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Abstract

Cell dissemination during tumor development is a characteristic of cancer metastasis.
Dissemination from three-dimensional spheroid models on extracellular matrices designed to
mimic tissue-specific physiological microenvironments may allow us to better elucidate the
mechanism behind cancer metastasis and the response to therapeutic agents. The orientation
of fibrillar collagen plays a key role in cellular processes and mediates metastasis through
contact-guidance. Understanding how cells migrate on aligned collagen fibrils requires in
vitro assays with reproducible and standardized orientation of collagen fibrils on the macro-
to-nanoscale. Herein, we implement a spheroid-based migration assay, integrated with a
fibrillar type I collagen matrix, in a manner compatible with high throughput image
acquisition and quantitative analysis. The migration of highly proliferating U20S
osteosarcoma cell spheroids onto an aligned fibrillar type I collagen matrix were quantified.
Cell dissemination from the spheroid was polarized with increased invasion in the direction
of fibril alignment. The resulting area of cell dissemination had an aspect ratio of 1.2 = 0.1
and an angle of maximum invasion distance of 5° + 44° relative to the direction of collagen
fibril alignment. The assay described here can be applied to a fully automated imaging and

analysis pipeline for the assessment of tumor cell migration with high throughput screening.



Introduction

Cell migration is a critical cell function that dictates the position of cells within the body and
plays a key role in embryonic development, wound healing, and metastasis. Cells can migrate
by means of a broad repertoire of processes which can be described as single-cell (e.g.,
amoeboid, mesenchymal) and collective migration (cell sheets, clusters, and streams).’
Commonly-employed two-dimensional (2D) Boyden chamber and scratch wound assays
utilize flat monocultures that do not account for heterogeneity in nutrient and oxygen
gradients or cell-cell interactions.?? The former is based on two medium-containing chambers
separated by a rigid porous membrane through which cells transmigrate, often in response to
a chemokine gradient, with small pores impeding collective migration.* This method is not
optimal for real-time imaging as cells can become trapped within the porous membrane. The
scratch wound assay is typically performed on a rigid 2D tissue culture plate, which can be
coated with extracellular matrix (ECM) and involves the migration of cells from dense
monolayer sheets to occupy empty regions.* Planar 2D monoculture models have been used
previously to recapitulate the mechanical basis of wound closure dynamics of epithelial
sheets,>® but they tend to fail in describing migration in fibrous tissue.

Cells cultured on patterned and grooved interfaces change their shape, orientation, and
direction of movement in response to topographical cues through a phenomenon called
contact-guidance. Contact-guidance enables cells to take the path of least resistance when
confronted with heterogeneous environments, supporting the notion of preferential migration
along ECM interfaces, or aligned structures. Current advances in micro-nanotechnologies and
biomaterial engineering offer high-level precision and repeatability in manufacturing
structured templates to investigate how biophysical cues can influence tissue morphogenesis.

Over the years, researchers have implemented various topographical geometries such as



grooves and ridges.”® Furthermore, adhesive micropatterns,” have emerged as a valuable tool
to investigate the influence of micro-nano structures on cellular processes and migration.
However, in many instances, these templates do not probe the influence of biological or
biologically-relevant topographical features present in vivo. Instead, studies utilize
geometries with edge-like features such as ridges, grooves, pillars, and posts that are not
relevant to the in vivo environment.” In this context, the in vivo environment surrounding or
associated with the epithelia are edgeless and exhibit fibrillar and curved topographies on the
cellular scale.!® Furthermore, due to the use of synthetic polymer-based materials, these
templates exclude ECM remodeling or proteolytic degradation mediated by matrix
metalloproteinases to navigate through confined spaces.!! Therefore, fibrillar and edge-less
topographies are needed to investigate cell migration in the context of cell contact-guidance
and morphogenesis.

Three-dimensional (3D) models, such as spheroids, have gained considerable attention due to
their enhanced physiological relevance to the in vivo scenario.'? As a result of the combined

effect of physiological gradients and complex 3D cell-cell interactions,'>!*

spheroids are able
to better mimic the in vivo environment, making them a useful tool in preclinical drug testing
and basic research.'® Current work in this area focuses on the development of migration
assays combining 3D models and ECM components that can facilitate improved

t,1? and generation of quantitative data.'®

reproducibility, increased throughpu
The architectural features and mechanical properties of the ECM are key regulating factors
associated with tumor progression.!” It has been shown that invasive cancer cell behavior can
be controlled by tuning ECM microarchitecture in breast cancer.'® Thus, it is important to
understand cancer cell dissemination as it relates to fibrillar matrix alignment. At the onset of

cancer migration, cells released from the tumor encounter heterogeneities in the surrounding

tissue matrix, resulting in various degrees of ECM confinement around epithelial tumor



cells.'?" Collagen type I, the main component of ECM in interstitial tissues, determines the
spatial organization and stability of connective tissues.?! Cells interacting with these matrices
often align with the orientation of collagen fibrils, suggesting that the alignment of the
fibrillar architecture can provide structural and signaling cues for cell polarization.?>?}
Several studies have shown that collagen type I has major implications in bone metastases

2427 and in the case of osteosarcoma, metastasis from

formation from various primary tumors,
bone to other sites.?® Fibrillar collagen type I is often heavily deposited in the stroma adjacent
to tumors.?’ In addition, it has been reported that a high-density fibrillar collagen matrix is a
potent inducer of invadopodia in cancer-associated cells and primary human fibroblasts.*® In
this context, we reason that the aligned fibrillar collagen matrix could also be used to mimic
aspects of tumor cell dissemination relevant to the tumor stromal microenvironment.

Most spheroid-migration assays lack high throughput compatibility when it comes to the
generation of spheroids in situ. Subsequent manual transfer to specialized plates for assessing
cell migration adds further complexity and unintended biophysical stimuli to the spheroids.

Spheroid-migration assays have been performed before on ECM coated surfaces >3

or
embedded within gels (e.g., Matrigel, collagen).!!33-** Spheroid cell invasion matrices usually
consist of randomly oriented fibrils and therefore provide little information about cellular
interaction with the aligned architecture of collagen fibrils commonly present in vivo.*> Such
assays can suffer from low reproducibility of the ECM components and architecture due to
polymerization conditions leading to variations in the matrix porosity and fibrillar
properties,>® which may alter the physiochemical response of the cells and the migration
process. These matrix variations are a major concern when comparing results in literature due

to the diversity of conclusions reported.?”*® Liquid crystal printing technology provides a

method to fabricate reproducible matrices with aligned fibrillar collagen, providing control



over key variables including stiffness, chemistry, and fibrillar architecture without the need
for synthetic ECM analogues.***!

Here we aim to develop a biologically relevant migration assay to replicate aspects of tumor
cell invasion onto an aligned ECM. We develop a system which facilitates the transfer of
homogenous spheroid cultures to the center of a fibrillar type I collagen coated multi-well
plate. We use atomic force microscopy (AFM) to resolve the fibrillar matrix topography and
stiffness by determining the fibril size and elastic modulus. We demonstrate high throughput
capabilities by assessing the suitability of the transfer adapter to mitigate/eliminate the

manual handling of spheroid from the hanging drop to the center of the individual well. In

addition, we provide basic protocols for imaging and analysis of spheroid dissemination.

Materials and Methods

Aligned Fibrillar Collagen Surface Modification

Purified monomeric atelocollagen solution (porcine type I) at a concentration of 45 mg/mL
was prepared by Fibralign Corporation (Union City, CA) to reach a liquid crystal state.
Collagen solution was then sheared onto ~0.17 mm thick polycarbonate sheets using a liquid
film applicator assembly*? with a coating speed of 100 mm/s. This resulted ina 2 £ 1 pm
thick porcine collagen type I matrix deposited on a 110 mm % 30 mm area of the plastic
sheet, sufficient to span three rows of 12 wells (36 wells) when attached to a bottomless 96-
well plate (MuWells, San Diego, CA).

Characterization of Surface Topography

AFM was used to characterize the topography and alignment of the fibrillar collagen matrix.
The fibrillar collagen matrix was measured in amplitude modulation mode in air using an
Asylum Cypher S system (Oxford Instruments) fitted with a Si cantilever probe (Scout 350,

Nu Nano). The nominal spring constant and resonant frequency of the cantilever used was 42



N/m and 350 kHz, respectively. The mean fibril diameter was determined from height maps
using Asylum Software (Oxford Instruments) as the full-width at half maximum of the height
profile transecting randomly chosen fibrils. The orientation of the fibrillar collagen matrix
was measured in Fiji using the OrientationJ plugin.** The methods used in the Orientation]
plugin to estimate the local orientation of fibrillar collagen structures in an image were

extensively discussed by Rezakhaniha et al.**

The height image (30 pum x 30 pm) was
utilized to determine orientations of fibrillar collagen. First the height map was loaded into
Gwyddion (open-access scanning probe microscopy (SPM) software) and saved as a tiff
image for orientation assessment. The tiff image was loaded into Fiji and the following
preprocessing was implemented; image brightness was adjusted to make full use of the
available gray value range, and a threshold was applied upon which the image was binarized
(Suppl. Fig. S1).

Characterization of Fibrillar Collagen Mechanics

The mechanical properties of the fibrillar collagen layer were also assessed using AFM. The
fibrillar collagen matrix was hydrated in phosphate buffered saline (PBS; Sigma-Aldrich,
Arklow, Ireland) 2 h prior to mechanical characterization, and force indentations were carried
out in PBS. Measurements were conducted in a temperature-regulated room (20-21°C) using
an Asylum MFP-3D system (Oxford Instruments) integrated with an Olympus IX71 optical
microscope. All-in-one tipless cantilevers (Budget Sensors, Sofia, Bulgaria) with a nominal
spring constant (k) of 2.7 N/m were functionalized with a borosilicate sphere of 5 pm radius
(Whitehouse Scientific, Waverton, UK) attached to the cantilever end. The cantilever spring
constant was obtained experimentally (kK = 3.6 N/m) using the Sader method.*> Force volume
mapping mode was used to determine the Young’s modulus through application of the Hertz

model. A 20 x 20 array of force indentations separated by 2 um spacing over a 40 um x 40

um area (400 indentations per force map) was generated using a calibrated force set-point of



15 nN. To obtain the elastic modulus, the extension part of the force-displacement curves was

fit to the Hertz model with an assumed Poisson ratio (v) of 0.5 *°

using Asylum curve fitting
software.

Spheroid Assay Platform Integration

Spheroids were generated using a modified hanging drop technique. The GravityPLUS™
system (InSphero, Schlieren, Switzerland) enables the generation of a hanging drop culture
by top loading in a 96-well plate format in a manner amenable to high throughput spheroid
generation. U20S osteosarcoma epithelial cells were cultured in tissue culture flasks (Sigma—
Aldrich) until 80% confluence in Dulbecco’s Modified Eagle’s medium (DMEM, Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Gibco, Biosciences, Dun Laoghaire,
Ireland), which was exchanged every 3 days. Cells were incubated at 37 °C, with 95%
humidity and 5% CO; and cultured to passage 26. To generate spheroids, 40 pL of cell
suspension containing 500 cells was delivered from the top through the SureDrop™ inlet
funnels of the individual GravityPLUS™ plate wells and cultured for 4 days to facilitate
spheroid formation. To transfer the hanging drop cultures to the center of fibrillar collagen
coated wells in a 96-well plate, an adapter unit was designed, and 3D printed. The adapter
unit was printed from rigid acryl resin (AR-M2) with water-soluble acryl resin used as a
support material (AR-S1, both Keyence Co., Osaka, Japan) using a high-resolution 3D printer
(Agilista-3000, Keyence) with 15 um print resolution by Hubs B.V. (Amsterdam, The
Netherlands). The 3D printed adapter was gently placed into the collagen-coated well plate.
Using a multichannel pipette, 70 uL of cell media was dispensed into the SureDrop™ well
inlets, which dislodged the hanging spheroid. The adapter ensured that spheroids were guided
to the center of the collagen-coated wells. Spheroids were incubated for 45 min until

attachment was observed, then the GravityPLUS™ plate and adapter were removed from the

collagen-coated plate and each well was topped up with 150 pL of cell culture media.



Microscopy and High Content Imaging

Brightfield images of spheroids at the point of transfer to the collagen-coated plate (t0) were
captured using a 10x objective on an inverted brightfield microscope (Olympus CKX53),
fitted with a color camera (VC.3031 HD-Lite, Euromex) and Exfocus 0.5% reducing lens
(Tucsen). Cell migration from the spheroid body was tracked and imaged using 5% and 10x
objectives every 24 h for 96 h using bright-field microscopy (Opera Phenix High Content
Screening System, Perkin-Elmer, Beaconstfield, United Kingdom). Spheroid cultures were
fixed at 96 h. Cell media was removed, and samples are washed three times with PBS.
Fixation was performed by immersing the samples in 4% paraformaldehyde (Sigma-Aldrich)
for 30 min followed by cell permeabilization using 0.1% Triton X-100 (Sigma-Aldrich) for
45 min. The samples were washed three times with PBS, incubated with 5% bovine serum
albumin (Sigma-Aldrich) in PBS for 30 min, followed by three PBS washes. Cultures were
incubated for 2 h at room temperature in Hoechst 33342 (1 pg/mL, Sigma-Aldrich) and
Alexa Fluor 568 conjugated phalloidin (300 pg/mL; Invitrogen, Biosciences) in PBS, to label
cell nuclei and filamentous (F-)actin, respectively. The samples were then washed three times
with PBS before imaging using confocal microscopy at 5x and 10x with 16-bit images
obtained (Opera Phenix High Content Screening System).

Spheroid Dissemination and Cell Migration Analysis

Brightfield images of spheroids at the point of transfer to the collagen-coated plate (to) were
segmented and classified using a FIJI plugin (Trainable Weka segmentation).*’ The F-actin-
stained images (tos) were adjusted and analyzed using a custom-made code implemented in
MATLAB R2019b (MathWorks, Galway, Ireland) unless otherwise stated. See Supplemental
Materials for the code used and a detailed description of the method. The code utilized built-
in image processing functions useful for measuring properties of shapes in a binary image

such as bwlabel and regionprops. The image-analysis pipeline was broken into three stages:



(1) preprocess image (acquire, enhance, adjust, filter, threshold); (2) define objects (smooth,
denoise, clean, segment); and (3) measure parameters (length, shape descriptors,
morphology) (Suppl. Figs. S2 and S3).

Pre-processing methods (Suppl. Fig. S2) were employed to enhance contrast and improve
segmentation by utilizing common filtration techniques, followed by histogram-assisted
thresholding to outline the periphery of the spheroid and cells. The threshold parameter
controlled the cut-off value of the pixel intensity histogram. A mask was applied after
applying the threshold and the boundary of the mask was extracted to serve as the contour of
the objects before final conversion to a binary image. The spheroids were treated to seven
image processing operations on the raw grayscale image. Briefly, (i) increase contrast; (i)
threshold to remove brightest region; (iii) increase brightness of remaining darker cells
protruding from the spheroid and apply threshold; (iv) adjust brightness of remaining cells
and apply threshold; (v) content that fails to meet the threshold criteria on the third round is
removed (leftover content; Suppl. Fig. S2: step 5); (vi) binarize; (vii) remove non-cellular
artifacts (outliers) from binary image (after rigorous inspection of F-actin and DNA stained
fluorescent images). The obtained binary image was used for measurement of morphology
and shape features. The object segmentation method distinguishes between the spheroid bulk
invasion, and migrated cells isolated from the spheroid body. Isolated cells were identified as
those that are disconnected or dissociated from the continuous disseminated cell sheet (Suppl.
Fig. S3).

Objects were analyzed, and the following parameters were extracted using the function
regionprops for each spheroid: area, centroid, perimeter, orientation, solidity, circularity, and
aspect ratio. Additional functions were applied using custom code to extract the following
additional parameters at 0 h post transfer to ECM (to): spheroid equivalent radius; and at 96 h

post transfer to ECM (to6): invasion area, average maximum migration, maximum invasion
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distance and angle for the disseminated contiguous spheroid mass, cell migration distance,
angle of isolated dissociated cells, disseminated spheroid equivalent radius, spheroid core
equivalent radius. See Supplemental Table S1 for definitions of measured parameters. Plots
were generated in MATLAB.

Data Analysis

Data presented as mean =+ standard deviation unless otherwise specified.

Results

Characterization of Aligned Fibrillar Collagen ECM

To recapitulate the heterogeneity in migration modes, we used a nanoscopically-defined
fibrillar collagen matrix to investigate spheroid cell migration with respect to fibril
orientation. AFM revealed that the collagen scaffold comprises interconnected, aligned, and
crimped collagen fibrils with mean fibril diameter of 298 & 87 nm (n = 25; Fig. 1A). The
aligned fibrillar scaffold did not exhibit the D-band periodicity of ~ 67 nm present in native

46,4849 as noted previously in AFM studies of similar films.>® The local

collagen type I fibrils,
orientation of the fibrillar collagen matrix was assessed and the distribution had a major
central peak at -0.5° from the horizontal (Suppl. Fig. S1). Note, calculated fibril orientation
will depend on the alignment of the cantilever with the sample with an associated error of
+2°. Additional smaller peaks in fibril orientation were observed at £90°, -44.5°, and +44.5°.
From AFM indentation measurements in PBS, we determined the Young’s modulus of the
fibrillar collagen ECM to be 26.51 + 8.41 kPa (n = 400 indentations; Fig. 1B). These values

are in agreement with those obtained by Artym et al. using AFM, who report an effective

elastic modulus of 56 + 29 kPa for a cross-linked, hydrated collagen fibrillar matrix.>
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Spheroid Assay Platform Integration

To address key challenges associated with the use of spheroids as a potential migration
model, we developed an assay platform that (1) provides for simplified assay setup through in
situ spheroid formation and transfer to a fibrillar ECM for assessment of migration, and (2),
enables quantitative analysis compatible with high throughput imaging. Figure 2 provides an
overview of the developed assay platform. To avoid manual handling of spheroids, a transfer

adapter was developed to interface between the hanging drop GravityPLUS™

plate and the
underlying ECM coated plate. The transfer adapter ensured that each spheroid is positioned in
the center of the well without damaging the underlying fibrillar collagen matrix. Central
positioning of the spheroid is important to ensure that cell dissemination can occur in all
directions from the spheroid mass, in addition to simplifying subsequent high throughput
imaging procedures.

U20S osteosarcoma cells were used to generate spheroids. Upon seeding of 500 cells per
well in the GravityPLUS™ plate, hanging drops formed at the well outlets and the cells
aggregated to form microtissues by gravity-enforced assembly over 4 days (Fig. 2E).
Spheroids were transferred using the transfer adapter to the fibrillar collagen coated base
plate. Upon spheroid contact, cells attached and migrated along the 3D topographical cues
provided by the aligned collagen.

High Throughput Spheroid Outgrowth Analysis

The extent, direction, and persistence of cell dissemination from a spheroid are factors of
both the spheroid properties (e.g., cell phenotype and nutrient gradients) and the fibrillar
ECM (e.g., contact guidance). Herein, we describe methods to quantitively assess the shape,
growth area, distance, and orientation of spheroid dissemination onto an ECM substrate. To

capture the diversity in spheroid dissemination, all spheroids were seeded onto aligned

fibrillar collagen and cultured for 96 h to facilitate cell migration and outgrowth from the
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spheroid mass. 12 representative spheroids are shown in Figure 3A. All spheroids are
positioned in the central field of each well (Suppl. Fig. S4). To better visualize the pattern
and extent of cell migration from the spheroid mass, cells are fluorescently stained for DNA
and F-actin. F-actin provides an approximation of the cell’s projected area and the fluorescent
signal is used to quantify cell outgrowth from the spheroid (Fig. 3C, E). Figures 3F-I depict
the binary output obtained using our custom image analysis methods with total projected
outgrowth (Fig. 3F), contiguous spheroid outgrowth (Fig. 3G), the spheroid core (Fig. 3H),
and cells that have dissociated from the contiguous spheroid mass through migration (Fig.
31). The influence of aligned fibrillar collagen scaffold on U20S spheroid morphology and
outgrowth was determined by analyzing the processed binary images (Fig. 3F-I). The extent
of spheroid dissemination is assessed using objective shape characteristics including
circularity, solidity, the aspect ratio of the best fit ellipse and its orientation. To characterize
the extent of contiguous dissemination from the spheroid, the shape of the boundary and
radial distance from the centroid to each pixel x(n), y(n) on the boundary were assessed (Fig.
3J). In addition, cellular dissociation events, defined as a cell or group of cells splitting away
from the disseminating cell sheet, were quantified and categorized into three classes, single
cells (1 cell), doublet (2 cells), and clusters (> 2 cells) following the example of Lam et al.>!
to elucidate the extent of heterogeneity in migration.

Upon attachment to fibrillar matrix, the cells dissociate and spread outwards from the
spheroid mass. The extent of spheroid dissemination and migration onto the fibrillar ECM
was determined, considering both the contiguous cell sheet and dissociated single cells due to
the biological significance of leader cells,’> which may indicate metastatic potential.>’
Briefly, to calculate average maximum migrating distance, the equivalent radius was
calculated based on the projected area of the spheroid core at O h as it was transferred to the

ECM, represented by the red circle (Fig. 4A). A convex polygon represents the perimeter of
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the migrating cell front including single cells. The average maximum migrating distance at 96
h was calculated as the (Perimeter of the polygon/2n) — Radius of core circle)*. It is
important to note that the Avg. of max migrating distance is more applicable when the cells
move collectively with few cells migrating far away.>* To assess collective cell sheet
invasion, the projected area of the enlarged spheroid core (orange region, Fig. 4A) was
subtracted from the area of contiguous cells (blue region, Fig. 4A) and was observed to be
0.3191 + 0.1049 mm?. The angle of maximum invasive protrusion distance (os) from the
centroid (Fig. 4A) was also determined from the contiguous spheroid binary image at 96 h
and produced an average invasion angle of 5 + 44°. See Supplemental Figure S5 for box plots
for contiguous spheroid measurements.

In addition to assessing separate regions of the disseminated spheroid, we also describe the
contiguous cell sheet dissemination. In Figure 4B we perform the measurement on the
contiguous filled spheroid binary image which excludes disconnected migrating cells (see
Suppl. Fig S3 part 9). Using dimensionless shape descriptors, the average circularity ratio of
0.08 + 0.02 was determined for spheroids on aligned fibrillar collagen and infers that the
shape of spheroid dissemination departs significantly from a circular geometry (with 1
corresponding to a perfect circle). The aspect ratio (AR) was measured by considering the
major/minor axes of the fitted ellipse (Fig. 4B) and describes the elongation of the spheroid.
It was larger than 1 with an average value of 1.2 = 0.1 (Suppl. Fig. S5E), denoting spheroids
with polarized dissemination morphologies, consistent with the circularity results. To
determine the overall orientation of the spheroid in degrees ranging from -90 to 90° relative
to the macroscopic collagen fiber alignment, the angle (0) between the major axis of the
ellipse rotated clockwise from the x-axis was measured, resulting in an average orientation

angle (0s) of -4 £ 39° (Fig. 4B, Suppl. Fig. S5D). Additionally, an average solidity ratio of
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0.75 £ 0.05 was determined from the contiguous filled spheroid and is a measure of boundary
irregularity; a more irregular boundary has a lower solidity ratio.>

When observing U20S spheroid migration on aligned fibrillar collagen, a diversity of
migration modes was evident. The perimeter of the contiguous cell sheet (excluding
disconnected cells) displayed an irregular shape at 96 h (Fig. 3J, Suppl. Fig. S6: raw signature
analysis), with cellular protrusions extending out from the spheroid mass via collective
migration in the shape of finger-like collective strands on the aligned fibrillar matrix (Fig. 5).
In addition, the single migrating cells exhibit lamellipodia and filopodia demonstrating
interactions with the fibrillar collagen ECM (white arrows, Fig. 5B).

Cellular dissociation from the contiguous spheroid-associated cell sheet can also be
quantified. This analysis is illustrated in a representative spheroid in Figure 6 where a total of
37 dissociation events were detected, with 41% as single cells (n = 15), 14% as doublets (n =
5), and 46% as clusters (n = 17; Fig. 6 A-E). Analysis of U20S cell dissociation from the cell
sheet across 34 spheroids revealed that 48% of the events were single-cells, whereas 19% and
33% were doublets and clusters, respectively (Suppl. Figs. S7 and S8). These results show
that the assay allows diverse migration modes, and the migration mode is almost 50% single
and 50% multi-cellular. In that respect, the assay might be suitable for a variety of migration
assessments and can be applied to investigate various cellular locomotive concepts including
endothelial to mesenchymal transition, collective migration, and colony formation.

The fibrillar topography was sufficient to polarize the spheroid sheet migration and elicit
fibroblastic and mesenchymal-like elongated migration phenotypes (Figs. 3-5). This was
evident from the aspect ratio and orientation data (Table 1), where the aspect ratio recorded
for dissociated U20S cell migration exhibited a mean of 1.7 + 0.5, with mean orientation of 2

+ 48° with respect to the mean fiber orientation.
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Discussion

The spheroid-based migration assay described herein combines spheroids generated by
hanging drop culture and an aligned fibrillar collagen ECM to satisfy the requirements for
high throughput assay development. It provides for scale, speed, simplicity, reproducibility,
and automation in terms of set up, readout, and analysis.

The assay does not damage the underlying matrix or the cells at the migration front as is the
case for a wound healing assay. This is facilitated by the integration of a 3D printed transfer
adapter positioning the spheroid in the center of the well. The control of the lateral
positioning and distribution of the spheroids inside the well leads to further advantages,
namely, elimination of spheroid floating in media and adherence to side wall, reduction in
time searching for and imaging the spheroid, which subsequently reduces the number of field
of views to be imaged to capture spheroid dissemination. Standard staining procedures were
applied to visualize the cytoskeleton, which is another advantage compared to embedded
systems where post processing is difficult. The results established via our image processing
protocol describing spheroid dissemination showed small standard deviations in
characterizing the dissemination, thus facilitating quantitative analysis.

The spheroids exhibit a broadly polarized morphology with a mean spheroid orientation (6s) -
4 £+ 39° and aspect ratio (AR) of 1.2 + 0.1, albeit to a lesser extent than the dissociated cells
(single, doublets, clusters) with a mean orientation (6c) of 2 &+ 48° and aspect ratio of 1.7 £
0.5. (Table 1). However, in confirmation of a previous report conducted on fibrillar and
aligned collagen-coated substrates with similar properties,*® we observe that epithelial cell
based spheroids such as the U20S cell line used here do not strongly align along the direction
of the collagen fibrils used in this study. Furthermore, morphometric analysis in that report
revealed that there were larger number of elongated cells on nanofibrillar collagen than on

flat controls, with the 30 nm fibril diameter having more elongated cells than the 300 nm
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fibril diameter substrates.’® Therefore, enhanced alignment might be achieved with U20S
cells on matrices with, e.g., 30 nm fibrils, or with a different cell line on the larger fibril
diameter films used in the present study.

The classification of the dissociated events (single, doublet, cluster) was facilitated and made
possible by the ability to implement immunofluorescence staining of the actin cytoskeleton
and the nucleus DNA to closely verify those migration patterns, while the imaging results
showed that fine details can also be extracted in a high throughput manner (Figs. 5, 6). As
shown in Figure 5, dissociated events can be extracted, and a range of measurements can be
applied to deduce variations between dissociated events across a population of spheroids
(Suppl. Fig. S6). An advantage of the migration assay is realized through the permittance of
diverse migration modes, with approx. 50% single and 50% multi-cell. In that respect, the
assay can be applied to investigate various migration strategies such as endothelial to
mesenchymal transition, collective migration, and colony formation. The migration assay
strategy could be adapted for use with a range of ECM substrates such as synthetic poly €-
caprolactone nanofiber scaffolds. Additionally, the assay can be modified to include
membrane extracts such as Matrigel to encapsulate the spheroid with a tunable thickness
forming a shell to further recapitulate the fundamental complexities of the metastatic process
in vivo.>” Cells could be fluorescently tagged with eGFP, cell tracker, or similar labels to
facilitate dynamic time lapse assessment of cell dissemination. Altogether, the platform with
such modifications would provide a complete toolkit to bridge the gap between 2D assays

and the in vivo environment.

Conclusions
To accelerate diagnosis and discovery of new therapeutics affecting cell motility and cancer

metastasis, cell-based assays should provide tissue-mimicking ECM, allow real-time
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visualization, permit phenotypic analysis of cells, and facilitate high throughput screening in
standard multi-well plate formats. In this work, a fibrillar collagen type I ECM having a
tailored topography and stiffness was used to study contact guidance, tumor spheroid
dissemination, and cell migration in a high throughput manner using a 96-well plate format.
We validated the 3D printed adapter design to transfer and position spheroids prepared using
the hanging drop method to the center of each well. Complementary assessments examined
the influence of the aligned ECM on migration descriptors such as shape and area, providing
quantitative information related to different migration patterns displayed by a spheroid
forming cell line. This migration assay might accelerate diagnosis and help develop new
therapeutics by understanding how ECM composition and topography can influence disease

progression and cancer metastasis.
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Tables and Table Legends
Table 1. Shape descriptors for spheroid dissemination and dissociated events. Mean +

standard deviation, Nspheroid = 34, ndissociated event = 1,384.

Property Spheroid | Dissociated events | Circle
Aspect ratio (AR) | 1.2+0.1 1.7£0.5 1
Circularity 0.08 £0.02 | 0.69 £0.30 1

Orientation (0s, 0¢) | -4 = 39° 2 £48° -

Solidity 0.75+0.03 | 0.83£0.13 1
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Figures and Figure Legends

Figure 1. Topography and Young’s modulus of the aligned fibrillar collagen matrix. A:
Representative AFM height image of fibrillar collagen topography (30 pm X 30 pm scan
size). B: Representative force-volume map (40 um % 40 um area) conducted on fibrillar

collagen matrix hydrated in PBS. Color represents Young’s modulus from each force curve.

A GravityPLUS™ plate B Transfer adapter C Collagen coated 96-well plate

<
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Figure 2. Spheroid assay platform integration. A: GravityPLUS™ hanging drop 96-well

spheroid culture plate. B: 3D printed spheroid transfer adapter. C: Aligned fibrillar collagen
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coated 96-well plate. D: 3D section view of integrated spheroid-migration assay platform. E:

Assay layout (center) with hanging drops forming under the plate inlet (inset: left). Top view
through the well and adapter (inset: right) with U2O0S spheroid (pre-migration) positioned in

the center of collagen-coated well via a 3D printed transfer adapter (right, scale bar: 400 um).
F: Representative AFM topography image (brightness adjusted height) of fibrillar collagen

matrix (30 um x 30 um scan) as presented in Figure 1A.
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Figure 3. Spheroid outgrowth image analysis. A: High throughput imaging of the migration
assay showing 12 representative spheroids at 96 h. B-D: Enlarged images of leftmost
spheroid in A labelled for DNA (B), F-actin (C), and merged (D). E-I: Representative image
analysis steps and output. E: Greyscale and contrast-enhanced F-actin image used for
migration analysis. F: Projected spheroid cell dissemination. G: Isolated and filled contiguous
spheroid outgrowth region. H: Spheroid core. I: Isolated dissociated cells. J: Polar plot
depicting spheroid outgrowth at 0 h (pre-migration; blue), contiguous spheroid outgrowth at

96 h (red), and the spheroid core at 96 h (green). Scale bars: A: 1 mm, B—I: 300 pm.
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Figure 4. Representative spheroid outgrowth metrics. A: Representative spheroid
dissemination depicted as projected area. The furthest extent of isolated cell migration is
enclosed by a white polygon with dissociated cells indicated in magenta. Collective invasion
is represented by the blue area (0.3572 mm?). The spheroid at 0 h post transfer to ECM is
represented by the red circle (105 pm equivalent radius, 0.0346 mm?) with the asterisk
denoting the centroid. The projected area of the spheroid core region at 96 h post transfer to
ECM as determined by thresholding is represented by the central orange region (0.1652
mm?). The green arrow indicates the distance to the furthest migrating cell (700 um) and the
angle, ac, with respect to collagen orientation. The yellow line indicates the distance to the
furthest point of collective protrusion (594 um) and angle, as. Angles are measured clockwise
from the x-axis (dashed white line), which represents collagen fibril orientation. B: Projected
area of collective invasion with fitted ellipse (yellow) and major and minor axes (red), with
the major axis providing the mean spheroid dissemination orientation angle, 6s. Scale bars:

200 pm.
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Figure 5. Single and collective cell migration from the disseminated spheroid. A:
Representative images of spheroid dissemination on aligned fibrillar collagen at 96 h with
heterogeneous migration modes observed including collective and single cell migration.
Scale bar: 200 pm. B: (i—ii1) High resolution images of regions outlined in A illustrating
modes of cell migration from the spheroid mass. White arrows indicate cellular interaction

with fibrillar collagen. Scale bar: 100 pm.
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Figure 6. Analysis of migratory dissociation events in a representative spheroid. A:
Segmented image with contiguous spheroid in blue and dissociated events in magenta. B:
Highlighted migration from region in A with DNA (green) and F-actin (red). C: i. Extracted
dissociated events from region identified in B with individual cells, doublets, and clusters
evident. i1. Dissociated events converted to 8-bit greyscale image. iii. Binary image with
major/minor axes and best fit ellipse overlaid. Scale bars: 200 um. D: Distribution of number

of each class of event. E: Histogram distribution of dissociation events with cell number.
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