cells typically needed for a single data point in using traditional
methods. Population modeling and the associated τ50 and σ values for each combination of
cancer cell type and endothelial surface were analyzed (Fig. 3A). We observed statistically
significant increases in τ50 between activated and non-activated endothelial surfaces for all
cell types, including RPMI8226 cells. For non-activated endothelium conditions, both
MDA-MB231 and PC3-MM2 cells exhibited significantly higher values of τ50 than
RPMI8226 cells. However upon activation, RPMI8226 cells exhibited a significantly higher
fold-increase than the others, largely due to the very low initial value. Thus, MDA-MB231
and PC3-MM2 cells were likely more adhesive than RPMI8226 cells initially because of
intrinsic differences in cell surface properties, which were then amplified for all cell types in
the presence of IL-1β induced E-selectin. This was consistent with the literature cited above.

Values of σ were also compared between non-activated and activated endothelium groups
and across cell types. We observed that within each cell type, there was no statistical
difference in σ between activated and non-activated endothelium. However, σ for
RPMI8226 cells was significantly higher than σ for PC3-MM2 and MDA-MB231 cells on
activated endothelial monolayers, and significantly higher than σ for PC3-MM2 on non-
activated endothelial monolayers. These data suggested that σ, or the population
heterogeneity in the strength of cell-substrate interactions, was not influenced by endothelial
activation, but only by intrinsic differences between cells.

The change in R2 between the single- and dual-population model fits ( ) was
significantly larger in the case of the prostate (p = 0.0002) and multiple myeloma (p =
0.023) cells on activated endothelium compared to the the non-activated cases. This was not
observed for the breast cancer cell line (p = 0.55). Thus, although values of σ did not suggest
an overall change in heterogeneity upon activation for any cell type, population modeling
suggested the emergence of a subpopulation of cell-substrate interactions upon activation for
PC3-MM2 and RPMI8226 cells. Notably, in the case of RPMI8226 cells on activated
endothelium, on average ~13% of the cell population adhered at a shear stress roughly 30-
fold higher than that of the remaining 87% of the population. Thus, while the general trends
related to cell adhesion propensity for different cancer cell types agreed with existing
literature and validated our platform, the analysis was able to provide additional insights
including the overall heterogeneity of the cell-substrate interactions (σ) and the
identification and quantification of subpopulations for more detailed examinations of cell
attachment and functional response.

The data was further mined in order to assess the potential range of cell sample sizes that
could be addressed using this method. Three channels were chosen that exhibited a
significant change in the adhesion signal and analyzed using successively smaller ROIs that
contained ~500 cells, down to as few as 25 cells. As expected, below ~100 cells the sample
became significantly less representative of the larger population, making it difficult to use
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population modeling to extract parameters, establishing a minimum sample size limit of 102

(Fig. S7 & S8, ESI).

2.3 Assay Application: Primary Bone Marrow Stromal Cell Adhesion to a Primary Cardiac
Fibroblast Cell Produced 3-Dimensional Extracellular Matrix

Next, we applied the assay in the field of cardioregenerative medicine to further illustrate the
potential for new applications and insights enabled by this technology. Adhesion of
therapeutic cells to injured myocardium is a crucial yet understudied component of cell-
based cardioregenerative therapy. Current estimates of therapeutic cell retention vary with
cell type, mode of delivery and elapsed time from administration, but generally less than
10% of the cells transplanted adhere in the myocardium.33–35 Despite the poor retention
rates, small improvements in cardiac function and reduction in ventricular scarring have
been reported, providing evidence of potential therapeutic utility.36,37 Such in vivo studies
can be challenging and expensive, making it difficult to iteratively test and develop new
strategies for improved efficacy. Another common challenge of cell-based therapies is the
often-limited source and quantity of the therapeutic cells, which can preclude the use of
many conventional adhesion assays, whether in vivo or in vitro. Our adhesion assay
addresses these challenges by providing an in vitro approach that enables study of
potentially limited populations of therapeutic cells.

In this proof-of-principle study, we quantify adhesion of bone marrow mesenchymal stromal
cells (BMSCs), a potential adult therapeutic cell population of interest in cardioregenerative
medicine. The BMSCs are harvested from a single rat for a set of experiments to reduce rat-
to-rat experimental noise. Thus, as often occurs in small animal primary cell work, the cell
quantities are limited. We characterize their adhesion to different preparations of ECM
derived from primary rat cardiac fibroblasts (CFs) that are considered relevant for
downstream development. Although the flexibility of the assay allows integration of cell-
derived matrix and oscillatory flow to approximate some aspects of the therapeutic site for
potential improvements in relevance (e.g., the fibroblastic nature of cardiac scar tissue, a
cell-derived mixture of matrix proteins and other cellular factors, as well as periodic motion
during therapeutic cell attachment), the focus of this study is to provide a relevant
demonstration of the ability to efficiently leverage precious cell resources to enable
development of new strategies to improve therapeutic cell retention.

Briefly, a confluent monolayer of primary rat CFs were seeded into the microchannels and
cultured for 10 ± 3 days to produce the 3D cell derived ECM. Each microchannel was either
left untreated, or was decellularized using ammonium hydroxide (AH) or peracetic acid
(PAA) protocols (see ESI for methods). The AH treatment left lower levels of cell debris
compared to the PAA treatment and required an additional collagen coating on the
polystyrene prior to seeding to help anchor the matrix. The CF condition represents
untreated cardiac fibroblasts without collagen pretreatment (Fig. 3B, images). These
particular preparations were chosen to obtain preliminary results that would help direct
future investigations, but also demonstrate the ability to generate various matrices on the
channel surfaces for integration with the assay.

Notably, ~1% of the BMSCs from a single rat was needed each day to test multiple
conditions with replicates. Population modeling results show that BMSCs adhered to the
AH-treated ECM at shear stress levels ~10-fold higher than that achieved in the case of PAA
or the untreated cardiac fibroblast cell sheet, CF (Fig. 3B). The AH condition also exhibited
a significantly lower heterogeneity (σ) compared to the CF case, suggesting the possible
presence of more homogeneous and stronger adhesion interactions. The AH condition also

exhibited more dual-population behavior than for CF ( , p = 0.045) but was not
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significantly different from PAA (p = 1). More importantly, the study shows the ability to
leverage a limited cell source for assessing a range of adhesion conditions, thus, enabling a
more efficient approach to iteratively developing new hypotheses and strategies for
modulating adhesion. Further, it demonstrates the ability to integrate engineered
microenvironments to enable improvements in biological relevance.

3 Discussion
We have described a robust, sensitive, and quantitative microscale adhesion assay that fills a
gap in the current repertoire of adhesion measurement methods. The system can efficiently
utilize as few as 102 cells to characterize the distribution of adhesion interactions at 46
different shear stresses spanning a 20-fold range, significantly broadening the current range
of potential cell samples that can be studied using shear flow. Central to the design of the
system and assay are four main elements that, when integrated, provide new and previously
unachievable functionality.

First, passive pumping enables an open microfluidics design that facilitates loading of
minute cell samples with minimal cell loss and dead volume typical of tube-based systems
and maintains complete separation of samples to ensure independence of each data point
acquired from the array. While passive pumping devices have been widely applied for
practical cell-based assays for numerous studies in the past decade22,24,38–40, the current
application is the first to achieve tunable, continuous, dynamic fluid flow in such a device
over the entire time-course of the experiment. Further, the modular nature of the design
allows the microchannel cell culture device and oscillatory flow components to remain
uncoupled from one another until the time of the adhesion assay. This modularity simplifies
preparation of cell monolayers and surface treatments via pipette-based operations and
streamlines logistics during experimental procedures to facilitate integration of engineered
microenvironments.

Second, oscillatory fluid flow facilitates monitoring a fixed population of cells. While
oscillatory flow is more typically employed as a mechanical stimulus to model physiological
conditions where oscillatory flow is relevant,41,42 its use here enables observation and
quantification of the same group of cells rocking back-and-forth continuously over time.
This is fundamentally different from continuous flow systems where new cells are
continually introduced to the adherent substrate in a manner that presents each cell with a
limited opportunity to attach. While recirculation can be implemented with continuous flow
systems to reduce the total number of cells required for an assay, there remain significant
dead volumes associated with tubing and reservoirs.

Third, use of a descending logarithmic frequency sweep and automated image analysis
enables quantification of adhesion data at 46 different time-points spanning a 20-fold change
in shear stress. This large amount of data would have traditionally required 46 independent
experiments each requiring large numbers of cells to obtain the same information. By
performing a frequency sweep, our assay efficiently yields a multitude of adhesion
characteristics for the fixed cell population and removes the need for time-consuming shear
stress titration studies to optimize conditions for each combination of cell type and substrate.
The concept of increasing throughput and extracting more data from microscale adhesion
systems has been gaining popularity18,20,43,44, and our current work is an extension of this
trend. However, in contrast to the majority of such assays which provide useful insights into
detachment events, we have instead applied the approach to the study attachment events.

Fourth, multi-population modeling provides the ability to identify and quantify changes in
subpopulations that may otherwise be hidden if treated as a single population. This has
important implications for many emerging biological questions related to population
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heterogeneity and the role of specific cellular subpopulations to normal and pathologic
development, as well as to regenerative medicine.

Taken together, the first three elements enable a large amount of data to be acquired from as
few as 102 cells per microchannel, providing new opportunities to study limited cell sources
and significantly advancing previous uses of image processing and oscillatory flow for the
study of adhesion.45 The range and resolution of the data obtained from each sample is what
enables the fourth component of multi-population modeling, which has broad potential to
provide new biological insights for applications with and without cell-source limitations.

To demonstrate these enabling capabilities as well as the broad applicability of the assay,
studies were performed in two major areas of biology research, cancer and cardiology. The
sensitivity and repeatability of the method was validated by confirming an increase in
adhesion of three different tumor cell lines representing three different cancers to a HU-VEC
monolayer upon activation of the monolayer using IL-1β. New insight into population
heterogeneity of cancer cell lines was enabled by the use of oscillatory flow including the
detection and quantification of subpopulations. The system was then used for a novel
application in cardioregenerative medicine, where our findings demonstrated the utility of
the device for small-animal primary cell adhesion studies where cell quantities are limited.
More specifically, given that samples from different individual primary cell donors can vary
significantly in terms of biology and preparation, the ability to test multiple experimental
conditions on each sample greatly increases the statistical power of a study.

To our knowledge, this is the first demonstration of an adhesion assay that enables extensive
insight into population distributions of adhesion strength with such small sample sizes.
Further, the modularity of the assay allows integration of engineered substrates and
microenvironments to enable a wide variety of applications. Thus, this flexible, high-
content, information-rich functional assay has potential to provide new and significant
biological insight.

In order to gain some perspective on the flow conditions used in this study, we can compare
them to various conditions measured in vivo. As mentioned, the assay used purely
oscillatory flow to enable highly efficient use of cell samples and acquisition of high-content
adhesion data, while the shear stress range of the current embodiment (~0.001–0.1 Pa) is
based on previous studies of tumor cell adhesion to facilitate data comparison and validation
of the assay. We note that the assay design can be modified to explore other ranges of flow
conditions depending on the amplitudes and frequencies appropriate for a particular area of
study (ESI). In the normal vasculature, flow is generally pulsatile with both oscillatory and
steady components resulting in a non-zero net flow rate. Measurements of shear stress in
human capillaries and post-capillary venules range from ~0.3–9.5 Pa, with an average of
~1.5 Pa, while average wall shear stress in the human common carotid artery is ~1.2 Pa,
with peaks of ~3 Pa.46,47 However, arterial shear stress below ~0.4 Pa can occur and has
been linked to atherogenesis.46 Flow in the lymphatics, on the other hand, is generally more
irregular and staltatory, and exhibits significantly lower shear stress, averaging between
~0.04–0.06 Pa with peaks of ~0.3–1 Pa.48 Thus, generation of flow conditions more
appropriate for different biological systems can require modification of the assay device
design or input signal.

The current assay has several limitations that can be addressed in future designs to expand
the capabilities of the overall methodology. Software to drive the device from the computer
audio output would eliminate the need for a separate function generator and provide
additional control over input signals. Coordinating the actuation and data acquisition would
reduce each image stream down to two images for quantifying cell motion, lowering storage
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requirements and simplifying data analysis. Currently, the microchannel device is designed
for relatively low shear stress applications; thus, applications such as detachment assays will
generally require modification to achieve higher shear stress levels. The use of purely
oscillatory flow could be limiting for the study of endothelial cell response to shear where a
non-zero net flow rate is known to be important for physiologic behavior.49 Additional
engineering of the input signal would also be needed to perform sequential descending and
ascending sweeps to explore topics such as catch-bond-like adhesion or the hysteresis of
different adhesion mechanisms.50 If desired, the multi-population modeling can be quite
easily extended to three or more populations, as long as one takes care to avoid over-fitting
data with too many parameters, which can lead to false identification of subpopulations
(ESI, Data Fitting). In addition, as with other functional adhesion assays, parallel
biochemical and genetic strategies are generally needed to help elucidate the molecular
mechanisms responsible for observed changes in adhesion. Despite these many opportunities
for advancement, we have demonstrated the advantages of the assay for examining
characteristics of subpopulations and enabling high-content adhesion studies in areas where
cell source limitations can be prohibitive.

4 Materials and Methods
Details regarding device fabrication; system hardware, characterization, and calibration; cell
isolation and culture; image acquisition and analysis; and population modeling are provided
in the ESI.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Open microfluidic oscillatory flow assay addresses the current adhesion measurement
gap. (B) A small population adhesion assay capable of handling 102–105 cells was
developed by integrating open microfluidics via passive pumping, oscillatory flow via
piezo-cantilever deflection, and a descending logarithmic frequency sweep to generate
information-rich readouts. (C) The microchip consists of seven PDMS microchannels on a
3″ × 1″ slide that serves as the culture substrate. The culture substrate may be glass (shown,
top right), polystyrene (used in reported experiments), or other material. Each microchannel
consists of a straight microchannel with a small circular inlet port and large ovoid outlet
port, and a flexible diaphragm made of PDMS for sealing the outlet during actuation. (D)
The microchip can be positioned on the stage of an inverted microscope. As the piezo-
actuator bends, deflections in the diaphragm generate pressures in the sealed air chamber
that result in oscillatory flow within the microchannel where cells are cultured. A signal
from a function generator is sent through a piezo amplifier, monitored using an oscilloscope,
and sent to the piezo-cantilever for actuation. A computer is used to control image-stream
acquisition and subsequent processing.
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Fig. 2.
Data acquisition and image analysis. Red borders = raw images; blue borders = filtered and
thresholded images; green borders = absolute difference between two filtered and
thresholded images. (A) 46 different image streams, each consisting of multiple frames, are
acquired during a descending logarithmic frequency sweep. Data points show times at which
image streams are taken and frequency at which the system oscillated during that image
stream. Different numbers of frames are required to capture 1 to 2 cycles of cell motion for
different frequencies. Triangles consist of 25 frames each, circles 85 frames each, and
squares 170 frames each stream. Each frame is represented mathematically as F where the
subscript denotes the index of the frame in the image stream. (B) Comparison of raw image
with filtered and thresholded images. Filtering and thresholding enhances the seeded cells to
be above background artifacts arising from the endothelial cell monolayer or ECM substrate.
(C) Illustration of the image differencing algorithm. Cells in motion appear twice in the
image (1) while stationary cells disappear (2). Partially adherent cells that exhibit a rocking
motion result in a partial signal (3). (D) A difference image is shown that correlates with a
difference-signal that is transformed into percent of population adhered (see ESI for further
details on the algorithm and definitions of Eq S6, S8, and S9).
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Fig. 3.
Adhesion assay results for two different applications. (left) Raw adhesion curves (semi-
transparent lines) indicate percent of cell population adhered vs. shear stress. Multi-
population modeling results are plotted as solid lines. Population models yield two
measures: (i) critical shear stress at which 50% of the population is adhered (τ50), and (ii)
the log-normal standard deviation (σ). (left-middle) Images of substrate conditions. (right)
Average values of τ50 (fold change of activated vs. non-activated shown in red box) and σ.
(A) Tumor cell adhesion to IL-1β-activated and non-activated endothelial monolayers for
three different tumor cell lines representing breast cancer (MDA-MB231), prostate cancer
(PC3-MM2), and multiple myeloma (RPMI8226). Immunostaining shows E-selectin (green)
upregulation via 10 ng/ml IL-1β compared to no treatment. Nuclei stained with Hoechst
(blue). (B) Primary BMSC adhesion to 3D-ECM produced by primary cardiac fibroblasts
treated via three different methods. Images of ECM conditions show eosin staining and
immunostaining. Immunostaining images, including the graph inset image of a cross section
of the ECM, are false colored to show fibronectin as green, collagen as red, and nuclei as
blue (enlarged versions in ESI). (A,B) Error bars = SE for n ≥ 3. Horizontal bars: “*” = p <
0.05, “**” = p < 0.01. “◆” = p < 0.05 compared to RPMI8226s on IL-1β-activated
endothelium. “◇” = p < 0.05 compared to RPMI8226s on non-activated endothelium.
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