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ABSTRACT
In healthy tissues, biomechanical signals, such as tissue stiffness and mechanical stress, provide
important governing signals that direct cell division, motility, and differentiation. Increased tissue
stiffness and mechanical stress are, in general, associated with solid tumor growth; therefore, it is
not surprising that biomechanical signaling becomes deregulated. Furthermore, the increased
tissue stiffness is often related to overexpression and excessive crosslinking of extracellular matrix
(ECM) components, such as collagen, during tumor progression. Therefore, the extracellular
matrix surrounding the tumor will be reorganized and densified, which favors tumor cell invasion,
the first step in metastasis. Whereas a biomechanical understanding of healthy tissue processes is
being gained from governing geometric (cell shape) and biophysical (mechanical tension) cues,
and their integration with the responsible molecular mechanisms is being elucidated, the same
cannot be said of tumor development, which is characterized by aberrant growth patterns.
To study biological processes of cancer progression is not an easy task – effort has been made
to develop novel in vitro platforms that recapitulate physical features of the tumor
microenvironment (TME) for cancer research. This dissertation covers three main topics
attempting to further the effort on in vitro tumor models: (I) biomechanics of tumor growth in a
three-dimensional (3D) mechanical context and local mechanical stress correlated to tumor shape;
(II) the role of collagen structure in cancer progression; and (III) the intrinsic heterogeneity with
which a population of cancer cells interacts with 3D matrices. Using interdisciplinary approaches,
this work aims to evaluate mechanical principles and tissue architecture that regulate tumor growth
and progression, and to better understand cancer heterogeneous response to 3D in vitro models.
Our results may provide insights on how physical cues affect cancer cell behavior and tumor
growth, and raise the awareness of the importance of cancer heterogeneity in cancer research.
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1. INTRODUCTION
Cancer is a collection of diseases where genetically mutated cells proliferate uncontrollably and
eventually take over their host tissue. It is the second leading cause of death, responsible for nearly
1 in 6 deaths globally, totaling 9.6 million deaths in 2018, according to the World Health
Organization (WHO). Besides a few types, such as hematological cancers, many cancers form
solid tumors initiated in connective tissues (sarcomas) or organs (carcinomas). To study cancer
progression for a better treatment outcome, there are two types of tumor models typically used: in
vivo models, where tumors are grown and studied in animal models2; and in vitro models where
cancer cells are allowed to grow on a surface, such as a Petri dish, or in biomimetic materials with
a variety of properties possessed by body tissue3. Although in vivo animal models provide high
physiological relevance and valuable preclinical results, due to the intrinsic complexity, cost, and
the divergence of mouse biology from human biology, animal models are not always the ideal
platform for investigating fundamental questions in cancer biology, especially when it comes to
isolating the effects of any individual tissue characteristic associated with cancer progression. In
vitro models, on the other hand, have become irreplaceable tools to understand tumor growth and
drug screening, given their low cost and the capability of isolating one or more specific properties,
such as, stiffness3–5, structure6,7and ligand density8. Furthermore, these in vitro platforms are often
built to suit imaging and other in situ measurements, which makes it possible to observe cancer
cell behaviors and tumor development under controllable conditions.
The simplicity of in vitro platforms has allowed researchers to better understand how
tumors grow under mechanical confinement5,9, to study how cancer cells interact with fibrous
structures that mimic native tissue10,11, and to easily measure protein production and gene
expression12. However, the simplicity may also introduce misinterpretations of cell behaviors and
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lead to a poor translational outcome if the in vitro model does not accurately recapitulate an in vivo
property that is being investigated. When one chooses to use one or more biomaterials to create
their in vitro tumor model, it is not trivial to ask: does the property of the materials capture the in
vivo feature that I am looking into? Are my results based on the in vitro model accurate and
translatable for biology research? How do I isolate the mechanical properties from the structural
properties as the two are often coupled for a biomimetic material? Do all the cancer cells from the
same source behave and interact with the in vitro model in the same way? In this dissertation, we
set to answer these questions from an interdisciplinary perspective.
In Chapter 2, we present a systematic investigation of the physical interactions between
cancer cells and their mechanical confinement. Agarose, a widely used bio-inert hydrogel tumor
model with tunable mechanical stiffness, was used to understand how cancer cells proliferate
against their mechanical confinement and gradually develop into multicellular tumors that adopt a
distinct ellipsoidal shape. This elongated, ellipsoidal shape resembles premetastatic tumors with
well-defined boundaries found in patients. Experimentally, we investigated the perturbation
leading to the formation of the ellipsoidal shape by tracking the tumor growth from the single-cell
level or from small cell clusters. Computationally, we built a finite element model to probe
mechanical stress within the ellipsoidal tumor as a function of tumor curvature. Overall, this
agarose-based tumor model may provide insight in the mechanical stress cancer cells are sensing
within a tumor for in vivo studies
Agarose indeed serves as a good model with easily tunable, isolated mechanical properties,
but it lacks biological relevance, such as ligands that cells can directly interact with. Thus, Chapter
3 further explored an in vitro tumor model based on collagen, the most abundant protein in human
body, possessing both biochemical and structural contexts for cancer progression. In this chapter,
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we present a simple and robust method of rapidly fabricating cell-scale collagen bundles that better
mimic the structure of remodeled collagen by tumor progression. When growing cancer cells in
our novel collagen bundle systems, we show that cancer cells exhibited drastically different
phenotypic behavior, compared to those growing in traditional collagen-based in vitro scaffolds.
This work revealed that the architectural relevance needs to be taken into account when building
an in vitro model to study cancer.
We have shown that cancer cells respond differently to different matrix properties, such as
stiffness and fibrous architectures. However, in the same environment, a population of the same
type of cancer cells often interact with their matrix differently. This variation in cell response is
defined as the phenotypic heterogeneity, which may be associated with the genetic variation within
the cell population. Following the previous two studies that focused on matrices, Chapter 4
presents a novel lab-on-a-chip (“Drop patterning chip”) that allows for the effective observation
of the cells’ heterogeneous response to their 3D matrices. With this device single cells or small
cell clusters may be patterned into a large-scale arrays within a 3D hydrogel matrix. It is then
possible to repeatedly observe the tumor growth in each position over days without losing tracking
of them. We demonstrated the chip was applicable for multiple hydrogels and showed that cancer
cells exhibited different growth patterns even though the cells were from a population of the same
cell line.
Heterogeneity is introduced during cancer progression. Cancer cells diverge into
subpopulations that possess different sensitivities to different treatments, which contributes to
treatment resistance and makes cancer extremely difficult to control13. We demonstrated with the
drop patterning chip the ability to distinguish tumor cell phenotypic heterogeneity within a
population of cells in the context of specific extracellular matrix morphological and mechanical
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properties. It would be possible to further integrate genetic analysis into the drop patterning chip
platform to link phenotypic observation with cancer cell genetic heterogeneity, which may benefit
the cancer research community. In Chapter 5, we present the investigation that we performed of
the clinical and commercial potential of such a tool through an Innovation Corps National Science
Foundation grant (NSF I-Corps). A team of ten, including two professors and students from
different backgrounds, interviewed cancer researchers, clinicians, nurses, healthcare companies
and patients on their awareness of the role of cancer heterogeneity in cancer research and cancer
treatment resistance. Based on the feedback, we developed a marketing plan and determined a
value proposition for the drop patterning chip.
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2. SHAPE EVOLUTION OF A MECHANICALLY
CONSTRAINED TUMOR IN HYDROGELS
Tumor shape is an important pathological parameter that has been found to dictate cancer cell
phenotypes via mechanical stresses. Bio-inert hydrogels, such as agarose, are widely used to
provide cells and tumors mechanical growth niche in three dimensions. Unique tumor ellipsoidal
shapes were observed in these hydrogel-based tumor models. We showed that tumors with
different internal cell organization adopted similar ellipsoidal shape in agarose with a tissuemimicking stiffness of 800 Pa. To understand the shape formation will help better understand the
mechanical interaction between tumors and the gel matrices. Although a few explanations for the
shape have been made by previous studies, the tumor shape formation has not been observed
dynamically. The perturbation of the elongated tumor shape is not well investigated. In this study,
by observing the growth of tumor ellipsoids derived from single cells or small cell clusters that
were mechanically constrained in agarose, we determined the cause for the ellipsoidal shape and
established a universal model of the growth of ellipsoidal tumors in their inert hydrogel matrix.
This model describes the stress field within both the ellipsoidal tumor and the surrounding
hydrogel, and may provide to valuable information for better understanding the
mechanotransduction of cancer progression.

2.1

Introduction

Tumor shape is an important pathological parameter.14,15 Tumors in both patients and mouse
models that exhibit elongated, ellipsoidal shapes with smooth, well-defined boundaries are often
determined to be benign or pre-metastatic16,17, whereas tumors with high eccentricity in breast
cancer patients have been correlated with increasing aggressiveness18. The forces that determine
tumor shape, or the shape itself, may be affecting the expression of tumorigenicity-related genes
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– researchers found interfacial boundary and curvature dictated metastatic potential of the cancer
cells on a 2D hydrogel surface, possibly through mechanical tenison19. A numerical model
revealed spheroidal and ellipsoidal tumors adopt different filtration flux profile and fluid pressure,
which potentially affects drug delivery to tumors20.
The previous works of ours and others—where the growth of multicellular tumor
aggregates embedded in hydrogels has been studied—have shown that the development of an
ellipsoidal shape during tumor growth is likely primarily a consequence of mechanical constraint
of the matrix that it is growing against5,9,21–24. Our previous work, including both experimental
observations and computational modeling, concluded that the oblate ellipsoidal shapes that tumor
cell aggregates grew into in stiffer agarose hydrogels minimized the elastic free energy of the
tumor-hydrogel system9. Others have suggested a direct relationship between a solid stress field
and tumor shape. Based on a series of snapshots of a small tumor growing into an elongated
ellipsoid in an alginate hydrogel over two weeks, Khavari et al. drew the conclusion that growth
of an ellipsoidal tumor might have a preferable direction towards the minimal stress and stiffer gel
induces higher pressure that accelerates symmetry-breaking growth23. Additionally, Cheng et al.
suggested that tumor cell aggregates took on both spheroidal and ellipsoidal shapes in stiffer
agarose hydrogels. The ellipsoidal shape, they proposed, was driven by a directional compressive
stress field that suppressed cell proliferation and induced apoptosis24. While several possible
explanations for the ellipsoidal tumor shape have been proposed from the perspective of hydrogel
stiffness, the initiation of the shape and the tumor-matrix mechanical interaction have not been
fully investigated experimentally.
When it comes to in vitro hydrogel-tumor models, studies have been mainly focused on
either multicellular tumors as discussed previously or single cells25. Given the fact that a tumor is
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usually originated from a single mutated cell in its primary niche, or a cancer cell that traveled to
a secondary site from the primary tumor26 (Figure 2.1a), the transition from a single cell to a small
aggregate of tumor cells (i.e., early stage of tumor development) is still lacking observation in
these tumor-hydrogel models. Thus, the objective of this study is to understand the initiation of a
tumor ellipsoid from the single-cell level under mechanical constraint in agarose hydrogel (Figure
2.1b), taking into account geometric information of a tumor and tumor-matrix interaction during
tumor formation.
We chose agarose hydrogel with two concentrations as the mechanical constraint
mimicking healthy tissue stiffnesses on softer side and stiffer side27 (Figure 2.1c). We
demonstrated similar growth patterns of two cancer cell lines human colorectal carcinoma HCT116 and human breast adenocarcinoma MCF-7 in the softer and stiffer hydrogels, in terms of shape
descriptors. After growing from single HCT-116 cells or small cell clusters (i.e., doublets or
triplets) within a week, the prominent orientations of the tumor ellipsoids were correlated to some
important information at early stage – the dividing directions of the corresponding single cells or
the corresponding cell clusters’ orientations. Using live imaging, we dynamically showed the
evolution of the shape of multicellular tumors from single cells or small clusters that were fully
constrained in stiffer hydrogel. To further investigate the mechanical interaction between an
ellipsoidal shaped tumor and its surrounding matrix, we implemented 3D traction force
microscopy with microbeads to visualize gel deformation during tumor growth. At last, we
established a computation model based on experimental data to evaluate the mechanical stress
introduced by the growth of ellipsoidal tumor within a hydrogel confinement. With the
experimental observations and the computational model together, we made a more in-depth
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explanation on the perturbation of the tumor ellipsoidal shape in tumor-hydrogel model, and
mapped the stress field within the tumor ellipsoid constrained in hydrogel during tumor growth.

Figure 2.1: Tumor development from the single-cell level under 3D mechanical constraints. (a) Schematic of
mechanically constrained tumor growth from a single cell at a primary site or a secondary site in vivo. (b) In
vitro 3D hydrogel model mimicking early stage of tumor growth under isolated mechanical properties. (c)
Characterization of elastic moduli of agaroses with concentrations of 0.2% (100-200 Pa) and 0.4% (800-900
Pa) that recapitulate healthy tissue stiffnesses. (n > 4 hydrogels).

2.2

Materials and Methods
2.2.1 Cell Culture and Transfection

Before 3D embedding, we cultured HCT-116 cells and MCF-7 cells on tissue culture flasks in
McCoy’s 5A modified medium (Corning) and Dulbecco’s modified Eagle’s medium (DMEM)
respectively, with 10% (vol/vol) fetal bovine serum (Gibco, Gaithersburg, MD, USA) and 1´
antibiotic-antimycotic solution at final concentrations of 100 units/mL of penicillin, 100 μg/mL of
streptomycin, and 0.25 μg/mL of amphotericin B (Gibco). The cells were incubated at 37°C and
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5% CO2 in a humidified incubator. The cell culture medium was changed every two to three days
and the cells were passaged when reaching 80-90% confluency. To dynamically visualize the
tumor growth and tumor-matrix interaction in 3D, we transfected HCT-116 cells to stably express
green fluorescent protein (GFP) on cell membrane with the transposon epiggyBAC system as a
gift from Dr. Brigitte Arduini (RPI). The transfection was conducted using electroporation on
Nucleofector-4D (Lonza) and the stable line was selected with blasticidin (Gibco).
2.2.2 Preparation and Mechanical Testing of Agarose Hydrogels
Low gelling temperature agarose powder (Sigma) was dissolved in serum-free medium in 95°C
water bath for 15 min. When fully dissolved, the agarose-medium solution was kept in a 39°C
water bath. The concentrations (wt./vol.%) of the agarose we chose were 0.2% and 0.4%. We used
both a house-modified microsquisher (CellScale, Canada) and rheometer (TA Instruments, AR‐
G2, New Castle, DE) to characterize the stiffnesses of both gel concentrations. Fracture behavior
of agarose was estimated by a load cell platform and a customized wire cutting tool28,29.
2.2.3 3D Cell Embedding in Agarose
To produce clearer brightfield images of tumors with minimum background for better observation,
instead of randomly mixing cells into gels, we devised a simple way to fully embed a layer of cells
into the gel, which also guarantees the embedded cells were within the working distance of highermagnification microscopy. In brief, cells were disassociated by trypsin-EDTA (Gibco) and
suspended in cell culture medium. A few drops (~ 400uL) of cell suspension was then added onto
a thin PDMS sheet (~ 200 um thick). After most cells settled on the PDMS sheet in ~ 5 minutes,
the supernatant was gently removed by a micropipette and the thin PDMS sheet covered with a
layer of cells was inverted and transferred onto an agarose solution in a petri dish. Then the agarose
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was quickly gelled at 4°C for 6 minutes. In this way, the layer of cells previously on PDMS fell
into and then got captured inside the agarose hydrogel. At last, the thin PDMS sheet was carefully
peeled off the top of the gel and fresh cell culture medium was added in the petri dish.
2.2.4 Immunofluorescence Staining and Confocal Imaging
The hydrogel samples with tumors were washed in 1× phosphate-buffered saline (PBS), and then
fixed with 4% paraformaldehyde at 37°C for 40 minutes. After three-time washes in PBS for ~15
minutes, the tumors in the gels were permeabilized in 0.5% Triton X-100 solution at 37°C for
40 minutes. After another three-time washes in PBS, the samples were then blocked overnight in
5% bovine serum albumin (BSA) in PBS at room temperature. At last, the samples were then
incubated with rhodamine phalloidin (1:50, R415, Thermo Fisher) and Hoechst (0.5 μg/mL,
Hoechst 33342, Thermo Fisher) in dark at 4°C overnight. Confocal fluorescence images of tumor
spheroids were acquired with laser scanning confocal microscopes (Leica SP8 or Zeiss LSM 510
META).
2.2.5 Live-imaging of Tumor Formation from the Single-Cell Level
To understand tumor morphology during tumor development of a single cell or a cell cluster
mechanically constrained in agarose, we used a differential interference contrast (DIC) live
imaging system (Olympus, VivaView) to capture cell shape, divisions, and tumor growth in the
selected locations at the rate of one frame per 15 minutes over five to six days. Image acquisition
was performed on the software MetaMorph and the morphology of cells or tumors was outlined
manually on software ImageJ30. Cell or tumor morphology was described as aspect ratio of an
approximate ellipse (major axis/minor axis) and tumor orientation was described as the orientation
of the approximate ellipse (angle of the major axis).
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2.2.6 Digital Image Correlation (DIC) to Visualize Hydrogel Deformation Field
We embedded GFP-labeled cancer cells in fluorescent microbeads-containing agarose and allowed
the cells to develop into small tumor ellipsoids. After one-week growth, confocal image stacks of
a tumor ellipsoid surrounding by microbeads were acquired over time at the interval of one hour.
Hydrogel deformation was visualized by the displacements of the microbeads. An algorithm of
two-dimensional DIC was used to clearly show gel deformation due to the tumor growth one
multiple planes throughout the tumor volume31.
2.2.7 Finite Element Modeling of Tumor Growth in Hydrogel
To resolve the physical interaction between a tumor ellipsoid and its surrounding agarose and
estimate the stress field within the mechanically confined tumor ellipsoid, we built a finite element
model with experimentally observed tumor shape and characterized agarose gel properties.
Cohesive zone model was implemented to simulate fracture behavior of the gel. We assigned an
fictious coefficient of thermal expansion for the tumor – when given an elevated temperature, the
expansion of the tumor mass simulated the growth of the tumor.
2.2.8 Data Analysis and Statistics
Data was presented as bar plots showing mean ± standard deviation (s.d). For correlation plots,
data was plotted using OriginLab and the linear regression was analyzed using slope and the
Pearson correlation coefficient (R2).

2.3

Results
2.3.1 Tumor Ellipticity Increases with Hydrogel Stiffness

Due to their evasion of growth inhibition, a variety of cancer cells proliferate in non-adhesive
agarose hydrogels. Here, we investigated the internal cellular organization as well as the size and
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shape of model tumors grown in agarose hydrogels (Figure 2.2). These tumors were derived from
single cells or small clusters of two cancer cell lines of distinctly different origins – human colon
cancer cells HCT-116 and breast cancer cells MCF-7. In both 0.4% (stiffer) and 0.2% (softer)
agaroses, the colon cancer cells (HCT-116) grew into compact solid tumors (Figure 2.2a, c, d),
while the breast cancer cells (MCF-7) grew into luminal-structured tumors resembling mammary
glands (Figure 2.2e, g, h), as previously observed by Vantangoli et al32. Although the internal
cellular organization varied, the sizes and shapes of the tumors of the two different cell types
followed similar trends with respect to the hydrogel stiffness (Figures 2.2 b and f). In general, the
tumors grew as ellipsoids. However, in softer (0.2%) gels the tumors were rounder, with an average
projected tumor aspect ratio of 1.15 ± 0.1, than those in the stiffer (0.4%) gels, with an average
tumor aspect ratio was 1.4 ± 0.15. In contrast to the tumor shape, the distribution of tumor sizes—
measured by the major axis of the tumor, an important prognostic paremeter33—was not
significantly affected by hydrogel stiffness (Figures 2.2 b and e). Therefore, we found that tumor
shape is a growth parameter affected by hydrogel stiffness in the selected range (Figure 2.1c), not
tumor size. In addition, in the same hydrogel tumors with similar aspect ratios could adopt different
sizes. The mean major axis is 105 ± 30 in softer agarose and 109 ± 29 µm in stiffer agarose for
HCT-116, and 63 ± 17 µm in softer agarose and 60 ± 17 µm in stiffer agarose for MCF-7.
Comparing the two cells types, the difference in tumor size may be due to the lower proliferation
of MCF-7 cells.
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Figure 2.2: Tumor shape is a function of hydrogel stiffness. (a) Brightfield images of tumors growing from
human colon cancer cells (HCT-116) for 10 days in stiffer (0.4%) and softer (0.2%) agarose. Scale bars:
100 μm. (b) In stiffer agarose, the projected shape of the tumors (n = 332 tumors, two gel samples) was
statistically more ellipsoidal than in the softer agarose (n = 273 tumors, two gel samples). Distributions of
maximum tumor diameter in both stiffnesses were similar. (c) Confocal images and 3D rendering showing
HCT-116 tumor shape and packed internal cellular organization in the stiffer agarose. (d) Brightfield images
of breast cancer (MCF-7) tumors growing for 10 days in stiffer and softer agarose, respectively. (e) Similar to
the HCT-116 tumors, MCT-7 tumors in the stiffer hydrogel (n = 419 tumors, two gel samples) are statistically
more ellipsoidal than those in the softer hydrogel (n = 361 tumors, two gel samples). Overall, MCF-7 tumors
were smaller than HCT-116 tumors. (f) Confocal imaging of an MCF-7 tumor ellipsoid with luminal cellular
structure.
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2.3.2 Correlation Between Tumor Orientation and the First Cell Division
Orientation or Original Cell Cluster Orientation.
Although tumors grew into ellipsoids in both softer and stiffer hydrogels, the ellipticity was more
distinct for the tumors in the stiffer gels. Thus, we chose growth of the HCT-116 tumors in the
stiffer gel as the model to more closely investigate the early stage development of the ellipsoidal
tumor shape. When embedding a cell suspension, both single cells and small cell clusters (i.e.,
doublets and triplets) are included. As the ellipsoidal orientation of the tumors in the hydrogel is
known to be random9, we investigated the origin of the stable orientation of the tumor for both
single-cell derived tumors and small cluster-derived tumors.
Because the cell division of a single cell is known as a striking symmetry breaking event
of which the direction is random in an isotropic confinement, we first looked into whether there is
a correlation between the first cell division of a cancer cell and the stable orientation of the single
cell derived tumor. To capture the transient division events, we recorded cell division and
proliferation for five days. Then, we plotted the orientation (as an 2D angle) of the long axis of the
5-day tumor ellipsoids as a function of the first cell division direction (Figure 2.3a), and found
only weak correlation between the two. In the same manner, we recorded tumors growing from
small cell clusters (doublets or triplets) that already adopted a prominent elongation shape when
embedded in the gel. We hypothesized that this prominent orientation of a cluster might be
correlated to the orientation of the cluster-derived tumor. When plotting the orientation of the long
axis of the 5-day tumor ellipsoids as a function of the orientation of the prominent long axis of the
initiating small cell cluster (Figure 2.3b), we found a strong correlation is observed in this case.
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Figure 2.3: Single cell mitotic direction and small cluster orientation correlated to five-day tumor orientation.
(a) Single cell mitotic direction correlated to the angle their corresponding tumor ellipsoids (n=16). Dark red
region indicates 95% confidence band. Light red region indicates 95% prediction band. (b) Prominent
orientation of small cell clusters correlated to the angle of their cluster-derived tumor ellipsoids (n=18). Dark
blue region indicates 95% confidence band, and light blue region indicates 95% prediction band.

2.3.3 Tumor Shape Evolution from Single Cells Mechanically Constrained in
Hydrogel.
Shape correlation between starting point and end point of five-day growth suggested a weaker
correlation between the first cell division of a single cell and the tumor shape. To further
investigate other possible perturbations for the ellipsoidal tumor shape, we now tracked the shape
evolution of the tumors that developed from multiple single cells embedded in the agarose
confinement (Figure 2.4). Two key shape descriptors – aspect ratio and orientation – were plotted
as a function of time (hours:minutes). The live imaging revealed the ellipsoidal shape evolution of
tumors growing from single cells in a hydrogel confinement for five days (120 hours).
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For a single cell-derived tumor, there are three distinct stages of the shape development (a
typical example is shown in Figure 2.4a): (I) swelling of the cell before division; (II) minimization
of aspect ratio after mitosis; (III) uniform tumor growth; and (IV) ellipsoidal shape transformation.
In the Stage I, the single cell maintained its circularity until it started to divide. When dividing, the
contractile ring (indicated by the arrowheads in the images) could be distinctly observed separating
the two daughter cells, and the aspect ratio drastically increased. The time that the maximum aspect
ratio was reached as a cell divided was denoted as time 0, and the cell division direction was
indicated with the green dotted line. The second stage (II) of shape development began after the
first cell division with the shape remaining elongated. However, while the cells continued to
proliferate, the aspect ratio gradually decreased nearing a circular projected shape after nearly one
day. In the Stage III, the tumor expanded uniformly, and its minimized aspect ratio maintained
between 1.0 and 1.1 with some fluctuation for more than 18 hours. The Stage IV was distinguished
by a protrusive outgrowth from the tumor. In Figure 2.4a at 50:30 (~ Day 2), for example, a
protrusion occurred on the boundary of the circular tumor, which caused a perturbation of the
projected aspect ratio and initiated the elongated shape. Once the protrusive growth occurred, the
tumor grew along the protrusive direction and became increasingly elongated until the aspect ratio
became stable at a higher value (1.3–1.5). The outlines of the shape from single cell division to
ellipsoidal tumor formation at 12-hour interval also depict the protrusive perturbation (Figure
2.4b). We found that once the protrusive growth occurred, not only did the orientation of the tumor
follow the same orientation, but the tumor also only elongation in that single direction.
When superimposing the aspect ratio curves of multiple single-cell derived tumors (n = 7)
over the same period of time (Figure 2.4c), we found that the four observed stages and their
durations are conserved. In Figure 2.4d, the corresponding orientation curves of the single cell16

derived tumors throughout the five-day period also captured the distinct four stages of the shape
evolution: (I) cell swelling with a fluidic, random shape without a stable orientation; (II) single
cell division that set a stable direction (normalized at 0 degree at time 0) while the aspect ratio
gradually dropped; (III) when the aspect ratio was minimized the almost round tumor lost a stable
orientation; (IV) about Day 2-2.5, the abrupt protrusive outgrowth that shifted and stabilized the
growth direction that was different from the single cell division direction. Now, when plotting the
orientation (as an 2D angle) of the long axis of the 5-day tumor ellipsoids as a function of the
direction of the protrusive growth (Figure 2.4e), as expected, we detected a high correlation (R2 =
0.91). This supports that the ellipsoidal shape of single cell derived tumors in hydrogel constraint
was a result of the protrusive outgrowth.
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Figure 2.4: Shape evolution of tumors growing from single cells. (a) An image sequence illustrates the typical
shape change of a single cell developing into a tumor, and the image times are indicated on the plot of the
aspect ratio variation over the five-day period. The maximum aspect ratio associated with the first cell
division was set as time 0. Four stages of growth morphology were defined: I: single cell mitotic swelling until
tumor shape rounded up (aspect ratio dropped to the minimal); II: single cell division and proliferation that
minimized tumor aspect ratio and III: uniform tumor growth with the minimized aspect ratio; IV: protrusive
growth and ellipsoidal shape formation. (b) Heat map showing the outline of a growing tumor starting from
single cell division over 108 hours at the time interval of 12 hours. (c) Aspect ratio tracking for multiple cells
(n = 7) showing consistency in the four stages of tumor shape evolution from a single cell. (d) Orientation
tracking from a single cell to the tumor (n = 7). The angle of the first cell division was normalized to 0
degrees. After the first cell division, the orientation of the long axis of the cell pair matched that of the
division direction until the aspect ratio was minimized. Once the protrusive growth was initiated, the
orientation became stable. (e) Angle of the protrusive outgrowth of single cell-derived tumor correlated to the
angle their corresponding tumor ellipsoids (n=14). Dark purple region indicates 95% confidence band. Light
purple region indicates 95% prediction band.
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2.3.4 Tumor Shape Evolution from Cell Clusters Mechanically Constrained in
Hydrogel
In the same fashion, we looked into the shape evolution of tumor growth starting from a small
cluster of cells. Unlike a round single cell, a cluster already adopted a shape that was often
anisotropic with a prominent orientation. A representative curve of aspect ratio change from a
triplet to a multicellular tumor over five days is shown in Figure 2.5a. The series of snapshots from
time-lapse imaging shows that the prominent elongated shape did not exhibit an abrupt shift, and
the distinct orientation was preserved throughout the growth. The growth of tumor from the cluster
was characterized by two distinct stages: (I) minimization of aspect ratio; and (II) increase in aspect
ratio due to a protrusive growth along the consistent orientation, and then stabilization. We tracked
the growth of multiple cell clusters with varied initial aspect ratio (Figure 2.5b) and tracked the
orientations of these tumors after normalizing their initial orientations at 0 degree (Figure 2.5c).
The tumor exhibited similar trend. In the Stage I, the shape became less and less elongated and
aspect ratios reached the lowest after approximately 60-hour growth. Shortly after, the growth
entered the Stage II – the aspect ratios of the tumors started increasing until they gradually became
stable. Throughout the whole five-day growth from an elongated cluster to an ellipsoidal tumor,
the orientation of the distinct elongated shape was consistent. Tumor growth starting from a cell
cluster was outlined in Figure 2.5d, showing that aspect ratio minimization was a relative uniform
volume expansion in all directions (0-72 hours), and once a protrusive growth occurred, the
elongated growth turned unidirectional. The observations suggested that the initial orientation
almost determines the direction of the protrusive growth, and therefore serves as the perturbation
of the tumor ellipsoidal shape and its orientation.
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Figure 2.5: Shape evolution of tumors growing from small cell clusters. (a) Shape change (aspect ratio) of a
small cell cluster with a prominent geometric feature developing into a tumor over five days. There are two
stages in the cell-cluster derived tumor growth: (I) aspect ratio minimization and (II) aspect ratio increases
and gradually stabilizes in a unidirectional way. (b) Aspect ratio tracking of eight cluster-derived tumors
showing consistent trend of the defined two stages. At about 2.5 days (62 hours), the aspect ratio dropped to
its lowest, but the tumors still remained elongated. (c) Orientation tracking shows the prominent geometric
feature from a cluster to a tumor kept consistent throughout the long-term growth. (d) The growth of a
cluster-derived tumor ellipsoid showing the tumor expansion direction with respect to the initial state (12
hours/frame).
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2.3.5 Protrusive Tumor Outgrowth Is the Result of Hydrogel Fracture Due to
Tumor Expansion
As discussed in previous sections, the common phenomena observed in tumor shape evolutions of
both the single-cell level and the cell clusters is the unidirectional protrusive growth after the stage
of aspect ratio minimization during uniform expansion against the hydrogel matrix. Here, we
continued to explore how this protrusive growth occurred. First, kymographs of the protrusive
growth of a single-cell derived tumor along both major and minor axes (Figure 2.6a) illustrated
that: (i) the tumor grew more significantly along major axis than along minor axis over ten hours,
and (ii) exhibited two delays in the growth along major axis while minor axis increased slowly but
stably. This means the increase in the ellipsoidal tumor’s major axis was not continuous and the
increase in minor axis had the tendency to minimize the aspect ratio, which showed a competition
between the elongation growth and the minimization of aspect ratio. Second, after growing the
single-cell level GFP-labeled HCT-116 cells in a microbeads-embedded agarose for a week
(Figure 2.6b), we visualized the deformation of the hydrogel caused by the ellipsoidal tumor
(Figure 2.6c). Interestingly, over four hours there was no detectable matrix deformation along the
major axis while a distinct protrusive growth occurred. Instead, matrix deformation mainly
concentrated around the sides of the protrusion and moved outwards along the minor axis, which
suggested that the hydrogel in front of the protrusive growth was split to the side, instead of being
compressed along the major axis. Statics images (Figure 2.6d, e) of tumors growing for a longer
term (~ two weeks) showed the microbeads distribution around two ellipsoidal tumors in two
different orientations. We found that microbeads only accumulated along the minor axis due to gel
densification by tumor expansion, and did not accumulate near the protrusive direction (major
axis) no matter how a tumor ellipsoid was viewed. Therefore, elongated tumor shape formation is
not caused by compression, but by tumor expanding force and gel fracture.
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Figure 2.6: Protrusive growth of tumor ellipsoids was the result of growth force overcoming hydrogel
fracture toughness. (a) Kymographs showing the growth of a tumor from along major (y-y’) and minor axes
(x-x’). Blue arrowheads indicate the two slowdowns of the growth (decreased slope) along the major axis. (b)
Live confocal imaging of a tumor ellipsoid growing in microbeads-embedded hydrogel for four hours. (c)
Hydrogel deformation in multiple planes throughout the tumor volume. (d) Orthogonal views of a tumor
oblate laid horizontally (protrusive growth happened in x-y plane) in the agarose matrix with microbeads. (e)
Hydrogel was condensed by tumor growth shown by accumulated microbeads, but no beads accumulation
was observed at the protrusion of tumor ellipsoid (consistent with d). Scale bar: 50 µm.

2.3.6 Stress States of Mechanically Constrained Tumors Are Shape Dependent
Our experimental observations suggested that constrained tumor growth induced damage in the
hydrogel, which then lead to protrusive growth. To determine the magnitudes of stress within both
the hydrogel and the tumor when damage is initiated, we modeled the system using finite elements.
Fracture was modeled with cohesive zone elements, which were assigned the experimentally
determined hydrogel fracture and mechanical properties. The fracture toughness of the hydrogel
matrix was approximated as 3.5 J/m2. (Figure 2.7). Here the tumor and hydrogel are considered to
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deform elastically. We assigned the elastic modulus of the tumor as 200 Pa based on typical stiff
measurements on cancer cell spheroids34. The elastic modulus of 800 Pa was used for hydrogel in
the model.

Figure 2.7: Estimation of fracture toughness of 0.4% agarose hydrogel. (a) Load cell setup with a wire cutting
tumor measuring the cutting force in real time. (b) Representative relationship between cutting force and
cutting distance. (c) Stable cutting forces during the cutting phase highlighted in green in (b) corresponding
to the diameters of different cutting wires. We chose a value 3.5 N/m (3.5 J/m2) in the range of these
measurements as an approximate fracture toughness.

Ellipsoidal (oblate; semi-major axis 30 µm, semi-minor axis 20 µm) and spheroidal (radius
23 µm) tumor inclusions were both modeled (Figure 2.8a and 8b). Growth was assumed to be
isotropic, and the tumors were subject to incremental increases in volumetric strain (Δ), in between
which the stress states were recorded. Magnitudes of the in-plane stresses (σ11 and σ22) are shown
in heat maps for increasing Δ in Figures 2.8a and 2-8b for the ellipsoidal and spheroidal tumorhydrogel systems, respectively. In general, the tumors experienced increasing compressive stress
as the growth strain is increased, and the stress in the hydrogel is compressive normal to the tumor
boundary and tensile tangential to the tumor boundary. The stress field associated with the
ellipsoidal tumor, however, was non-uniform following its asymmetry whereas it remained
uniform surrounding the spheroidal tumor35.
To further investigate how the magnitudes of the stresses are related to the lengths of the
tumor axes and associated curvatures of the tumor-hydrogel interfaces, we plotted the stresses
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normal (σii,i) and tangential (σii,j) to the tumor boundary along the major (red) and minor (blue)
axes in Figures 2.8c and 2-8d. In the ellipsoidal tumor, the compressive stress was higher along
the major axis compared to its minor axis (Figure 2.8c, distance < semi-axes lengths). Outside the
tumor, in the surrounding hydrogel, both the compressive (Figure 2.8c bottom) and tensile (Figure
2.8c top) stresses were larger along the major axis, in the region near the higher curvature interface,
than those along the minor axis and lower curvature. It is the higher tension at the higher curvature
(corresponding with an increased stress concentration) that drives fracture to occur in the hydrogel
at the interface with the tumor at the long axis. Damage was introduced in the cohesive zone
elements when Δ reached 5%. Damage in a cohesive zone element is associated with a decrease
in the normal tensile stress that it can support, ultimately being able to support no tensile stress
(i.e., fracture) when the fracture toughness is reached. Interestingly, this damage in the cohesive
zone did not significantly affect the stress profile as compared to the pre-damage shape (at Δ = 3%,
Figure 2.8c top, red lines) as well as compared to simulations at the same volumetric strain without
cohesive zone elements. Even after damage was introduced in the cohesive zone elements, the
tensile stress in the hydrogel at the higher tumor curvature was higher than the tensile stress in the
hydrogel at the lower curvature, which explains the persistent outgrowth once the protrusion is
formed. Similarly, the compressive stress in the tumor along the major axis remained higher after
damage was induced than that along the minor axis. This implies that the high accumulation of
microbeads in the hydrogel (Figure 2.6e) along the minor was not an indicator for a higher
compression within the tumor.
It is worth noting that in order to induce damage in the cohesive zone elements surrounding
the spheroidal tumor, a growth strain of 8.7% was required (as compared to 5% for the ellipsoidal
tumor), which led to a higher compressive stress in the spheroidal tumor before gel fracture
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occurred. Importantly, by comparing stress profiles of ellipsoidal tumor (Figure 2.8c) and
spheroidal tumor (Figure 2.8d) at the same volumetric strain (Δ = 3%), the stresses in both tumor
and gel were similar along the similar semi-axis (i.e., at the similar curvature). Together, the finite
element models demonstrated that stress state in a mechanically constrained tumor is geometry
dependent. Higher tumor curvature induces higher local compressive stress in an elongated tumor,
regardless of the fracture damage in the hydrogel constraint.
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Figure 2.8: Cohesive zone models evaluating stress states of tumors growing in hydrogel matrices. (a) Stress
fields in an ellipsoidal tumor and the hydrogel constraint during tumor expansion at 3% and 5% volumetric
strains (Δ). (b) Stress fields in a spheroidal tumor and the hydrogel matrix during tumor expansion at 3%,
6.7% and 8.6% volumetric strains (Δ). The normal stress along the horizontal direction is σ11 and the stress
along the vertical direction is σ22. All the insets in the simulation results in (a) and (b) are a zoom-in view of
the stress fields within the tumors and the local hydrogel. (c) Stress profiles of σ11 and σ22 along major (red)
and minor (blue) axes of the tumor ellipsoid with an increasing volumetric strain. (d) Stress profiles of σ11
and σ22 along the horizontal (red) and vertical (blue) axes of the tumor spheroid under with an increasing
volumetric strain.
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2.4

Discussions

This study experimentally and computationally investigated the long-asked question on the
perturbation of the widely seen ellipsoidal tumor in a bio-inert hydrogel constraint. Our results are
the first to dynamically show the transformation from a single cancer cell or a small cell cluster to
an ellipsoidal tumor confined in 3D hydrogel. Regardless of their distinct phenotypical difference,
the tumors growing from different cell types in agarose adopted ellipsoidal shape and their inspect
ratios were the function of the gel property, which was consistent with the findings of our previous
study9. We then reported a strong correlation between cell cluster-derived tumor ellipsoidal shape
and the initial shape of the corresponding cluster at Day 0, which implies that the stress-free shape
in hydrogel is a determinant of the tumor ellipsoidal shape. In comparison, first division of a single
cells, as a symmetry-breaking event, did not necessarily determine the orientation of their
corresponding tumors. Using live imaging of long-term tumor growth from both single cells and
cell clusters, we found that a distinct protrusive growth occurred in both cases after a stage of
uniform tumor expansion that tended to minimize its aspect ratio. This protrusive growth disrupted
the aspect ratio minimization as a perturbation of the formation of the ellipsoidal tumor.
We then used microbeads to visualize hydrogel-tumor interaction. The deformation of the
hydrogel matrix caused by the growth of an ellipsoidal tumor revealed that the protrusive growth
separated the local gel instead of compressing the gel forward, suggesting the protrusive growth
was the result of gel fracture. This conclusion is consistent with the observation from the previous
live-imaging – single cell-derived tumors formed protrusive growth in a random direction while
the protrusive growth of a cell cluster-derived tumor was pre-determined by the initial elongated
shape due to stress concentration along the major axis. When looking more closely, we noticed
that the protrusive growth as the tip of the fracture propagation proceed forward in a “staggering”
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way, which may correspond to the stick/slip behavior of hydrogel fracture28,29. No microbeads
accumulation around the plane of the protrusive growth further explained that hydrogel at the
fracture tip was not condensed but separated. It is worth noting that a study by Cheng et al. reported
similar static images of microbeads accumulation around tumor ellipsoids with a different
interpretation24. Cheng et al. drew the conclusion that locally densified microbeads around the
minor axis of a tumor ellipsoid was directly associated with higher compression imposed on the
tumor along the minor axis while no beads accumulation near the tip indicated low compression.
They then showed that no beads accumulation around the seemingly circular tumor (possible an
oblate in the horizontal orientation as seen in Figure 2.6d) meant minimum compression led to a
spheroidal tumor. These conclusions were drown based on little dynamic observation or
conformation of tumor shape using 3D image.
Using a finite element model incorporated with hydrogel fracture, we probed the local
mechanical stress as a function of tumor shape confined in a 3D hydrogel. The modeling results
showed that with or without fracture, tumor ellipsoidal shape induced a higher compressive stress
at the higher curvature. The long-term compression in the hydrogel visualized by the microbeads
was not intuitively associated with where the ellipsoidal tumor has the higher stress.
As an important in vitro model for tumor studies, it is crucial to understand the stress state
of the constitutive cells of the ellipsoidal shape. Taking into account both stiffness and fracture
behavior of the hydrogel, the growth of an ellipsoidal tumor constrained in the hydrogel induced
a nonuniform stress field along the tumor curvature. Our effort to reveal the different stages of
cancer cell-matrix interaction and our systematic evaluation of the mechanical stress in this tumoragarose model may make the platform a good model for understanding how the geometric factor
and varied stress affected mechanotransduction and cell phenotype.
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2.5

Conclusions

Inert hydrogels, such as agarose and alginate, with a tunable mechanical properties and minimum
biochemical interactions with cells, have become widely accepted types of in vitro 3D model for
isolating the effects of matrix the mechanical properties on tissue morphogenesis and tumor
growth. Our results revealed a consistent behavior of early stage growth of tumors in agarose
hydrogel at the single-cell level and the cell-cluster level. Protrusive growth, as the perturbation of
the ellipsoidal tumor shape, was the result of hydrogel fracture, which might be predicted by the
initial orientation of a cell cluster. Previous study based on static images showed highly
compressed hydrogel indicated higher compression within a tumor along the minor axis which
drove the tumor into ellipsoid. However, our finite element model suggested that when confined
in the hydrogel, with or without gel fracture, the higher compressive stress located at higher tumor
curvature and along the major axis. Profiling the local mechanical stress of the tumor-agarose
system may provide insight in the roles of mechanics and shape in signal transduction.
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3. RAPID FABRICATION OF COLLAGEN BUNDLES
MIMICKING TUMOR-ASSOCIATED COLLAGEN
SIGNATURES
Stromal collagen surrounding a solid tumor tends to present as dense, thick bundles. The collagen
bundles are remodeled during tumor progression: first tangential to the tumor boundary (indicating
growth) and later perpendicular to the tumor boundary (indicating likely metastasis). Current
reconstituted-collagen in vitro tumor models are unable to recapitulate the in vivo structural
features of collagen bundling and alignment. Here, we present a rapid yet simple procedure to
fabricate collagen bundles with an average thickness of 9 µm, compared to the reticular dense
collagen nanofiber (~900 nm-diameter, on average) prepared using common protocols. The
versatility of the collagen bundles was demonstrated with their incorporation into two in vitro
models where the thickness and alignment of the collagen bundles resembled the various in vivo
arrangements. First, collagen bundles aligned by a microfluidic device elicited cancer cell contact
guidance and enhanced their directional migration. Second, the presence of the collagen bundles
in a bio-inert agarose hydrogel was shown to provide a highway for cancer cell invasion. The
unique structural features of the collagen bundles advance the physiological relevance of in vitro
collagen-based tumor models for accurately capturing cancer cell-stroma interactions.

3.1

Introduction

Tissue architecture, such as that provided by collagen and other fibrous proteins, profoundly
influences cell behavior and functionality by providing the resident cells with structural support
___________________________________________
This chapter previously appeared in: Gong, X., Kulwatno, J. & Mills, K. L. Rapid fabrication of collagen
bundles mimicking tumor-associated collagen signatures. Preprint at
https://www.biorxiv.org/content/10.1101/815662v1(2019).
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and mechanical cues36,37. Cancer cells in turn remodel collagen structures during cancer
progression via contraction38,39, crosslinking40,41, and degradation42. In tumor tissue explants from
mice, Provenzano et al. observed that collagen at the tumor-stroma interface bundles together and
becomes denser at tumor initiation43,44. At progressive stages, the microscale collagen bundles
orient tangential to the tumor boundary, and eventually reorient perpendicular to the tumor
boundary. The authors termed these three stages of temporal remodeling of the collagen
microstructure the tumor-associated collagen signatures (TACS-1, -2, and -3) and intended to
define visual hallmarks that characterize critical stages of tumor development. Tumor cell behavior
is affected by the collagen architecture at every stage, including increased invasiveness associated
with radially aligned collagen43,45. Although these thick bundled collagen strands were commonly
associated with tumor progression in vivo, in vitro models often overlook these distinct
architectural features. In vitro platforms that accurately capture the key features of TACS are
necessary to determine the mechanisms of cancer cell metastasis.
Researchers have sought to recapitulate the biophysical properties of the tumor-associated
extracellular matrix (ECM) in vitro using biological or synthetic hydrogels46, or other polymeric
structures, such as polycaprolactone (PCL) fibers47. Given that collagen is the most abundant ECM
protein48, reconstituted Type I collagen hydrogels are popular models, which are characterized by
nanoscale collagen fibers physically bound to form an isotropic and porous structure49. Cancer cell
division50, migration51,52, invasive phenotypes4,41,53 have been observed in collagen gels of varied
pore size, stiffness, or crosslink density. But the nanoscale, isotropic collagen fibers are not able
to fully recapitulate collagen alignment and the level of bundling of TACS.
Attempts to engineer more physiologically relevant tumor microenvironments are plentiful.
Collagen nanofibers have been aligned with an applied magnetic field54, mechanical stretching7,
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and microfluidics55, although the readily achievable fiber diameter of the collagen (tens to
hundreds of nanometers) is not comparable to the microscale fibers observed in the in vivo tumor
microenvironment. In need of larger (microscale), aligned fibrous structures, polymeric fibers have
been created by electrospinning56. These fibers were shown to promote a mesenchymal
morphology of epithelial cells; however, the synthetic materials used lack ligand-binding sites as
collagen does for cell functions57 or the proper mechanical properties possessed by native tissue.
Moreover, electrospinning requires a special experimental setup that is not accessible in every lab.
Recently, polyacrylamide gel-based microgroove topographies coated with collagen have been
made to study cancer cell contact guidance and cell spreading on microscale structures58,59.
Although the size, spacing, and alignment of these polymer fibers or microgrooves could be
systematically produced to mimic those particular features of TACS, the cancer cells were seeded
on a surface with topographic features, which lacks the 3D confinement nature of the in vivo tissue.
Thus, to effectively study cancer cell-stroma interactions in vitro, there stands a need for a model
made from a native tissue component that better mimics bundling level or alignment of TACS.
In this study, we discovered a simple method to rapidly fabricate microscale bundles of type I
collagen, with bundle sizes greater than any that have been previously reported for any in vitro
collagen-based models. This method may be used to address the gap between current in vitro tumor
models and in vivo tumor stromal architectures. We first introduce the fabrication procedure and
its mechanism. The thickness of the collagen bundles was then characterized and compared to
collagen fibers prepared by a traditional protocol. We further demonstrated the ability to
incorporate microscale collagen bundles into two different in vitro systems–a 3D microfluidic
device and an agarose-based collagen composite gel (co-gel), where the alignment and thickness
of the collagen bundles resemble the various features of TACS. We show these collagen bundle
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structures elicit cancer cell contact guidance, directional migration, and invasion differently from
the traditional isotropic collagen nanofiber structures. This easy and low-cost fabrication technique
of microscale collagen bundles may provide new possibilities of developing more physiologically
relevant in vitro tumor models.

3.2

Materials and Methods
3.2.1 Collagen Matrix Preparations

Eight parts of type I bovine collagen monomer solution (3.0 mg/mL, pH 2, PureCol, Advanced
BioMatrix, USA) were mixed with one part of 10´ phosphate-buffered saline (PBS). The solution
was then neutralized to a pH of ~7.4 with about one part of 0.1M sodium hydroxide (NaOH)
solution. Neutralization was conducted on ice. The collagen concentration of the neutralized
solution was 2.4 mg/mL. In this study, we prepared all the samples with different collagen
structures by mixing the same quantity of water or 1´ PBS, to produce a final collagen
concentration of 1.2 mg/mL.
For the ease of description, here we term the commonly used, traditional collagen gelling
protocol (based on the manufacturer’s manual) as “Fiber method” and our novel collagen bundle
fabricating protocol as “Bundle method” (Figure 3.1). For the fiber method, we thoroughly mixed
2.4 mg/mL neutralized cold collagen solution with the same amount of cold ultrapure water with
a vortex mixer for ~ 30 seconds. This diluted 1.2 mg/mL collagen precursor was then allowed to
gel in a 37°C, humidified incubator. For the bundle method, instead of cold water, we vortexmixed a neutralized cold collagen solution with the same volume of pre-warmed ultrapure water
for 30 seconds. Visible collagen bundles appear instantly after the mixing procedure. More details
on our collagen bundle fabrication method are presented in the Results section.
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3.2.2

Rat Tail Collagen Extraction

Rat tail collagen was also used to demonstrate the collagen bundle fabricating technique. Sprague
Dawley adult female rat tails were generously provided by Dr. Ryan Gilbert’s lab at RPI. Tails
were initially frozen at -80 °C until processed. Tails were thawed at 4 °C overnight the day before
extraction. For extraction, protocols similar to Ritte and Rajan et al. were used60,61. Pliers were
used to isolate the tail tendons, which were then submerged into a beaker of 1x PBS on ice. When
all tails were processed, the tail tendons were rinsed three times with cold deionized water. Then,
tail tendons were transferred to a new beaker containing 20 mM acetic acid, at a volume of 200
mL per tail. This beaker was placed on a magnetic stir plate with a stir bar at 4 °C and allowed to
stir for 3 days. After, the solution was poured into 250 mL centrifuge bottles and centrifuged for
45 minutes at 10,000 ×g at 4 °C. The supernatant was collected into 50 mL centrifuge tubes and
frozen at -80 °C overnight. The collagen solution was then lyophilized using a CentriVap
(Labconco) and vacuum (Fisher) for 5 days. The resulting collagen mesh was collected, weighed,
and resuspended at the concentration of 15 mg/mL in fresh 20 mM acetic acid in a glass vial and
kept at 4 °C. To sterilize, chloroform was added at 10% of the volume and allowed to incubate
overnight at 4 °C, where after the collagen solution was aseptically transferred into a sterile
centrifuge tube. Purity of the collagen was verified via SDS-PAGE and mass spectroscopy by
comparison of a commercially available rat tail collagen solution (Invitrogen).
3.2.3

Design and Fabrication of the Microfluidic Chamber

We designed micro-post array patterns using the computer aided design (CAD) software
SolidWorks (Dassault Systèmes), and the patterns were printed on a chrome mask by a highresolution printing service (Front Range Photo Mask, CO, USA). A rectangular feature (thickness:
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70-µm) with micro-wells in it was fabricated on a silicon wafer using a negative photoresist (SU8 3050, MicroChem, MA, USA), through the techniques of photolithography. The standard
fabricating guideline is provided by the SU-8 manufacturer. After the fabrication, we inspected the
depth of the microwells by a stylus profilometer (Veeco, DekTak 8). We then molded the micropost-containing rectangular chamber on the silicon master with PDMS (Sylgard 184, Dow
Corning) following standard soft lithography techniques27,28. After the PDMS was fully cured, we
peeled it off and trimmed it to fit in a glass-bottomed cell culture dish. Before attaching the PDMS
chamber onto the glass bottom, we treated the chamber with a plasma cleaner (Harrick Plasma) to
make the PDMS surface hydrophilic. All the PDMS components were sterilized with 70% ethanol
and then under UV light for at least 30 minutes.
3.2.4

Cell Culture

In this study, we used an invasive breast cancer cell line MDA-MB-231, a human colon cancer
cell line HCT-116, and a green fluorescent protein (GFP)-labeled MDA-MB-231 (a kind gift from
Dr. Mihaela Skobe at Icahn School of Medicine at Mount Sinai). MDA-MB-231 and GFP-MDAMB-231 cells were cultured in RPMI 1640 medium supplemented with 2 mM L-glutamine
(Gibco), 10% FBS (Gibco), and 1% penicillin/streptomycin (Gibco). HCT-116 cells were cultured
in McCoy’s 5A medium with 10% FBS and 1% penicillin/streptomycin. All cells were incubated
in humid air maintained at 37°C and 5% CO2. The cell culture medium was changed every 2-3
days and the cells were passaged when they reached 90% confluency. For the 10-day cell culture
in agarose-collagen co-gels, the cell culture medium was changed every three days.
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3.2.5

Preparation of Agarose and Agarose-Collagen Co-Gels

Low gelling temperature agarose powder (Sigma) was dissolved in ultrapure water or PBS in a
95°C water bath for 15 minutes. When fully dissolved, the water-based or PBS-based agarose
solutions were kept in a 40°C water bath. The concentration (wt./vol.%) of the agarose solutions
was 0.6%. In this study, we prepared three types of hydrogels: 0.3% pure agarose, 0.3% agarosecollagen fiber co-gel, and 0.3% agarose-collagen bundle co-gel. To make 0.3% agarose, we simply
diluted a water-based 0.6% agarose solution with the same amount of pre-warmed PBS. To prepare
0.3% agarose-collagen fiber co-gel, the collagen solution was first neutralized on ice as described
above. To minimize local gelation of agarose when it contacts the ice-cold neutralized collagen,
the collagen solution was pre-warmed to 37°C for 5 minutes—during which no perceptible
collagen polymerization occurred. We then thoroughly mixed the pre-warmed collagen solution
with the same volume of PBS-based 0.6% agarose solution to produce an agarose concentration
of 0.3%. For the 0.3% agarose-collagen bundle co-gel, we mixed the pre-warmed neutralized
collagen solution with the same amount of water-based 0.6% agarose solution. In this way, the
collagen content of both co-gels was 1.2 mg/mL. To grow cells in these gels, we quickly mixed a
negligible volume of cell suspension at a cell density of 70,000 cells/mL in the gel precursors
before they gelled.
3.2.6

Mechanical Characterization of Agarose and Agarose-Collagen Co-Gels

The mechanical characterization of the three gel types (pure agarose gels, agarose-collagen fiber
co-gels, and agarose-collagen bundle co-gels) was performed on a high-precision piezo-electric
actuator-controlled indentation system (CellScale, Canada). A small glass bead (radius
R = 1.5 mm) attached on the end of a tungsten cantilever was used to indent the hydrogel samples.
The indentation depth, d, was recorded by a camera and the indentation force, F, was computed
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based on the measured deflection and known bending rigidity of the cantilever. Using a MATLAB
code, the experimental indentation force-depth curves were then fit into the Hertz contact model
(Equation 3.1) for a rigid spherical indenter contacting a flat surface. The elastic modulus, E, of
the hydrogel was calculated from this fit.
𝐹=

3.2.7
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Immunofluorescence Staining

The cell-containing hydrogel samples were washed in PBS, fixed with 4% paraformaldehyde at
37°C for 40 minutes, and permeabilized with 0.5% Triton X-100 at 37°C for 40 minutes. After
washing with PBS three times for 30 minutes, the samples were blocked overnight in 5% BSA in
PBS at room temperature. The samples were then incubated with rhodamine phalloidin (1:50,
R415, Thermo Fisher) and Hoechst (0.5 μg/mL, Hoechst 33342, Thermo Fisher) protected from
light and maintained at 4°C overnight.
3.2.8 Western Blotting
To assess the expression of proteins associated with epithelial and mesenchymal phenotypes,
Western blotting was performed. HCT116 and MDA-MB-231 whole cell lysates were isolated
from flasks using mammalian protein extraction reagent (M-PER; ThermoFisher) following
manufacturer protocols. Samples were treated with NuPAGE LDS Buffer (ThermoFisher) and
NuPAGE reducing agent (ThermoFisher), and were heated to 70°C for 10 minutes. Protein
separation was done through electrophoresis using a NuPAGE 3-8% tris-acetate gel
(ThermoFisher) with wells loaded with 10 µg of protein. Subsequently, proteins were transferred
onto a nitrocellulose membrane and then blocked overnight while shaken at 4°C in TBST-5% BSA
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– a TBS Tween-20 (TBST; ThermoFisher) solution containing 5% bovine serum albumin (BSA;
Sigma).
Primary antibodies for vimentin (1:5000; Santa Cruz Biotechnology), E-cadherin (1:2000;
Cell Signaling Technology), and GAPDH (1:15000; Cell Signaling Technology) were diluted in
TBST-5% BSA. The diluted primary antibodies were applied to appropriated sections of the
membrane overnight while shaken at 4°C. Membrane sections were washed overnight while
shaken at 4°C in TBST. Horseradish peroxidase-conjugated secondary antibodies (Cell Signaling
Technology) diluted in TBST-5% BSA were then applied for 1 hour. Secondary antibody dilutions
were 1:10000 for vimentin, 1:2000 for E-cadherin, and 1: 15000 for GAPDH. Bound antibodies
were detected using SuperSignal West Pico PLUS Chemiluminescent Substrate (ThermoFisher).
Imaging was performed using a Chemidoc XRS+ system (BioRad). Quantification of band
parameters were performed using the associated Image Lab software (BioRad).
3.2.9 Image Acquisition
All bright field images of collagen fibers and bundles were obtained with an inverted microscope
(Zeiss, Axio Vert.A1). Fluorescence images of cancer cells/tumor spheroids and reflectance
images of collagen microstructures were acquired with laser scanning confocal microscopes (Leica
SP8 or Zeiss LSM 510 META). Live confocal imaging of MDA-MB-231 seeded on 2D glass or
embedded in collagen bundles or in collagen fibrous gels was conducted in an environmental
chamber (Okolab) using a Leica SP8 for 5 hours at 15 min interval.
3.2.10 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to characterize the microscopic structural
differences between collagen fibers and bundles. The collagen fibrous gel prepared by Method 1
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and the collagen bundles prepared by Method 2 were first fixed in glutaraldehyde at 4°C overnight.
The samples were then dehydrated using a chemical drying method.63 In brief, after carefully
rinsing the fixed samples with ultrapure water, we dehydrated the samples with a series of aqueous
ethanol solutions: 50%, 75%, 80%, 90%, and 100%. The samples were allowed to stay in each
ethanol concentration for 5 minutes and each ethanol concentration was applied twice. After the
water in the samples was completely replaced by 100% ethanol, the samples were then plunged
into hexamethyldisilazane (HMDS) for 40 minutes. Lastly, the HMDS was removed and the
samples were air-dried. The dehydrated collagen fibers and bundles were sputter coated with
platinum using a Denton Desk IV sputter coating system and imaged with a Zeiss SUPRA 55
FESEM in the Microscale and Nanoscale Cleanroom (MNCR) at Rensselaer Polytechnic institute.
3.2.11 Image Analysis and Statistical Analysis
Length measurements from any brightfield images or confocal images were performed using
ImageJ (NIH)30. Thicknesses of collagen fibers and bundles in confocal images were measured
with the ImageJ plugin “Ridge Detection”64. Orientation of the microfluidics-aligned collagen
bundles was characterized using the ImageJ plugin “OrientationJ”.65 The visualization and surface
analysis software Imaris 9 (Oxford Instruments) was used to reconstruct confocal image stacks
from which cell migration in 3D was automatically tracked and tumor volume was automatically
computed. Data was presented as bar plots showing mean ± standard deviation (s.d), or as box
plots, where boxes represent the 25th to 75th percentile with a median line, and whiskers represent
the 1.5 interquartile range (IQR). Statistical difference between multiple experimental conditions
was determined by one-way ANOVA tests with Tukey post hoc testing. Differences were
considered significant at p < 0.05.
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3.3

Results
3.3.1 Rapid Fabrication of Microscale Collagen Bundles

Toward the need for physiologically relevant in vitro ECM models, we present a procedure to
rapidly fabricate microscale collagen bundles. The common method (termed “fiber method”,
Figure 3.1a) of preparing collagen hydrogels includes three steps: (i) neutralization of the collagen
monomeric stock solution (pH = ~7.4, on ice, see details in Materials and Methods), (ii) adjustment
of the collagen concentration by addition of ice-cold water, and (iii) gelation at 37°C for at least
an hour. With this method, a thoroughly mixed, clear collagen precursor gradually polymerizes
into a gel consisting of dense reticular collagen fibers that are on the order of hundreds of
nanometers in thickness. In contrast, using the “bundle method” (Figure 3.1a), we found that
replacing the ice-cold water in step (ii)—adjustment of collagen concentration—with warm water
(40°C) resulted in visibly thick collagen bundles appearing instantly after mixing. The bundled
collagen remained after an extended incubation at 37°C. Phase contrast microscope images (Figure
3.1b) show the appearance of collagen solutions at the different steps of the fiber and bundle
methods, corresponding to Figure 3.1a. The drastic structural differences may be visualized in
confocal reflectance images (Figure 3.2a), in which we also measured the thicknesses of the
collagen fibers (mean ± s.d: 0.9 ± 0.5 μm) and bundles (mean ± s.d: 6.3 ± 1.7 μm) (Figure 3.2b).
This method is not restricted to the bovine collagen utilized here, but functions the same using type
I collagen isolated from other species (e.g., rat tail, Figure 3.3).
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Figure 3.1: Rapid fabrication of collagen bundles comparing with collagen fibers. (a) The common procedure
to prepare a collagen fiber gel (fiber method) versus the novel rapid fabrication of collagen bundles (bundle
method). (b) Brightfield images comparing the appearance of the collagen-water solutions mixed using the
fiber and bundle methods before and after incubation for 1-hour at 37°C. Scale bar: 100 μm. Using the fiber
method, a clear solution of collagen and cold water polymerized into a collagen gel with dense fibrous
structures after incubation. In the bundle method, visible bundles instantly formed after mixing with warm
water and remained after the one-hour incubation.

Comparing the fiber and bundle methods, it is clear that introduction of warm water to the
ice-cold neutralized collagen solution played a key role in the collagen bundle formation. To
further investigate the bundling mechanism, we replaced the warm water with warm PBS (1´),
which introduced a higher ionic strength due to the dissolved salts. Interestingly, mixing
neutralized collagen with prewarmed PBS did not produce collagen bundles. Instead, the precursor
turned into a gel with dense, reticular collagen fibers with thicknesses statistically similar to those
produced by the fiber method (blue box, Figure 3.2b). Therefore, for collagen bundle formation,
both increased temperature and low ionic strength of the diluting solution are necessary. The size
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of the bundles may be further manipulated by altering the temperature of the neutralized collagen
precursor. A brief incubation at 37ºC of the neutralized collagen precursor before mixing it with
warm water significantly increased the thickness of the collagen bundles ((mean ± s.d: 9.0 ± 3.4
μm) green box, Figure 3.2b). The collagen morphologies corresponding to the four gelling
conditions discussed in this section are shown in Figure 3.4.
To better understand the structure of the collagen bundles we produced, the samples were
imaged with a scanning electron microscope (SEM, Figure 3.2c). When visualizing the
microscopic structure, the much thicker collagen bundles were found to be composed of multiple
long collagen fibers that coiled together, similar to in vivo observations43,58.
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Figure 3.2: Morphological characterizations of collagen bundles compared to collagen fibers. (a) Confocal
reflectance images of collagen fibers (scale bar in inset: 10 μm) and collagen bundles made by the respective
methods. Scale bars in 3D reconstructions: 100 μm. (b) Characterizing the thickness of collagen fibers and
bundles prepared by different protocols. The red box corresponds to the fiber method and the yellow box
corresponds to the bundle method. One-way ANOVA with Tukey post hoc testing was performed. (n ³ 1731
measurements, three samples each condition). Boxes represent 25th to 75th percentile and whiskers represent
1.5 IQR. (c) SEM images of microscopic structures of single collagen fibers (top row) and collagen bundles
that consist of multiple bundled collagen fibers (bottom row). Scale bars: 2 μm (left column); 200 nm (right
column). Arrowheads indicate free ends of collagen fibers in a collagen bundle.
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Figure 3.3: Collagen fibers and collagen bundles made of rat tail collagen type I (1.2 mg/mL) using the “fiber
method” and the “bundle method”, respectively. Scale bars: 50 µm.

Figure 3.4: Temperature and ionic strength control collagen bundling. Confocal images show the
morphologies of the collagen fibers (max projection of 47 µm) or bundles (max projection of 120 µm)
prepared by the listed four different methods, corresponding to the thickness characterization in Figure 3.2b.
Scale bars: Scale bars: 50 µm.

3.3.2 Microfluidics-Driven Patterning and Alignment of Collagen Bundles
Mimicking TACS-3
After fabrication, the collagen bundles were randomly and loosely packed in solution and did
not form a hydrogel like the fiber method. Since they were not bound to a hydrogel, these micro44

scale collagen bundles could be used to form large-scale, complex patterns with controllable
curvature and local alignment. The collagen bundle alignment resembles the aligned, bundled
collagen of TACS-3. We aligned the bundles into different micro-scale curvatures using a postproduction method based on microfluidics (Figure 3.5). A PDMS microfluidic chamber
(width: 15 mm, height: 70 μm) with arrays of cylindrical (diameter: 70 μm) and triangular
(equilateral, side length: 830 μm) micro-posts was made. The chamber had an open end where the
collagen bundles were introduced, and tubing was sealed to a port on the opposite end so that a
vacuum could be applied across the chamber (Figure 3.5a). A syringe was attached to the free end
of the tubing and used to apply a gentle vacuum to pull a solution containing the collagen bundles
through the chamber. The long collagen bundles were captured by the micro-posts and the flow
facilitated the alignment of the free ends of these bundles (Figure 3.5b). The combination of the
micro-posts’ geometric features and the direction of the flow arranged the collagen bundles into
unique patterns (Figure 3.5c). When observing the collagen bundles around a micro-post, we found
that the bundles were locally aligned, and the orientation of their local alignment was determined
by the cross-sectional geometry of the micro-post (Figure 3.5d).
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Figure 3.5: Microfluidics-driven patterning and alignment of collagen bundles. (a) Microfluidic chamber
containing micro-post arrays. A suspension of collagen bundles was introduced at the open end and a vacuum
was applied through the tubing sealed to the opposite end. The vacuum pulled the suspension through the
micro-chamber. Scale bar: 10 mm. (b) Schematic showing the design of the microfluidic chamber and
mechanism of microfluidic flow driving collagen bundles to pass through and align around an array of microposts. (c) Large-scale differential interference contrast (DIC) images of collagen bundles near micro-posts of
varying shapes (left) and their respective colormaps that denote bundle orientation (right). Blue arrows
indicate the flow direction corresponding to the DIC images. Scale bars: 200 μm. (d) Confocal images of
collagen bundles around micro-posts of different shapes. Cross-sections of the micro-posts are highlighted in
grey. Below the confocal images we show the orientation characterizations of the bundles in multiple regions
in each image. Scale bars: 100 μm.
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3.3.3 Collagen Bundle Arrangement Facilitates Cell Contact Guidance
The patterned microscale collagen bundles resembled the alignment of thick collagen bundles
observed in in vivo studies45,58, specifically TACS-like aligned collagen bundles. To investigate
the interactions between cancer cells and the patterned collagen bundles, we flowed metastatic
breast cancer cells MDA-MB-231 (GFP-labeled) with the collagen bundles through the
microfluidic chamber and cultured them in situ for one week. Not only did the cancer cells grow
along the aligned collagen bundles with the same curvature (Figure 3.6a), but upon closer
inspection it can be seen that the cancer cells inserted themselves in between the collagen bundles
(Figure 3.6b, c). When caught by the micro-posts from the flow, the bundles distributed themselves
over the entire height of the micro-posts creating arrangements of bundles multiple layers in height
as well as thickness (radially from the center of the post). The cancer cells were able to migrate
between the collagen bundles (Figure 3.6d) because the spacing between the aligned collagen
bundles was on the order of a few tens of micrometers, which is approximately the size of a single
cell (Figure 3.6e). With this assay we showed that the 3D aligned collagen bundles enabled cancer
cell contact guidance.
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Figure 3.6: Complex collagen bundle topography facilitates cell contact guidance. (a) DIC images (left) and
confocal images (right) showing large scale collagen bundle topographic landscape guiding directional growth
of GFP-labeled MDA-MB-231 cells. Scale bars: 200 μm. (b) Confocal image volume showing cells reoriented
to the local collagen bundle structures. Arrows indicate the cells and collagen bundles were distributed
through the height of the microfluidic chamber. (c) 3D reconstruction of cell contact guidance in collagen
bundle topography. (d) Spatial characterization showing that cancer cells insert themselves in between the
collagen bundles, mimicking in vivo observations. (e) Spacings between collagen bundles measured from
confocal reflectance images (n = 332 measurements). Individual data points are outliers.
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3.3.4 Aligned Collagen Bundles Enhance Cell Motility and Directional
Migration
After establishing cancer cell contact guidance in the 3D aligned collagen bundles, we
characterized the migration of the cancer cells in the 3D aligned collagen bundles compared to
both 2D collagen-coated glass and 3D reticular dense collagen fibers. After 24-hours of culture,
we imaged MDA-MB-231 cells in the three conditions (Figure 3.7a) every 15 minutes for five
hours using confocal 3D live imaging (Figure 3.7b). Both migration speed and persistence of the
cells in the three conditions were characterized.
To compare migration speeds, we found the average frame-to-frame speed (the displacement
of a cell between two frames divided by the time interval, 15 minutes) for each of the three
conditions (Figure 3.7d). Expectedly, without constraint in the third dimension the cells on the 2D
glass surface were most mobile; they moved fastest at a mean speed of 0.68 μm/min. The cells in
both collagen conditions were significantly slower than on 2D glass. The mean speed of the cells
between aligned collagen bundles (0.27 μm/min) was the second fastest, which, although close to,
was significantly faster than that of the cells embedded in dense collagen fibers (0.21 μm/min). To
compare the persistence of cells migrating in the three conditions, we used the cell directedness,
defined as the ratio of cell displacement to the trajectory length66 (Figure 3.7e). The cell
directedness measurement is lowest for the cells embedded in the collagen fibers, which indicates
they were least persistent. The cells on 2D glass and in the collagen bundles had comparable
directedness values.
The speed and persistence quantifications are corroborated by visualizations of in situ cell
trajectories and three-dimensional wind rose plots. Five-hour long trajectories are superimposed
in yellow onto the respective collagen structures in Figure 3.7b. The cells on 2D collagen-coated
glass migrated the furthest and their trajectories were random while the trajectories of most cells
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in the collagen bundles matched the local bundle topography. In comparison, the cells embedded
in collagen fibers were less migratory and their trajectories extended least into the collagen matrix.
Visualizing these trajectories as 3D wind rose plots confirms the 2D, relatively long migration
paths of the cells on glass and the more directed motion of the cells migrating on the bundles
compared to the fiber collagen gel (Figure 3.7c). These results indicate that aligned collagen
bundles enhance the speed and the translocating capability of the cells over a fiber collagen gel.
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Figure 3.7: Cancer cell migration characterization under varied collagen structural conditions. (a) Confocal
images of MDA-MB-231 cells seeded on collagen coated glass, in between collagen bundles, and in dense
reticular collagen nanofibers. (b) Migration tracks of MDA-MB-231 cells under the three culture conditions
over five hours. Yellow lines denote the cell migration trajectories. Scale bars: 100 μm. (c) Three-dimensional
cell trajectory plots comparing cell migration patterns under the three collagen-structural conditions. (d)
Frame-to-frame cell migration speeds between 15-minute time interval (n ³ 3323 measurements of at least
206 cells) and (e) directedness of the cells over a five-hour period (n ³ 206 cells).
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3.3.5 Agarose-Collagen Bundle Co-Gels as A Novel Platform for
Recapitulating Carcinoma Cell In Vivo Phenotypes
Having shown that collagen structure and dimensionality influenced cancer cell motility, we then
investigated whether collagen structures play a role in model tumor growth. We chose to grow the
model tumors in collagen-agarose co-gels since they allow the mechanical stiffness to be
decoupled from collagen density.67,68 Specifically, three types of hydrogels/co-gels were prepared:
(i) pure agarose, (ii) agarose-collagen dense fiber co-gel, and (iii) agarose-collagen bundle co-gel
(Figure 3.8a). Both the agarose and collagen content were kept constant across all three gel types,
at 0.3% (wt./vol.) and 1.2 mg/ml, respectively. The stiffness of the matrices is determined by the
agarose content. Indeed, the three gels had similar mean elastic moduli values in the range of
267 Pa – 336 Pa, which is similar to that of healthy mammary tissue27, (Figure 3.8b). Although the
collagen content (and therefore ligand density) was also kept constant, the difference between the
co-gels is the collage structure: in one the dense fiber collagen was incorporated and in the other
collagen bundles were incorporated. In Figure 3.8a visual comparisons of the gel structures may
be seen at different length scales.
Breast cancer cells (MDA-MB-231) and colon cancer cells (HCT-116) were cultured in the
three gel conditions. As shown in literature69,70, these two cell lines of epithelial origin have
different metastatic potentials: the MDA-MB-231 cell line is known to have a higher metastatic
potential, whereas the HCT-116 cell line retains more epithelial characteristics. After 10 days of
growth in the matrices the cells were fixed, and their F-actin and nuclei were stained so that their
interactions with the matrices could be visualized.
The growth behavior and morphologies were different both between the different types of
cancer cell and between the gel types. Pure agarose provided the cells with 3D mechanical
constraint without any adhesive ligands. Both the MDA-MB-231 and the HCT-116 cells grew into
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tumors with well-defined, smooth boundaries (Figures 3.8c and 3.8d, top row). However, the HCT116 cells more readily proliferated in this environment to form larger masses (Figure 3.8d, top
row).
The presence of dense collagen nanofibers in the gels induced more proliferation from the MDAMB-231 cells creating larger and more irregular mass shapes, which were punctuated by many
long extended filopodia into the surrounding matrix showing a tendency of invasion (Figure 3.8b,
second row). Interestingly, the addition of dense collagen nanofibers to the agarose gel did not
have a significant effect on the mass size or morphology of HCT-116 cells (Figure 3.8d, second
row). Large-scale confocal image volumes (Figure 3.9a) facilitated the measurement of tumor
volume, which was quantified for each cell and gel type and is presented in Figure 3.9b.
When cultured in agarose-collagen bundle co-gels, MDA-MB-231 cells formed two types of
morphology depending on their location with respect to a collagen bundle. In the case that they
grew well away from a collagen bundle, their morphology was the same as in the collagen-fiber
gels. If they grew adjacent to a collagen bundle, the cells invaded and grew along the bundle as a
cohort and formed long strands (mean ± s.d.: 450 ± 375 μm) such that masses outside of the
bundles were not present (Figure 3.9c). The same observations held for the HCT-116 cells,
however, to a lesser extent. The HCT-116 cells tended to maintain tumor masses outside of the
bundles—growing against the agarose matrix—with significantly shorter cell cohort protrusions
(mean ± s.d.: 132 ± 116 μm) into the collagen bundles. This might be explained by the retention
of the epithelial phenotype by the HCT-116 cells and the strong cell-cell junction strength due to
high E-cadherin expression.
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Figure 3.8: Agarose-collagen based 3D composite hydrogels as in vitro tumor models with tunable collagen
structures. (a) Macrographs (left column, scale bars: 5 mm) and confocal images (right column, scale bars: 50
μm) of three types of gels: 0.3% (w/v) agarose, 0.3% agarose+1.2mg/mL collagen fiber co-gel, 0.3%
agarose+1.2 mg/mL collagen bundle co-gel. (b) Elastic modulus characterizations of the three gel types. No
significant difference was detected in the elastic moduli of these gels. (One-way ANOVA with Tukey post hoc
testing, n = 4 for each gel type). (c) MDA-MB-231 tumor growth (Day 10) in the three gel types. Scale bar:
100 μm. Insets show the filopodia (yellow arrows) extending into the surrounding agarose-collagen fiber
matrix. Scale bars in insets are 10 μm. (d) HCT-116 tumor growth (Day 10) in the three gel types. Scale bar:
100 μm. All the arrowheads indicate the multicellular invasive growth along collagen bundles.
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Figure 3.9: Collagen bundles in agarose mimic TACS-1 and elicit cancer invasion. (a) Large scale 3D confocal
imaging of MDA-MB-231 and HCT-116 tumors cultured for 10 days in pure agarose (A), agarose-collagen
fiber co-gel (A+F), and agarose-collagen bundle co-gel (A+B). Scale bars: 100 μm. (b) Box plot showing tumor
volume measurements of the two cell lines in the three gel conditions. One-way ANOVA with Tukey post hoc
testing was used to compared three gel condition within each cell line. (n ³ 326 tumors for HCT-116; n ³ 621
tumors for MDA-MB-231) (c) Morphology of protrusive growth of both cell lines elicited by collagen bundles
in co-gels. (d) Protrusive growth length measurements of both cell lines (mean ± s.d). One-way ANOVA with
Tukey post hoc testing, n ³ 168 protrusive growths, two samples each condition.

Through the observations of the growth behaviors and morphologies of the two cancer cell
lines we learned that invasive behaviors of cancer cells do not only require the presence of
collagen, but also particular dimensions and structures of the collagen component provided by the
collagen bundles. Furthermore, the MDA-MB-231 breast cancer cell line is known to be more
aggressive and metastatic than the HCT-116 colon cancer cell line. The phenotypes of the two cell
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lines are recapitulated in our co-gels where the HCT-116 cells generally retained a more epithelial
phenotype and corresponding markers (Figure 3.10). Combining our microfluidic-drive alignment
and the co-gel production, we were also able to demonstrate an agarose-collagen co-gel with
complex collagen bundle patterns and the capability of repeatedly observing the tumor growth at
the same locations in the co-gel (Figure 3.11).

Figure 3.10: Protein expression of Vimentin and E-cadherin compares EMT protentional of human colon
cancer cells HCT-116 and breast cancer cells MDA-MB-231.
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Figure 3.11: Microfluidics-driven collagen bundles in collagen-agarose co-gels. The agarose concentration is
0.3% (w/v). (a, b) Brightfield images tracking HCT-116 cells growing at two regions over 5-7 days in agarose
containing aligned collagen bundles. (c) Confocal imaging showing HCT-116 multicellular tumors growing in
an aligned collagen bundle-agarose cogel. Scale bar: 50 µm.
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3.4

Discussion

In this study, we show a simple, rapid, and robust method of fabricating micro-scale, type I
collagen bundles, which are not achievable using a traditional collagen gelling protocol. We
showed that this method is applicable to type I collagen isolated from different species (bovine
skin and rat tail). By varying temperature and ion content in the collagen precursor, we found high
temperature and low ionic strength played key roles in the instant collagen bundle formation. As
widely shown in in vivo studies, the tumor microenvironment often contains abundant microscale
collagen fiber bundles that could directly guide cancer cell invasion as single cells or in a collective
way45. This biological process may not be fully recapitulated by traditional collagen fiber gels due
to the lack of the proper collagen architecture and dimension. Attempting to fill this gap, we
evaluated how cancer cells interacted with our novel collagen bundles compared to traditional
collagen nanofibers.
Making use of microfabrication and microfluidic techniques, we first demonstrated a novel
and flexible way to post-process the collagen bundles into large scale controllable complex
patterns with local alignment that mimics TACS-3 – the aligned thick collagen strands that
facilitate cell invasion. This complexity may not be created using other techniques, such as straight
microfluidic channels55 or electrospinning71. In in vitro collagen nanofiber models, it is well known
that local collagen remodeling by cancer cells enhances cell invasion42,72. Our results showed that
dense collagen nanofiber meshes trapped the cancer cells and limited cell motility before they were
able to significantly remodel the collagen. Due to cell-matrix adhesion, cell migration speed was
slowed down in both 3D collagen compared to the 2D case, however, the cell-scale microtracks
provided by the microfluidics-aligned collagen bundles significantly enhanced cancer cells’
contact guidance and their directional migration.
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We then demonstrated the production of an interpenetrating network hydrogel consisting
of collagen bundles and agarose, different from an early innovation of an agarose-collagen fiber
co-gel67. Although the previous co-gels indeed provided new perspectives of creating
physiologically relevant models with a controllable stiffness and collagen density, they did not
emphasize the importance of the architectural factors. By controlling gelling temperature and ion
content, we produced an agarose-collagen bundle co-gel and an agarose-collagen fiber co-gel with
comparable stiffness at the same agarose concentration.
We compared pure agarose, agarose-collagen bundle co-gels, and agarose-collagen fiber
co-gels as in vitro 3D tumor models. The growth of two cancer cell types with different metastatic
potentials responded to the three gel types differently. Under the same mechanical stiffness, the
presence of collagen and the collagen structures drastically influenced the behavior of invasive
breast cancer cell MDA-MB-231. Although the presence of collagen nanofibers significantly
enhanced the cell proliferation and elicited an invasive tendency of the mechanically constrained
cells, cell invasion could not be achieved. On the other hand, in the collagen bundle-containing
agarose, cancer cells underwent collective migration along the collagen that has been seen in vivo.
In comparison with MDA-MB-231 cells, human colon cancer cells HCT-116, with strong cell-cell
adhesion, did not appear to have a strong invasive tendency when surrounded by collagen
nanofibers. However, in the agarose-collagen bundle co-gel, distinct cell-cohort protrusions
originating from HCT-116 tumor spheroids were observed when the growing tumors made contact
with the collagen bundles.
Traditional methods of making nanoscale collagen fibers with variable fiber thickness have
been well-established and are reproducible. With the characterizations of cancer cell motility and
invading capability, our novel yet simple method of rapidly producing microscale collagen bundles
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undoubtedly pushes forward the controllability of collagen structure as in vitro tumor models. One
may use the collagen bundle-based in vitro models to better understand the underlying mechanism
of cell invasion along TACS and in fibrotic stroma, such as energy cost or the role of metastasisresponsible proteins, for better translational outcomes. Not only may the collagen bundles be
applied to study cancer cell phenotypes and metastasis, but also provide new avenues for tissue
engineering using a natural tissue component – collagen – as scaffolds. For example, aligned
microscale bundled collagen may provide biocompatibility, adhesion, and proper topography for
skeletal muscle growth73,74 and nerve regeneration75,76.

3.5

Conclusion

In summary, we have developed a novel and simple fabrication method to rapidly produce
microscale collagen bundles, of which the thickness is comparable to TACS fiber bundles. These
collagen bundles could be aligned by a microfluidic device or combined with agarose hydrogel to
form an interpenetrating network co-gel. The TACS-3 mimicking aligned collagen bundles were
shown to elicit cancer cells’ contact guidance and enhance their directional migration. In agarosecollagen co-gels, we showed two different cancer cells responded to collagen structures
differently, and found that microscale collagen structures were required for both cell types to
invade. Enabling cancer cell invasion has been determined to be one of the key features of TACS.
Overall, our experiments using microscale collagen bundles elucidated the significant role of
stromal collagen structure in cancer cell behavior. This study has expanded the controllability of
reconstituted collagen structure, and therefore provided a possibility of creating more
physiologically relevant in vitro 3D models.
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4. LARGE-SCALE PATTERNING OF SINGLE CELLLS AND
CELL CLUSTERS IN HYDROGEL
Biophysical properties of the extracellular matrix (ECM) are known to play a significant role in
cell behavior. To gain a better understanding of the effects of the biophysical microenvironment
on cell behavior, the practical challenge is longitudinally monitoring behavioral variations within
a population to make statistically powerful assessments. Population-level measurements mask
heterogeneity in cell responses, and large-scale individual cell measurements are often performed
in a one-time, snapshot manner after removing cells from their matrix. Here we present an easy
and low-cost method for large-scale, longitudinal studies of heterogeneous cell behavior in 3D
hydrogel matrices. Using a platform we term “the drop-patterning chip”, thousands of cells were
simultaneously transferred from microwell arrays and fully embedded, only using the force of
gravity, in precise patterns in 3D collagen I or Matrigel. This method allows for throughputs
approaching 2D patterning methods that lack phenotypic information on cell-matrix interactions,
and does not rely on special equipment and cell treatments that may result in a proximal stiff
surface. With a large and yet well-organized group of cells captured in 3D matrices, we
demonstrated the capability of locating selected individual cells and monitoring cell division,
migration, and proliferation for multiple days.

4.1

Introduction

Cell behavior is markedly variable not only between populations of cells of different types or from
different tissues, but also within a population of cells.77–80 To understand the extent of variability
___________________________________________
This chapter previously appeared in: Gong, X. & Mills, K. L. Large-scale patterning of single cells and cell
clusters in hydrogels. Sci Rep 8, 3849 (2018).
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between or within populations of cells, it is desirous to characterize a large sample of them.
Typically, physical measurements on a large number of cells means removing them from
physiologically relevant matrices and only capturing data at one time point (i.e., snapshot
measurements).81 However, it is becoming increasingly apparent that important aspects of cell
behavior are elicited by their interactions with the extracellular matrix (ECM).46,50,82,83 An example
of this is the drastic difference in exhibited morphology dependent upon whether cells are plated
on a 2D substrate or within a 3D matrix (Figure 4.1). Therefore, it would benefit a wide variety of
studies to have a simple method to pattern cells within 3D matrices for observation of their
behavior over extended periods of time (longitudinal).

Figure 4.1: Morphologies of a human colon cancer cell line HCT-116 (a) on a stiff glass surface, (b) on the
surface of a collagen gel (1.5 mg/mL), and (c) fully embedded in 3D collagen gel (1.0 mg/mL). Cells proliferate
and form a monolayer on 2D substrates. When fully embedded in collagen gel, cells form aggregates or
multicellular tumor spheroids. Scale bars are 50 µm.

Embedding cells in a 3D matrix is most simply achieved by mixing cells with a liquid precursor
to a synthetic or biological hydrogel and allowing the gelation process to encapsulate the cells.
Long-term monitoring of selected single cells or cell clusters in a mid- to high-throughput fashion
then becomes a significant challenge, if not impossible, as the cells are positioned randomly.
Researchers have resorted to embedding small numbers of cells into a matrix for long-term studies
of single-cell behavior, which eases the experimentalist’s efforts to locate cells,50 but often does
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not provide a large enough sample set for significant statistical analyses. One way of achieving
better statistics on observable cell behavior in 3D culture has been to employ a modified hanging
drop protocol. Using a hydrogel precursor mixed with cells to form the hanging drops is a simple
way to encapsulate cells in controllable positions for high-throughput analyses.84 However, this
method only creates macro-scale arrays and is not suitable for single-cell analysis because the
number of cells in each drop will vary.
Patterning methods and scaffolds have been devised in order to controllably position single
cells or cell clusters for gathering large, longitudinal sets of data. These methods often take
advantage of material surface properties, morphologies, or micropatterns to capture cells in fixed
positions to promote cell attachment and elicit a mechanobiological response.85–88 Microwells, for
example, can be used to rather simply achieve cell placement.89–92 Furthermore, they have not only
been used as a niche where cells may proliferate, but they have also been used as a tool for
transferring cells into other 2D environments.93,94 Surface acoustic waves have been used to move
single cells to desired positions on a 2D substrate.95 Engineered scaffolds, such as polymer
structures fabricated via direct laser writing (DLW)96 and crack-based patterning97, provide single
cells with adhesive, topological supports in a 3D space. Whereas these methods allow for cell
anchorage and ease of locating and image collecting, the stiff and/or 2D nature of the substrates
(e.g., glass or plastic surfaces, 2-4 GPa) do not provide an accurate analog to the soft, 3D nature
of the in vivo environment (e.g., breast tissue, hundreds of Pascals; human intestinal tissue,
thousands of Pascals).27,98
In between 2D and 3D patterning methods are overlay methods, where cells are patterned on
a substrate and then covered with a layer of hydrogel or other 3D matrix. Some innovative methods
to manipulate cells into patterns include anchoring DNA-labeled cells on a DNA-patterned
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substrate99 and using dielectrophoretic (DEP) forces to attract cells to patterned nodes.100–102 After
the cells are positioned, a layer of hydrogel may be formed on top. Researchers have also used an
array of magnetic nodes to trap magnetically labeled cells in between two layers of collagen.103
Position control over cell placement is indeed accurate, however these methods require special
tools (e.g., molecular printing, gold coated nodes, specially treated cells) not easily accessible in
every lab. Another drawback of some of these methods for mechanobiological experiments is the
presence of stiff substrates and/or interfaces necessitated by the patterning methods, which may
prevent the full encapsulation of the cells.
Fully embedding a large population of single cells at specified locations in a 3D, uniform, and
soft environment presents a particular challenge. No method has yet been devised in which single
cells or small cell clusters may be accurately patterned, without using any externally applied forces
or chemical treatments, in various soft and continuous 3D matrices, allowing for dynamic studies
of individual cells’ responses to biomechanical stimuli. The goal of this work was to develop a
simple and low-cost platform for patterning a large population of single cells or cell clusters
completely within a 3D environment (i.e., without any undesirable discontinuous or stiff
boundaries). The resulting platform should allow for longitudinal observation of the single cells or
cell clusters and control over the cell-cell distance within various cell array patterns. In this article,
we describe the design, fabrication, method, and performance of the platform that we developed.

4.2

Materials and Methods
4.2.1

Design and Fabrication of the Drop-Patterning Chip

We designed the microwell patterns on computer aid design (CAD) software SolidWorks
(Dassault Systèmes), and all the patterns were printed on a chrome mask by a high-resolution
printing service (Front Range Photo Mask, CO, USA). Micro-posts on the silicon wafer were
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fabricated in a negative photoresist (SU-8 3025, MicroChem, MA, USA) through the techniques
of photolithography. In brief, a layer of SU-8 (27.5 μm thick) was spin-coated on a 3-inch silicon
wafer for 30 sec at 2,800 rpm. After soft baking at 95 °C for 10 min, the SU-8 coating was
crosslinked under the exposure of UV light through a chrome mask. After post-exposure baking
at 65 °C for 1 min and 95 °C for 8 min, non-crosslinked SU-8 photoresist was washed off through
the developing process, and all the crosslinked micro-posts remained on the silicon wafer. The
silicon wafer was then hard baked at 180 °C for 10 min. The heights of these SU-8 features were
inspected by a stylus profilometer (Veeco, DekTak 8).
Using soft lithography techniques, we molded microwells onto a PDMS (Sylgard 184, Dow
Corning) sheet via the silicon master with micro-posts. First, we treated the surface with
Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (TFOCS, Gelest, PA, USA) to prevent
cured PDMS sticking to the master. Then, we poured a thoroughly mixed, degassed PDMS
precursor (ratio of base and curing agent = 10:1 by weight) onto the silicon master in a plastic Petri
dish and allowed the PDMS to cure at 70 °C overnight. After the PDMS was fully cured, we peeled
it off and cut it into the desired size (25 mm × 25 mm). A PDMS spacer ring (thickness:
approximately 600 μm) was directly cut out of a plain PDMS sheet as a square, matching the size
of the patterned PDMS substrate. A square coverslip with standard dimensions (22 mm × 22 mm,
thickness: 120 – 160 μm) was used to seal the whole device. Before assembling, we treated the
PDMS substrate and spacer ring in a plasma cleaner (Harrick Plasma) and allowed them to partially
recover its natural hydrophobicity in a sterile ambient environment overnight. All three
components were sterilized all the three components with 70% ethanol and then with UV light for
15 minutes.
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4.2.2

Preparation of Collagen Gel and Matrigel

Eight parts of type I bovine collagen monomer solution (3.1 mg/mL, pH 2, PureCol, Advanced
Matrix, USA) was diluted with one part of 10´ PBS, and then neutralized to a pH of 7.2 – 7.6 with
0.1M sodium hydroxide (NaOH) solution. To avoid local pH variance, the solution was pipetted
up and down each time a fraction of NaOH was added. The final volume was adjusted to ten parts
with ultrapure water. Using this method, the concentration of the neutralized collagen solution was
2.48 mg/mL. Based on the final concentration desired, we were able to adjust the collagen solution
to any concentration lower than 2.48 mg/mL, by diluting with cell culture medium. Matrigel
(growth factor-reduced, Corning Life Sciences, Lowell, MA) was diluted with cell culture medium
to a final concentration of 5 mg/mL. To prevent local gelation, all the solutions and tubes were
chilled and all mixing operations were conducted on ice, for both gels. Since air could be
introduced via mixing process, the final collagen solution was degassed on ice in a vacuum
desiccator to eliminate bubbles during gelation.
4.2.3

Cell Culture

In the study of cell proliferation and tumor growth in 3D, we chose a human colon cancer cell line
HCT-116 (ATCC) as a cell model. Before loading the cells in the chip, we cultured them on tissue
culture flasks in McCoy’s 5A modified medium (Corning) with 10% (vol/vol) FBS (Gibco) and
1% penicillin/streptomycin (Gibco) at 37 °C and 5% CO2 in a humidified incubator. The cell
culture medium was changed every other day and passaged when cells reached over 80%
confluency. When the cells were embedded in 3D collagen, we continued culturing them by
submerging the chip in fresh cell culture medium. Passage numbers of the cells used in this
research did not exceed ten.
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4.2.4

Device Preparation and Assembly

Before drop-patterning, the surface of the inherently hydrophobic PDMS microwell substrate
(bottom component, Figure 4.2a) was treated with air plasma (Harrick Plasma) for 30 seconds, a
process that renders its surface hydrophilic. The substrate was then placed in a sterile ambient
environment overnight to partially recover its natural hydrophobicity. This step allowed for
optimal wetting behavior while preventing cell attachment to the microwell walls. The surface of
the plasma-treated microwell substrate and the glass coverslip were then incubated at room
temperature for one hour with a 10% bovine serum albumin (BSA) solution to further prevent cell
attachment.
After the BSA treatment, 250 µL cell suspension (1 ´ 106 cells/mL) was seeded on the
microwell substrate and the cells were allowed to settle into the microwells for about 5 min. Then
the supernatant was removed and excess, untrapped cells were gently flushed away with
phosphate-buffered saline (PBS). A Kimwipe was used to carefully dry the unpatterned area near
the edges of the substrate, while keeping the central, patterned area wet. A dry PDMS spacer
(middle component, Figure 4.2a) was then rapidly placed onto the substrate to create a chamber.
This chamber was filled with a collagen solution (1.0 mg/mL) and then sealed with the coverslip
(top component, Figure 4.2a).
4.2.5 Immunohistochemistry
HCT-116 tumor arrays were grown in 3D collagen I or Matrigel for multiple days. Collagen gels
were then transferred into a glass bottom dish (World Precision Instruments, FL, USA) for fixation
and imaging. Because Matrigel tended to break when we tried to transfer it from a chip to a new
dish, we directly stained the MCTS in the Matrigel on chip and conducted confocal imaging
through the coverslip. Specifically, the samples were washed in PBS, fixed with 3.7%
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paraformaldehyde at 37 °C for 30 min, and permeabilized with 0.5% Triton X-100 at 37 °C for
30 min. After washing with PBS three times for 30 min, the samples were blocked for 10 hours in
5% BSA in PBS at room temperature. Samples were then incubated at 4 °C with a primary
vimentin antibody (1:50, mouse, Santa Cruz) diluted in incubation solution (PBS with 0.1% BSA)
overnight. An F-actin probe rhodamine phalloidin (1:50, R415, Thermo Fisher) and a second
antibody (1:50, mouse, Alexa Fluor 488, Santa Cruz) were then applied in dark at 4 °C overnight.
The nuclei were then stained with Hoechst (0.2 μg/mL, Hoechst 33342, Thermo Fisher) at room
temperature in dark for 4 hours. In the cell viability assays based on collagen, HCT-116 single
cells or small cell clusters were stained with calcein AM and EthD-1 (LIVE/DEAD Viability Kit,
Invitrogen) 19 hours after drop-patterning.
4.2.6

Image Acquisition and Statistical Analysis

Bright field images of microwells and cells were obtained with an inverted microscope (Zeiss,
Axio Vert.A1). Fluorescence images of cells/MCTS and reflectance imaged of collagen
microstructure were acquired with a laser scanning confocal microscope (Zeiss, LSM 510 META).
3D reconstructions of z-stacks of MCTS arrays were performed on software ZEN (Zeiss) and 3D
rendering based on confocal microscopic images was made by software Imaris 8 (Bitplane). Cellcell distances were measured with ImageJ.30 All data was presented as mean ± standard deviation
(s.d.), except for Figure 4.4a where the boxes represent the 25th to 75th percentile and the whiskers
represent the minimum-maximum range. Statistical difference was determined by Kruskal–Wallis
test with Dunn’s post hoc testing for multiple comparisons. Differences were considered
significant at P < 0.05.
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4.3

Results

Our platform capitalizes on the single-cell arraying power of microwells, which are fabricated by
standard soft lithography techniques. Once the cells are trapped in the microwells, the platform is
inverted and the cells are allowed to drop into a hydrogel that is in the process of gelation.
Therefore, we term the platform “the drop-patterning chip”. In this article, the detailed operation
of the drop-patterning chip is first presented for large-scale arrays based on collagen I.
Performance of the method is evaluated by its patterning efficiency, single-cell occupancy rate,
and spatial distribution of cells in 3D collagen gel. The gentle transfer method furthermore leads
to excellent cell viability. Finally, we present longitudinal observations of cell motility and in situ
development of multicellular tumor spheroids (MCTS) from these individual cells in two
representative, widely used matrices: collagen I and Matrigel.
4.3.1

The Drop-Patterning Chip

The drop-patterning chip consists of three layers (Figure 4.2a), which create a closed chamber that
is filled with hydrogel (Figure 4.2b). The three layers, from bottom to top, are a poly
dimethylsiloxane (PDMS) microwell substrate, a PDMS square frame spacer (thickness:
approximately 600 µm), and a standard glass coverslip (thickness: 170 µm). Due to the natural
adhesion of PDMS to itself and between PDMS and glass, the three layers spontaneously bond
together with slight pressure applied by hand. This bond is reversible so the three components can
be cleaned and reused. The microwell dimensions—30 µm in diameter and 27 µm in depth—are
on the order of the size of a single cell. All data presented here are based on the experiments carried
out on microwell arrays with center-to-center spacing (along both columns and rows) of 100 µm,
150 µm, or 200 µm. On each drop-patterning chip, we designed four arrays with 100-µm spacing,
fours arrays of 150-µm spacing, and three arrays of 200-µm spacing. Each array is comprised of
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400 microwells (20 ´ 20). Hundreds to thousands of cells may be captured in the wells on a chip
for subsequent simultaneous patterning in a hydrogel (Figure 4.2c).

Figure 4.2: Drop-patterning chip design. (a) Schematic of the three-layer configuration of the drop-patterning
chip. From bottom to top: PDMS microwell substrate (1.5 mm thick), PDMS square frame spacer (inner side
lengths 15 mm, thickness: approximately 600 µm), standard glass coverslip (22-mm square) (b) Photograph
of an assembled chip with collagen I. The chip was designed to fit in a 35-mm Petri dish lid. The inset shows a
section of a microwell array with inter-well spacing of 150 µm. (Scale bar: 25 mm) (c) The hierarchical
organization of cells patterned in a hydrogel enables repeated tracking and longitudinal observation (time: t0
to t1) of a large sample of cells.
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4.3.2 Step-By-Step Drop-Patterning in Collagen
The first set of steps of the drop-patterning technique includes priming the microwells with cells
and assembling the chip (Figure 4.3a, steps 1-5). A cell suspension (approximately 250 µL, 1 ´
106 cells/mL) was deposited on to the PDMS substrate patterned with microwell arrays. Treating
the PDMS substrate with air plasma and then incubating in bovine serum albumin (BSA) prior to
seeding promoted surface wetting and prevented cell attachment, respectively. After allowing the
cells to settle into the microwells for 5 minutes, excess medium and cells were removed from the
surface by gently flushing with phosphate-buffered saline (PBS). The PDMS spacer (middle
component, Figure 4.2a) was then assembled atop the substrate, creating a chamber. This chamber
was filled with about 300 µL collagen I solution (1.0 mg/mL) and then sealed with the coverslip
(top component, Figure 4.2a).
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Figure 4.3: Schematics and images to illustrate the drop-patterning method. (a) 1. A cell suspension is seeded
on a substrate containing arrays of microwells. The cells are allowed to settle for 5 minutes. 2. Excess cells are
gently flushed away with PBS. 3. A PDMS spacer is assembled onto the microwell substrate to create a
chamber. 4-5. Once filled with collagen solution, the entire chamber is sealed with a coverslip. 6. The chip is
inverted, and the trapped cells begin falling out. 7-9. When most cells settle on the glass coverslip, the chip is
prewarmed at 37 C° for 4.5 minutes and then inverted again. The cells start falling back into the collagen
precursor and the collagen is allowed to gel at 37 C°. After the cell pattern is encapsulated in the collagen gel,
the coverslip is carefully slid aside for nutrient exchange. (b) On chip, real-time monitoring (bright-field
imaging) of cell-array embedding in collagen by drop-patterning. The imaging started immediately after the
first inversion, and always focused on a single cell indicated with a red triangle. The cell doublet in the red
circle was stuck in the well and did not fall into the collagen precursor. The blue arrow may be used to keep
track of a cell/position before and after the second inversion. (Scale bar: 50 µm)
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The second set of steps of the drop-patterning technique transfers the array of cells into the
collagen gel (Figure 4.3a, steps 6-9). The enclosed chip was inverted and the trapped cells were
allowed to fall, due to gravity, out of the microwells. Adhesion of the cells to the PDMS microwell
walls varied, therefore not all cells fell out of the microwells simultaneously. This means pattern
fidelity may be lost and some cells may not be fully transferred into the gel. To improve the pattern
fidelity, we first let the cells fall to the coverslip at room temperature, which took about 10 minutes.
The chip, with most cells on the coverslip, was then prewarmed at 37 °C in an incubator for 4
minutes and 30 seconds, allowing the collagen to start gelling. Then we inverted the chip once
again upon which time all cells fell from the coverslip simultaneously; adhesive interactions
between the cells and the BSA-treated coverslip were weaker and more uniform than those
between the cells and microwells. The synergy of the rate of collagen gelation and velocity of the
falling cells resulted in the cell array becoming fully encapsulated approximately on the same focal
plane. After the cells were patterned in collagen gel, the whole chip was submerged in medium for
on-chip 3D cell culture. PDMS chambers have been proved to be suitable for 3D cell culture due
to the oxygen permeability of PDMS.104 The coverslip was also carefully slid aside for nutrient
and oxygen exchange.
To visualize the drop-patterning method, the whole process was monitored under a bright field
microscope (Zeiss, Axio Vert.A1) (Figure 4.3b). Focus was maintained on a single cell (indicated
with red triangles) in the array. Immediately after the first chip inversion (labeled Time 0), the
cells were still trapped in the microwells. After 2 minutes, the microwells were out of focus, which
means cells left the microwells and were traveling through the collagen solution. It took
approximately 8 minutes for the single cells and 11 minutes for most the cells and cell clusters
(i.e., a doublet of cells, indicated with a blue arrow) to settle on the coverslip. Another doublet
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remained stuck in a microwell (indicated with a red circle). Then the chip was transferred into an
incubator for prewarming. After an incubation time of 4 minutes and 30 seconds at 37 °C, the chip
was inverted a second time and incubated at 37 °C for 30 minutes longer. The resulting, fully
embedded, 3 ´ 3 cell array is shown in the final image of Figure 4.3b. We verified the cell arrays
were fully embedded in the gel-filled chamber without contacting either top or bottom surface by
imaging the chip on different focal planes after the collagen gelled.
4.3.3 Cell Patterning Efficiency
Cell trapping efficiency is considered an important measure of the performance of microwell
arrays in high-throughput research on anchorage dependent cells.90,105 Similarly, the percentage of
cell-occupied positions in the embedded 3D pattern reflects the overall efficiency of the droppatterning method, which we defined as cell-patterning efficiency. As shown previously, not all
trapped cells fell out of the wells, which means there was a nominal discrepancy between the celltrapping efficiency in the microwells and the cell-patterning efficiency in collagen. Both the celltrapping efficiency and cell-patterning efficiency were calculated according to equation (4.1), by
dividing the total number of cell-occupied positions either in the microwells or in the collagen by
the total number of microwells.

Efficiency (%) =
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× 100

(4.1)

Cell-trapping (T) and cell-patterning (P) efficiencies for this method were measured on a total
of forty 20 ´ 20 microwell arrays distributed over four chips (Figure 4.4a). All three different interwell spacings (100 µm, 150 µm, and 200 µm) were used. Figure 4.4c summarizes the number of
arrays that were measured on each chip. No statistical difference was measured in the patterning
and trapping efficiencies between different inter-well spacings within a chip (Figure 4.4a), which
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suggests that inter-well distance does not markedly affect efficiencies. The discrepancies between
patterning and trapping efficiencies on different chips showed consistency regardless of the
fluctuation in trapping efficiency (details in Figure 4.5), which implies that this discrepancy is
mainly due to the inherent adhesive interactions between cells and the microwell substrate
material. In Figure 4.4b, the overall trapping and patterning efficiencies on the four individual
chips were calculated as the mean of the efficiencies of all arrays on each chip from Figure 4.4a.
The difference in trapping efficiency was statistically significant between chips. We attribute this
fluctuation in trapping efficiency to the imprecise nature of the manual trapping operations. In
other words, increasing the trapping efficiency would lead to a higher patterning efficiency. The
average cell-trapping efficiency and cell-patterning efficiency of all arrays on the four chips were
65.7 ± 11.5% and 51.2 ± 11.7%, respectively.
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Figure 4.4: Cell trapping and patterning efficiencies of the drop-patterning method. (a) Trapping efficiency
(T) and patterning efficiency (P) of arrays with inter-well spacing of 100 μm, 150 μm, and 200 μm on four
chips. Kruskal-Wallis test with Dunn’s post hoc for multiple comparisons was performed between efficiency
data sets within individual chips. Boxes represent 25th to 75th percentile and whiskers represent minimummaximum. No statistical difference (N.S.) occurred in the efficiencies between the different inter-well spacings
except in one case. (*P < 0.05). (b) Mean efficiencies of all arrays on each chip were depicted on a bar plot
(mean ± s.d.) overlaid with data (*P < 0.05, ***P < 0.001 based on Kruskal-Wallis test with Dunn’s post hoc
for multiple comparisons). (c) The number of arrays used to measure efficiencies on each chip. (d) The
probability distribution of number of cells per occupied position determined from observations of all 20 × 20
arrays on the four chips. (e) Schematics illustrating the observed cell occupancy scenarios at the droppatterned positions.
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Figure 4.5: Statistics of the discrepancy between trapping efficiency and patterning efficiency of each array
on each chip. Each data point represents a trapping efficiency subtracted by the corresponding patterning
efficiency of an array. This discrepancy suggests 10-25% occupancy, on average, of the 400 positions in an
array could be lost because a fraction of the trapped cells were stuck in the microwells. Kruskal-Wallis test
with Dunn’s post hoc testing was conducted to compare different chips with the same cell-cell distances, and
different inter-well distances on the same chips. There was no statistical difference at P < 0.05.

In addition to single cells, small cell clusters, such as doublets and triplets, were trapped in the
microwells and patterned in collagen (Figure 4.4e). This occurred due to a combination of factors
including cell size variation and the susceptibility of cells to dissociation with enzymatic digestion.
For the cell line and treatment we used (see Materials and Methods), the probability of finding a
given number of cells in an occupied position corresponding to the 20 ´ 20 positions of an array
is presented in Figure 4.4d. Each data point present a probability measurement based on an array.
The single-cell probability was 40%-60% on average and depended on how well the cells were
disassociated. Even though cell-patterning efficiency may vary, the probability of the number of
occupant cells per position was relatively consistent across chips.
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4.3.4

Large Scale Array Patterning and Characterization of Spatial
Distribution in Collagen

Compared to the common in vitro 3D cell culture protocol of randomly embedding hundreds or
thousands of cells in a matrix, the drop-patterning chip is able to embed a similar sample size of
cells in a matrix, approximately on the same focal plane in a well-organized way (Figure 4.6a).
The cells may be cultured for time periods up to several days (Figure 4.6b). Cells can always be
located in an array of hundreds of cells during multi-day incubation times. To illustrate this, we
used two ROIs, which are drawn on images at the time of drop-patterning (Figure 4.6a) and after
three days (Figure 4.6b and Figure 4.7). On day 3, the cells (phase-contrast images shown in Figure
4c) were fixed and their nuclei and actin fluorescently labeled in order to visualize cell morphology
as the result of the 3-day incubation within the drop-patterning chip (Figures 4.6d). The majority
of cells formed small MCTS with diameters of 30-60 μm. However, there were a few positions
where cells exhibited a much more migratory phenotype (e.g., white arrowheads in Figure 4.6d).
The drop-patterning chip also demonstrated the ease of protein expression assay for the cells in
selected positions via immunostaining. For example, the intermediate filament protein vimentin,
which is typically upregulated in cells undergoing epithelial-to-mesenchymal transition
(EMT),106,107 was labeled on the array of MCTS, as shown in Figure 4.7.
In order to confirm that drop patterning does not damage living cells, cell viability assays were
conducted via calcein acetoxymethyl ester (AM) and ethidium homodimer-1 (EthD-1) staining 19
hours after the cells had been patterned in the collagen gel. Figure 4.6e is a representative image
of the resulting fluorescent signals on a section of an array. Two replicates (two chips prepared at
different times) following the same drop pattering protocol were tested. Random regions on the
chips were imaged. We achieved an average viability of 98%: 458 of 470 cells in the first chip and
358 of 361 cells in the second chip survived.
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While cells are being drop-patterned in the collagen solution, cell drifting in the plane of the
array may occur. Drifting influences the patterning fidelity (Figure 4.6f). To quantify the fidelity
of the drop-patterning method, we measured the horizontal (X) and vertical (Y) distances (arrows
in Figure 4.6f) between two cells or clusters that were patterned by neighboring microwells
(150 µm spacing) immediately after collagen gelation. Kernel distributions of the cell-cell distance
(Figures 4.6 g, h) were based on a total of 558 measurements in the X direction and 515
measurements in the Y direction on four arrays from four individual chips. On each array, at least
100 cell-cell spacing distances in each direction were measured. The number of measurements
depended on the cell patterning efficiency. The cell-cell distances in both directions in each array
are also presented as the mean ± standard deviation overlaid with all measurements in Figure 4.6i.
Arrays from difference chips showed similar distributions in both directions. The averages and
standard deviations of all measurements are 143 ± 26 µm in the X- and 144 ± 24 µm in the Ydirection.
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Figure 4.6: Large-scale cell array patterning in 3D collagen. (a) An array (patterned by 20´20 microwell
array, inter-well spacing: 150 µm, patterning efficiency: 61%) of single cells and small cell clusters developed
into (b) an array of MCTS after three days. The air bubble trapped between the PDMS and Petri dish lid in
(a) did not interfere with drop-patterning. Region of interest 1 (ROI1) and region of interest 2 (ROI2) are
enclosed by blue and red lines, respectively. (Scale bars: 200 µm) (c) Phase-contrast images of the MCTS
array developed from the cells in ROI1 and ROI2 after three days. (Scale bars: 50 µm) (d)
Immunofluorescence imaging (blue: Hoechst, red: F-actin, maximum projection) of the MCTS array
developed from the cells in ROI1 and ROI2 (enclosed in white dotted lines in c) after three days, showing the
difference in morphology between MCTS. Cell migration into the collagen matrix is observed (arrow heads).
(Scale bars: 50 µm). (e) Viability assay (19 hours after embedding) of drop-patterned cells with calcein AM
(live cells, green) and EthD-1 (dead cells, red). (f) Cell array patterned (patterning efficiency: 65.8%) in
collagen by 20´20 microwell array with inter-well spacing of 150 µm in the columns and rows showing how
the cell-cell distance characterization was performed (Scale bar: 200 µm). Kernel distributions of cell-cell
distances (g) in the rows (X) and (h) in the columns (Y) on four arrays are overlaid on the corresponding
histograms. (i) Distribution of all distance measurements overlaid with mean ± standard deviation.
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Figure 4.7: Large-scale cell patterning in 3D collagen and intensity evaluation of vimentin. (a) Large-scale cell
array patterning in 3D collagen (Left, scale bars: 200 µm) with ROI1 (highlighted in red, corresponding to
Figure 4.6) for cell behavior tracking over three days (Right, scale bars: 50 µm). (b) Bright-field imaging of
the region indicated by yellow dotted lines in (a), and immunofluorescence confocal imaging (maximum
projection) of vimentin (staining protocol in Materials and Methods) in the cells of the same region.
Fluorescence intensity (grey value) was measured along the horizontal and the vertical lines indicated in the
images (scale bars: 100 µm). We demonstrated the robust staining for the samples prepared on the droppatterning chip and the ease of analyzing the expression in individual positions.
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4.3.5 Longitudinal Observations of Single Cell Motility, Division, and Tumor
Development in Collagen
As discussed previously, the drop-patterned cell arrays enable the study of single-cell behavior in
3D gels over extended periods of time. In Figure 4.8a, an array of cells was drop-patterned into
collagen I and the cells were tracked in nine positions over 3.5 days. Here, we demonstrated the
ease of following the progression of multiple cells over periods of time, even when not kept
directly on an incubator-equipped microscope stage. Pattern fidelity allowed for easy, repeated
location of the cells. The position shift of the collagen gel with respect to the PDMS microwell
substrate—the gel detached after cell culture medium was added—did not affect the fidelity of the
cell array. For illustration, the region with the 3 ´ 3 cell array has been visually divided and labeled
as zones I through IX. The patterned array consisted of eight single cells (I-VIII) and one doublet
(IX). All cells survived, and they divided within two days.
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Figure 4.8: Longitudinal observations of 3D on-chip single cell motility and MCTS development in collagen.
(a) Phase-contrast images of MCTS progression from a 3 × 3 cell array in collagen (1.0 mg/mL). The field of
view is divided into nine zones (I-IX) with dotted lines. Cell protrusions over time are indicated with
arrowheads (red: zone I, blue: zone II, green: zone V, white: IX) (Scale bars: 50 μm). (b)
Immunofluorescence imaging (red: F-actin, blue: Hoechst) of the array if four MCTS that developed from
the cells in zone V, VI, VIII, and IX (Scale bar: 50 μm). (c) Confocal reflectance imaging shows the collagen I
(1.0 mg/mL) microstructure (thickness: 7 μm, maximum projection), and verifies the MCTS were fully
embedding when developing (Scale bar: 50 μm). (d) 3D rendering of the MCTS array in (b) showing single
cell migration (arrows) and collective migration (arrowheads) in 3D (Scale bar: 40 μm). The MCTS are colorcoded by their volumes.
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Evidence of protrusive (Figure 4.8a, red and blue arrowheads) and motile behaviors was
readily observed over the 3.5-day period. Notably, the cells in zones I and II exhibited extensive
protrusive behaviors into the collagen matrix starting from day 2, with the protrusions changing
directions during the first 7 hours of day 2. Also in the first half of day 2, cells from zones I, III
and VII underwent phenotypic change and migrated away from their respective initial positions.
After 3.5 days in the collagen gel, cells in zones II, III, IV and VII displayed the highest motility.
They continued to proliferate and migrate into neighboring zones.
In contrast, the cells in zones V, VI, VIII and IX were not, at least initially, as motile, however,
they did proliferate. The three single cells and one cell doublet began forming MCTS within the
first two days. Only after three days did cells from these MCTS begin to form protrusive actions
and migrate away from the MCTS in both single-cell (green arrowhead) and collective (white
arrowheads) manners.
After 3.5 days, the cells in the 3 ´ 3 array were fixed and their nuclei (Hoechst, blue) and Factin (phalloidin, red) were stained. A confocal image stack (height: 112 µm) was acquired from
a focal plane above a tumor array to a focal plane below the tumor array (Figure 4.8b). Collagen
fibers were auto-fluorescent in the blue channel on both the first and the last several images with
no F-actin (red) observed, which verified that all the tumors were fully encapsulated in collagen.
Reflectance confocal microscopy was used to visualize detailed microstructure of collagen
(thickness: 7 μm) surrounding the migrating cells (Figure 4.8c). 3D-reconstruction (Figure 4.8d)
of the array of four solid tumors in Zones V, VI, VIII, and IX clearly shows the spatial relationship
between tumors and the cells (marked with arrows) that were escaping the tumors, and reveals that
cell migration in collagen did not only happen within the plane of the cell array.
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4.3.6 Longitudinal Observations of Cell Morphology, Division, and Tumor
Development in Matrigel
Using collagen I for 3D culturing of cells provides them with a fibrillar network similar to the
native ECM in which a mesenchymal phenotype and protrusive sensing are promoted. Matrigel,
on the other hand, originating from the epithelial basement membrane, provides a different set of
physical and biochemical cues for cells in 3D culture,108,109 which promote organoid formation
and tumor growth.110,111 As Matrigel is a popular 3D culture matrix, we demonstrated that our
drop-patterning method would be amenable to its usage. A Matrigel concentration of 5 mg/mL
was used. According to the manufacturer, Matrigel gels rapidly at 22°C to 37°C. Indeed, when
dropping the cells into Matrigel by inverting the chip at room temperature, we found that before
cells reached the coverslip (spacer height: 600 μm), the rapid gelation of Matrigel had already
captured the cells in the chamber. This process took only about 10 minutes. After the cells were
no longer sinking, the chip was transferred to a 37°C incubator for 10 minutes to fully gel the
matrix.
Large-scale cell arrays were patterned in Matrigel with a nominal cell-cell spacing of 100 μm
(Figure 4.9a) and incubated for 3.5 days (Figure 4.9b). Within the larger array, two regions of
interest are outlined (ROI1: blue and ROI2: red) from which higher magnification insets are
presented. The multiple-day monitoring of cell proliferation in ROI1 is shown in Figure 4.9c.
Again, ROI1 was divided into eight zones. Zone I and III were vacant. The single cells in Zones
V and VII divided into doublets after one day. Instead of protruding and migrating through the
matrix as in collagen I, the HCT-116 cells tended to maintain their positions and develop into
MCTS in the Matrigel. After fixing the tumor arrays in Matrigel at Day 3.5, we acquired
fluorescence (red: F-actin, blue: nuclei) confocal images of the solid tumors in ROI1 (Figure 4.9d)
and ROI2 (Figure 4.9f), to further compare the morphologies of these tumors. Figure 4.9e shows
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the 3D reconstruction of ROI1, color-coded by tumor volume. From Figure 4.9d and f, it is clear
that no cells formed protrusions into the Matrigel.
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Figure 4.9: 3D on-chip MCTS development in the basement membrane matrix Matrigel. (a) Large-scale cell
array in Matrigel, which developed into (b) an array of MCTS after 3.5 days. Region of interest 1 (ROI1) and
region of interest 2 (ROI2) are enclosed by red and blue lines, respectively. (Scale bars: 200 µm) (c)
Longitudinal observation of tumor development in ROI1 over 3 days. (Scale bars: 50 µm) (d) Fluorescence
confocal imaging (red: F-actin, blue: Hoechst) of the MCTS array developed from the cells in ROI1 after 3.5
days. (Scale bar: 50 µm) (e) 3D rendering of the MCTS array in (d) color-coded by volume. (f) Fluorescence
imaging (red: F-actin, blue: Hoechst) of the MCTS array developed from the cells in ROI2 after 3.5 days.
(Scale bar: 50 µm)
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4.3.7 Other Single-Cell Resolution Patterns in 3D
Array patterns may be an efficient tool for ease of locating individual cells when one studies single
cell behaviors in 3D matrices. However, the drop-patterning method may also be used to produce
other, more complex patterns that may be designed, for example, to induce or prohibit cell-cell
interactions using spatial variations in the cell density. We demonstrated this capability with a
couple of different patterns that we dropped into collagen I (Figure 4.10a). We illustrate the
flexibility in pattern design with the letters R, P, and I (abbreviation for Rensselaer Polytechnic
Institute) (Figure 4.10b). To demonstrate how variable spacing may be used to investigate cell-cell
interaction distances as a function of matrix properties, a concentric-circle pattern consisting of 16
radial lines was drop-patterned and the cells were incubated (Figure 4.10 c, d) for six days.
In the concentric-circle pattern design, the cell-cell spacing along the radii is 100 µm (red doubleheaded arrow, Figure 4.10 c). The cell-cell spacing on a circle is proportional to its radius (i.e.,
larger when the radius is larger). Thus, the area density of cells varies in radial direction and the
cell-cell distance (black double-headed arrows) can be varied within one pattern. We observed that
varying cell spacing might be used to probe the sensitivity of cells to signaling from neighboring
cells as a function of spacing. Comparing Figure 4.10c and 4.10d, we found MCTS merged when
they were patterned close to each other (blue dotted ellipses). Overlaid on the image in Figure
4.10d (at day 6) are the radial patterns (dotted yellow lines) and short solid lines (red and black)
parallel to cell protrusions from the tumors. The lengths of the solid lines indicate the protrusion
lengths. The black lines represent the cells protruding towards adjacent MCTS in the radial
direction, while the red lines indicate protrusions between MCTS in the circumferential direction.
The green circle (radius R = 500 µm) with a nominal cell-cell distance (black double-headed
arrow) of approximately 200 µm encloses most cell protrusions occurring between MCTS in the
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circumferential direction (i.e., red solid lines). Cell patterns like the concentric circles may be
potentially used as a tool to study cell-cell interactions and characterize the distance range for
mechanical or chemical communications between cells with respect to matrix properties.

Figure 4.10: Various patterns at the single-cell level in collagen produced with the drop-patterning method.
(a) Photograph of the drop-patterned collagen gel in a 35-mm glass-bottomed Petri dish with millimeter-scale
tumor patterns growing for six days from the single-cell level. (Scale bar: 15 mm) (b) Fluorescence images
(Hoechst, maximum projection) of cell-assembled capital letters R, P, and I (abbreviation for Rensselaer
Polytechnic Institute) after six days of growth in the collagen. (c) Single cells and small cell clusters were
drop-patterned in collagen in concentric circles demonstrating the capability of producing varying
intercellular spacing within one pattern (double-headed arrows). Ninety-nine of a total of 128 positions were
occupied by cells (78% patterning efficiency). (d) Six-day culture of the cell pattern in (c) showing MCTS
growth, cell migration, and cell protrusions in between MCTS (red and black solid lines). The radius R of the
green circle is 500 µm. Blue dotted ellipses indicate two separate cells in (c) proliferating and merging into
one MCTS in (d) after six days. (Scale bars: 200 µm)
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4.4

Discussion and Outlook

Here we presented the development and performance evaluation of a method for embedding arrays
and planar patterns of cells completely within hydrogels. The cells do not sit within discontinuous
interfaces or at boundaries between stiffness-mismatched materials. Our desire for developing
such a tool arose from facing the challenges of obtaining significant numbers of data points on the
physical behavior of single cells and/or aggregates of cells embedded in 3D matrices over time.
The drop-patterning method is easy and inexpensive to employ and significantly eases the task of
collecting large numbers of data points for many different types of 3D cell studies including: cellmatrix interactions, cell-cell interactions, cell division mechanics, and organoid or MCTS growth.
To evaluate the performance of our method, we drop-patterned cells into collagen I gels using
evenly spaced arrays of single-cell-sized microwells. We reported the trapping, patterning, and
single-cell efficiencies from hundreds of cells patterned in multiple trials. Reported for similar
microwell trapping technologies are trapping efficiencies as high as 85% to 92%.89 Our experience
and other reports, however, indicate that the single-cell trapping efficiency of passive methods
such as microwells is highly dependent on cell type and the ease with which the cells may be
dissociated. This results in single-cell efficiencies on the order of 26%112 to 34%,105 and
probabilities of cell numbers per well or per chamber fitting the Poisson distribution.113 Our singlecell efficiency is currently on par with these other studies. We believe this may significantly be
improved by designing the trapping steps around a more efficient microfluidic method.114,115
Matrix materials and their biophysical properties are important considerations when designing
and conducting studies of cell behavior in 3D. Depending on the type of study, a model of the
mechanical, morphological, and/or biological activity of the ECM may be desired. We
demonstrated that the drop-patterning method is applicable to three different types of matrix
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material: collagen I, Matrigel, and agarose (Figure 4.11). The results presented here focused on
collagen I and Matrigel, but this method may be furthermore expandable to any hydrogel
formulation for which the gelation kinetics may be controlled on the time scale of minutes. This
provides the basis for which cell-matrix interactions may be studied with respect to many different
biochemical compositions, morphologies, and stiffness of ECM at the single-cell level in a more
controllable way.

Figure 4.11: Drop patterning in agarose gel. (a) Cell patterning of HCT-116 (indicated with arrows, scale bar:
100 µm) in 3D agarose (0.3% w/v) at the single cell level developed into (b) an array of tumor after 9 days
(scale bar: 200 µm). The enclosed region in (b) is the same region presented in (a). (c) Photograph of the
agarose gel transferred in a 35-mm glass bottom petri dish with millimeter-scale tumor patterns growing for
9 days from the single-cell level (Scale bar: 15 mm). (d) Immunofluorescence imaging (blue: Hoechst, red: Factin, maximum projection) of the enclosed region in (b) (Scale bar: 200 µm).
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Compared to random mixing of cells in a gel, this well-organized method of 3D cell culture
made it possible to keep track of individual cell positions in a large sample size on one chip.
Individual MCTS could be easily traced back to the corresponding single cells or cell clusters that
they developed from. In a demonstration of the applicability of this method for tracking the
manifestation of cell behavioral heterogeneity within a matrix, we point out the distinctly different
behaviors of individual cell development in one array in both the collagen I and Matrigel. In
collagen I, we observed some cells to display more spread and motile behaviors whereas others
displayed a more proliferative phenotype (Figure 4.8). In Matrigel, although no motile behavior
was observed, the morphologies of MCTS (Figure 4.9d, e, f) were distinctly varied. Whereas some
MCTS adopted round and smooth boundaries, some MCTS (outlined with dotted lines) were less
packed and adopted a “grape-like” morphology. Morphological classifications such as this have
been previously described for a panel of human breast cancer cell lines,116 where the loosely
organized grape-like morphology has been attributed to weaker cell-cell adhesion. We believe the
drop-patterning chip will become a useful tool to isolate and study the biological basis of different
phenotypic behaviors displayed within the same cell line with respect to interactions with matrix
materials.
Technologies, such as cell microdroplets117 and micro-chambers along a microfluidic
channel105, are able to provide cells a 3D environment while possibly allowing for cell proliferation
to be tracked in individual droplets or chambers. However, these methods lack the ability to expand
the complexity of the patterning and accurately control cell-cell interactions. The drop-patterning
technique allows for a large degree of flexibility in pattern geometry (Figure 4.10) to elicit or
minimize various cell interactions via mechanical or chemical cues. We furthermore envision that
the drop-patterning method may be used for 3D co-culture studies with, for example, cancer
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associated fibroblasts, endothelial cells, or immune cells on one chip. Although single-cell
microwells and arrays were used here to illustrate the use of this new method, we would like to
point out that it is possible to tune the size of the microwells in order to drop-pattern aggregates of
cells or pre-produced MCTS.
The flexibility with which one may choose the cell patterns as well as the types of hydrogel
makes this a generally useful tool for fields as varied as tissue engineering, stem cell research, ex
vivo cancer assays, in vitro studies on intercellular communication (e.g., neurite outgrowth of
primary neurons), and tumor-microenvironment interaction (e.g., tumor angiogenesis). The droppatterning method may also be used as part of a multiplexed design, integrated with other
platforms—such as a chemotaxis device118 or an engineered blood vessel119—to create a complex
engineered niche for large scale studies cell-matrix interactions.
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5. MARKET RESEARCH ON THE DROP PATTERNING CHIP
5.1

Introduction

In Spring 2018, I led a team of ten me members to participate a National Science Foundation
funded program NYS Capital Region I-CORP Site Program that allowed us to experience customer
discovery and market research. The team included: two academic leads (my committee member
Dr Lee Ligon from Department of Biology and my advisor Dr. Kristen Mills), seven
Entrepreneurial Leads (students) from the backgrounds of engineering, science and management
(Xiangyu Gong, Jonathan Kulwatno, Ashok Williams, Diana Bogorodskaya, Pelin Akman,
Jennifer Ding, Ziao Yan), and our Business Mentor Bruce Toyama from IgniteU. During nearly
two-month interviews with clinicians, nurses, cancer patients, and cancer research scientists, we
determined value proposition, and developed a marketing plan expanding around our “drop
patterning chip” (“brand” name: LiveDrop Biopsy). This chapter will provide a summary of our
successful application for this valuable learning experience and the final pitch of our “product”
after the market research.

5.2

Application Statement

What problem are you solving?
Cancer, the second leading cause of death, is responsible for nearly 1 in 6 deaths globally, totaling
8.8 million deaths in 2015, according to the World Health Organization (WHO). One of the
obstacles of current therapies is the complexity of tumor tissue composition. A tumor consists of
a variety of cell types and there exists a huge variation in cell behaviors and gene expressions even
among a population of the same cell type, which is termed “tumor heterogeneity”. In addition,
tumors are also unique in different patients. Thus, it is not a surprise that cancer therapeutic
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resistance occurs in all types of treatments that consider cancer a homogeneous disease. It has been
well recognized that the diagnosis of a mix of various cells significantly masks the difference in
cell response to a drug or a therapy.
To design a more effective therapeutic strategy to increase patients’ chance of survival, it
is important to better understand the behavior and response of individual cells from a tumor and
assess the extent of the cell-to-cell variation. Our technology provides a streamlined method to
isolate, grow and observe the behavior of individual cancer cells from a large cell population in a
3D scaffold, which is usually challenging to achieve using a traditional cell culture method.
Our technology is also designed to help biologists and clinicians distinguish the genetic
variation among different cells from a patient and assess the cell response to various drugs.
Therefore, it may potentially contribute to the rising market of “personalized medicine”. The
solution our technology provides can be utilized in research, pharma, biotech and healthcare.
Besides cancer research, it may also be easily extended to other fields, such as stem cell research
and tissue engineering.
Provide a non-technical description of your idea.
We named our product the “LiveDrop Biopsy”. We propose a biochip that embeds the arrays of
hundreds to thousands of single cells simultaneously in various types of 3D cell culture materials.
The well-organized cell arrays (in rows and columns) allow the user to record and track the
positions of the embedded cells. The cells of interest can be easily identified in a large population,
which makes the chip a statistically powerful tool. Our platform is manufactured with standard
microfabrication methods and is low-cost (< $1 each), and made from biocompatible materials.
The design of the arrays (e.g., shape, size) is customizable and the chip is easily adapted by any
cell types that are suitable for 3D in vitro studies, such as various types of cancer cells and stem
95

cells. There are no special tools required for using the chip. Anyone with the knowledge of basic
cell culture techniques can easily learn how to use the chip to embed cells in 3D biomaterials. This
platform has the potential to advance the field of biopsy, as well as studies on single cell response
to various stimuli and benefit the whole community of health science.
In what stage of development is your idea?
We have the first generation fully functional prototype. Our paper on the behavior of single cancer
cells based on this prototype has been peer-reviewed and accepted. We are in the process of
preparing materials for filing a provisional patent on this invention. Meanwhile, we have been
developing a more streamlined, user-friendly product based on the first prototype. Our general
focus is to research the market and identify our market niche, which will help us further develop
the right product based on customer demand and existing competitive technology. For instance,
we would like to know what the most popular biomaterials are in cell biology research, whether
our chips are compatible enough with these materials, what more advanced features we need to
add on the current platform to accommodate customers’ needs and what the main competitive
technologies are, and what are their advantages and disadvantages.
How do you think this technology can be used as a marketable product or service?
Our technology can be used as both a product and a service. As a product, it is an easy-to-use and
extendable tool that can help researchers and clinicians keep track of targeted single cells for long
period of time, by using the cells derived from the patient’s biopsy sample, or from other sources.
This tool has the potential to be widely used in new drug efficacy tests, cancer research, stem cell
research, and basic cell science. Furthermore, the tool is customizable, creating a service where
our technicians can help design and fabricate the chips with special patterns or features based on
the customers’ applications and needs. Usually lab-on-a-chip products are considered laboratory
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supplies which can be disposable due to biosafety or hygiene reasons. Since our product is costefficient, we may also provide the monthly delivery service based on how often the user disposes
the chips.
Who do you think will buy the product or service?
We expect most our users to be researchers from research institutes, clinicians from hospitals, and
R&D departments of biotechnology or pharmaceutical companies. Our product may potentially be
used by almost any health science field that is related to mammalian cell culture. Our customers
can be the heads of research labs in biotech/pharma industry, independent PIs in research
institutions, hospital and core facility administrators.
What competitive advantages do you think the technology has over current products or
services?
A commercial single cell depositing robot/single-cell printers that are able to precisely designate
positions for single cells require advanced machinery, costly maintenance, and qualified technical
support - all contributing to a high price. This steep price puts equipment of this type out of reach
of an average cell biology lab. On the other hand, depositing hundreds and thousands of cells into
an array one by one by using single-cell deposition system is not cost- and time- efficient.
Our chip is cost-efficient, easy to use, and adaptive to different materials for 3D cell culture.
Furthermore, our chip is able to deposit an array of a large population of single cells into a
biomaterial simultaneously. The deposition of thousands of cells usually takes only 5-10 minutes.
For the users who do not want to spend a fortune with a “fancy” machine to do single cell patterning
but are still struggling with single cell studies in 3D, our product is definitely a game changer.
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5.3

Final Pitch
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Figure 5.1: Presentation of our final pitch of the product “LiveDrop biopsy”.
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6. SUMMARY AND FUTURE WORK
In vitro tumor models are powerful tools for understanding the underlying mechanisms of cancer
progression due to the ease of observation and the possibility of isolating and controlling specific
conditions, such as, mechanical properties and fibrous architecture. When designing a model for
in vitro study, one should carefully evaluate whether their system is able to recapitulate the target
parameters of tumor microenvironment (TME) and how they interpret the outcome. In this
dissertation, we investigated three aspects of in vitro tumor models: (1) mechanical interactions of
cancer cells and their hydrogel matrix; (2) the role of architectural component in cancer cell
phenotype and tumor growth; (3) heterogeneity in cell response to their matrix.
Mechanics of Matrix
With a wide range of tunable stiffness by simply changing the concentration, bio-inert hydrogels,
such as agarose and alginate, have been long used to provide a 3D mechanical context to cell
division and tumor growth. Our dynamic results elucidated the perturbation of the commonly seen
ellipsoidal tumor shape in these types of hydrogel – gel fracture due to tumor expansion. A finite
element model showed that once tumor adopted the ellipsoidal shape, the mechanical stress within
the tumor became a function of tumor shape – higher stresses are associated with a higher
curvature.
Architecture of Matrix
Collagen provides a high physiological relevance as an in vitro scaffold for tumor growth. A
typical collagen-based matrix consists of dense, reticular nanofibers. However, in vivo studies
often showed cell-scale collagen bundles surrounding a tumor which could provide a highway for
the cells to escape. To fill the discrepancy between the current in vitro collagen models and the in
vivo observation, we innovated a method that enables rapid fabrication of collagen bundle of which
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the size is comparable to the in vivo tumor associated collagen structures. We showed not only is
the presence of collagen but also the collagen architecture is important in tumor progression and
cell invasion in vitro. This work may provide a new avenue towards more relevant in vitro tumor
models.
Cell Heterogeneous Response to Matrix
We invented a microchip device named “drop patterning chip” to enable patterning single cells or
small cell clusters in variety of hydrogels without any undesirable interfaces. When fully
embedded in hydrogels, a population of cancer cell exhibited difference in their interaction with
the local matrix. This heterogeneous response of a cancer cell population was demonstrated in two
widely used in vitro models: collagen and Matrigel. This platform allows repeatedly tracking cell
behavior and tumor growth in a mid- to high throughput fashion.
Future work
Physical cues, such as matrix mechanical properties and the architecture of fibrous proteins,
regulate cancer cell behavior and phenotype. Cell response to the physical cues in turn modifies
matrix properties. It is the interplay among these three aspects that make the deregulated cancer
progression complicated and difficult to fully control. In Chapter 4, we have already proposed a
co-gel system that combined mechanical stiffness of agarose and controllable collagen architecture
and shown that in the same agarose confinement collagen architecture played an important role in
cancer cell invasion. Future work may design other co-gel systems using more physiologically
relevant ECM components, such as hyaluronic acid and Matrigel. Based on these co-gel systems,
we may delve deeper into how cancer cell invasion is dictated by stiffness of the mechanical
constraints when collagen bundles are present.
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We have shown that not only temperature, but also the ion content in the solution controlled
the collagen bundle formation. Future work may further investigate the molecular mechanism of
the bundle formation at low and high ion concentrations, and determine the threshold of ion content
that prevent collagen from bundling. Fully understanding this process will provide even higher
controllability of in vitro collagen structure. As native tissues contain collagen at extremely wide
range of polymerization level, deep understanding of collagen bundling mechanism in vitro will
also allow for collagen-based models that better mimic the hierarchical collagen structure.
Drop-patterning chip have demonstrated preliminary results on behavioral heterogeneity
in a population of cancer cells – some cells were more migratory than the others; some tumors
adopted different morphologies from the others. We suspected this behavior heterogeneity was
caused by the genetic variation within the cell population. With the drop-patterning chip, further
work can focus on investigating the genetic heterogeneity related to the behavior heterogeneity.
The drop-patterning chip allows us to pinpoint the target cells or tumors and select them using
technologies like a laser capture microdissection system for further genetic analysis. When the
workflow is matured and more streamlined, we may collaborate with hospitals and study patients
samples. The effort may provide insight in cancer heterogeneity and a more precise treatment plan,
therefore a better treatment outcome.
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