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Abstract:
Cells communicate through the extracellular matrix (ECM) in many physiological and pathological
processes. This is particularly important during cell migration, where cell communication can alter both
the speed and the direction of migration. However, most cell culture systems operate with large volumes
relative to cell numbers, creating low cell densities and diluting factors that mediate cell communication.
Furthermore, they lack the ability to isolate single cells or small groups of cells. Droplet forming devices
allow for an ability to embed single or small groups of cells into small volume segregated 3D
environments, increasing the cell density to physiological levels. In this paper we show a microfluidic
droplet device for fabricating 3D collagen-based microtissues to study breast cancer cell motility. MDAMB-231 cells fail to spread and divide in small, thin chambers. Cell migration is also stunted as compared
to thick 3D gels. However, larger chambers formed by a thicker devices promote cell spreading, cell
division and faster migration. In the large devices, both cell-ECM and cell-cell interactions affect cell
motility. Increasing collagen density decreases cell migration and increasing the number of cells per
chamber increases cell migration speed. Furthermore, cells appear to sense both the ECM-chamber wall
interface as well as other cells. Cells migrate towards the ECM-chamber interface if within roughly 150
µm, whereas cells further than 150 µm tend to move towards the center of the chamber. Finally, while
cells do not show enhanced movement towards the center of mass of a cell cluster, their migration speed
is more variable when further away from the cell cluster center of mass. These results show that
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microfluidic droplet devices can array 3D collagen gels and promote cell spreading, division and
migration similar to what is seen in thick 3D collagen gels. Furthermore, they can provide a new avenue
to study cell migration and cell-cell communication at physiologically relevant cell densities.
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1 Introduction:
Tumor cells sense and respond to both extracellular matrix (ECM) and the cells in their surroundings.
Cell-ECM and cell-cell communication are important functions that control cancer invasion and
metastasis (Quail and Joyce 2013; Wang et al. 2017). This is particularly evident in examining cell
migration, the driving force behind cancer invasion and metastasis. Traditional cell culture systems suffer
from several obstacles associated with understanding how cell-ECM and cell-cell communication
regulates migration. First, traditional cell culture systems only offer 2D surfaces. However, in vivo, cells
are frequently embedded in a 3D network of ECM and this affects their function dramatically. Second,
traditional cell culture systems do not isolate single cells or small groups of cells. Cells secrete growth
factors and cytokines and remodel the local ECM, two modes of cell-cell communication. Isolation of
single cells or small groups of cells simplifies the number of cell-cell interactions and can better
illuminate cell-cell communication. Third, traditional cell culture systems operate at low cell densities.
Densities in the tumor are typically at 10-100 cells/nl (Del Monte 2009). In the stroma this could be up to
10-100 fold smaller due to its sparse nature (0.1-1 cells/nl). Typical tissue culture tends to operate at 0.010.1 cell/nl (Bianconi et al. 2013). This is on the low end of cell density. This means that growth factors
and cytokines are diluted in the media to nonphysiological levels. Finally, traditional cell culture systems
do not offer easy ways to generate multiplexed environments. Approaches to generate microtissues, small
tissues that retain important ratios between cell and ECM, are needed. In this paper we embed and array
cancer cells in 3D collagen gel microtissues at physiologically relevant cell densities that mimic the tumor
microenvironment and assess the cell migration response. We focused on fabricating microtissues with
small numbers of cells in order to examine single cells or small groups of cells.
Devices and approaches to examine single cells and small groups of cells have blossomed over
the past several years (Chen et al. 2016), particularly in the fields of cancer (Delnero et al. 2013) and
immunology (Junkin and Tay 2014). Microfluidic approaches for making ECM or hydrogel droplets are
commonly generated and have been recognized as powerful tools for examining single cells (Joensson
and Svahn 2012). Cells have been embedded in droplets of alginate (Chan et al. 2016; Lin et al. 2007;
Park et al. 2009), agarose (Rahman et al. 2015), collagen (Hong et al. 2012; Huang et al. 2014; Jang et al.
2017; Li et al. 2013; Ma et al. 2013; Patel et al. 2015) and composite matrices (Yoshida et al. 2017) or
have been absorbed onto the outside of gelled collagen droplets (Yamada et al. 2015; Yoon et al. 2016).
One interesting study characterized cell-ECM interactions at the level of collagen droplet contraction
(Brett et al. 2016). However, many of these techniques did not allow for arraying or isolation of cellembedded ECM droplets. More recently, arraying and isolating small volumes containing single or small
groups of cells have allowed researchers to measure secreted growth factors and cytokines (Han et al.
2010; Lu et al. 2013). One of these papers correlated cell migration to different secreted factors (Lu et al.
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2013). However, both of these works included environments that presented ECM in 2D to the cells within
the isolated chambers. Others have generated the potential to array 3D ECM microtissues (Fan et al.
2017; Guan et al. 2014; Gumuscu et al. 2017) allowing one to extract individual microtissues (Guan et al.
2014), present gradients (Fan et al. 2017) or determine growth under flow conditions (Gumuscu et al.
2017), however these microtissues were not isolated, allowing the possibility of crosstalk between
microtissues. Microtissues have been isolated and arrayed and have been used for drug screening (Zhang
et al. 2016), but no migration has been determined in this system. Recently, we designed a microfluidic
chamber that can form, array and isolate collagen droplets and measured migration. However, we did not
characterize cell migration within isolated droplets (Che et al. 2016). Furthermore, we did not assess other
design characteristics that might affect cell migration within 3D microtissues.
ECM and device characteristics modulate cell migration and can possibly contribute to cell-cell
interactions. ECM characteristics like density and stiffness are known to modulate cell migration;
however, the ECM interacts with the device as well, setting up a unique interface across which
mechanical properties of the device itself can affect the stiffness in the ECM. It is well know that soft
hydrogels are stiffer when mechanically attached to stiff surfaces. This has generated differences in cell
responses to “floating” vs. attached hydrogels (Nakagawa et al. 1989; Wozniak and Keely 2005). The
local stiffness of the material decreases as a function from the interface. This has resulted in differences in
cell area and migration speed as a function of the thickness of the hydrogel attached to the stiff substrate
(Buxboim et al. 2010; Engler et al. 2006; Maloney et al. 2008). Interestingly, collagen gels can transmit
mechanical information over larger distances as compared to polyacrylamide or other non-fiber forming
hydrogels (Rudnicki et al. 2013; Souter et al. 2010). Cells further away from the stiff interface tend to be
less spread and have a smaller projected 2D area as those that are closer to the interface (Rao et al. 2012).
The distance from the stiff surface appears to modulate directed migration, but not random migration
when cells are embedded in 3D collagen gels (Feng et al. 2013). Interfacial effects on hydrogel stiffness
have been leveraged to generate environments with a gradient or step change in stiffness (Chao et al.
2014; Gray et al. 2003; Hadjipanayi et al. 2009; Raab et al. 2012). These interfacial affects are likely at
play in devices, which are frequently fabricated from materials that are much stiffer than hydrogels like
polydimethylsiloxane (PDMS). Indeed we showed a thickness dependence of cell migration speed (Che et
al. 2016). However, migration as a function of distance from ECM-device interfaces have not been
characterized and represent an important design consideration. In addition to ECM and chamber
characteristics, cell number may also impact cell motility. Cell motility is regulated by growth factors and
chemokines, both of which accumulate over time and in response to cell numbers (Lu et al. 2013).
Furthermore, in an interesting study that used dielectrophoresis to position pairs of cells, cell migration
behavior was highly dependent on whether there was one or two cells locally present (Yin et al. 2008).
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Previously we have developed droplet forming devices for drug delivery (Cheng et al. 2013). In
order to characterize how device size, along with cell-ECM and cell-cell communication regulates cell
migration, we have designed a droplet microfluidic device to fabricate 3D collagen-based microtissues
that are arrayed in chambers (Che et al. 2016). However, it was found that the cell migration speed inside
3D collagen gels trapped in chambers with volumes of 600 pl was 2 µm/h, much lower than that observed
in thick 3D collagen cultures (17.3 µm/h) (Che et al. 2016). Furthermore, cell spreading was poor and cell
division was not observed. Consequently, we redesigned the device with larger chambers (8000 pl). We
compared cell spreading, division and cell migration between large and small chambers and evaluated cell
migration in the new larger chambers as a function of ECM density, distance from the device wall and
cell number.
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2 Experimental:
2.1 Device Design
A droplet microfluidic device for generating arrayed 3D microtissues is given in Fig 1a. Filtered silicone
oil (Sigma Aldrich) was used as the continuous flow phase and the carrier fluid for the cell embedded,
ECM droplets. This device consists of a T-shaped droplet generator, a liquid-droplet merger, a serpentine
control channel, and the droplet storage chambers. The droplet generator forms cell embedded collagen
droplets. Droplets are directed through the control channel until air bubbles are eliminated from the
system and uniform droplets are formed. Once the uniform droplet generation is established, the control
channel is closed, and the outlet of the chambers is opened. As a result, the droplets flow toward the
chambers, thereby entering and occupying them one by one. Compared to the first generation device (Che
et al. 2016), the dimensions of the second generation devices have been scaled up (Fig 1b&c).
Specifically, the diameter of the chamber was increased from 120 µm to 360 µm, while the width of the
flowing channel was increased from 50 µm to 150 µm. The height of the chamber was increased from 50
µm and 80 µm. This resulted in chamber volumes of 600 pl and 8000 pl.
2.2 Device fabrication
The device was fabricated using a soft lithography process. Briefly, a SU-8 mold (50 µm, and 80 µm
thick) of the device is formed on a silicon substrate. Polydimethylsiloxane (PDMS) is then casted on the
mold, followed by 1.5 h of curing at the temperature of 65 °C. Finally, the PDMS microfluidic layer is
peeled off from the mold, and then bonded with a glass substrate coated with a 10 nm layer of PDMS spin
coated on the glass. The device was then bonded to the PDMS on the glass by heating and annealing after
oxygen plasma treatment for 10 s. The input and output holes are made in the PDMS layer for the
delivery of the samples to the chip, followed by assembling input and output tubing (Upchurch Scientific,
Inc., Oak Harbor, DC, USA).
2.3 Device assembly
The device is first soaked in PBS buffer solution (pH 7.4) in incubator at 37° overnight. Silicone oil is
used as the fluid carrier. The cell loading in the collagen droplets was tuned to generate one or two cells
within each droplet, however some droplets contained more than two cells. The collagen input tube and
syringe were submerged into a cold water tank (~4 °C) to avoid fast collagen polymerization. After the
droplets were arrayed in the chambers, the device was flipped over regularly until the collagen was fully
polymerized, thereby ensuring the cells were in the middle of the storage chamber (along the z-axis),
embedded within the 3D collagen ECM (Che et al. 2016). After the collagen was fully polymerized, we
used vacuum grease to block all the holes. This step was used to avoid liquid flowing into the device
during the experiment and dislodging the droplets from the storage chamber. We incubated the whole
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device submersed in phosphate buffered saline for 24 h. This hydrates the PDMS and decreases the
amount of fluid loss from the collagen gels in the chambers.
2.4 Cell culture
MDA-MB-231 cells (human mammary basal/claudin low carcinoma cells, ATCC, Manassas, VA, USA)
were cultured using Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. Louis, MO,
USA) with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 2% glutamax (Gibco) and
1% penicillin/streptomycin (Gibco). Imaging media used for experiments consisted of DMEM lacking
phenol red, supplemented with 10% FBS, 2% Glutamax, 1% penicillin/streptomycin, 1% sodium
pyruvate (Gibco), and 12 mM HEPES (Sigma Aldrich). Cells were prepared and suspended in imaging
media and mixed with collagen to a final cell concentration of 500,000 cells/ml and a collagen
concentration of 2 mg ml-1 or concentrations indicated in the figure legend.
2.5 Cell imaging
Cells were imaged on an inverted microscope (Olympus) with color camera (DP74, Olympus). Time
lapse images were taken every 2 min for 8 h using either a 10x (NA = 0.25) or 20x (NA = 0.4) objective
(Olympus). The images were imported and analyzed using the MTrackJ plugin in ImageJ (National
Institutes of Health, Bethesda, MD, USA) (Meijering et al. 2012), which allowed us to track cells on each
image over the entire timelapse. The result of this is the x-y coordinates of the cell at each time point. The
speed was calculated as the distance the cell traveled over a time interval divided by the time interval (24
min) and averaged over the entire experiment. Migration data was processed with a home built Matlab
script as we have used previously (Romsey et al. 2014).
2.6 Statistics
Error bars throughout the document indicate 95% confidence intervals. Non-overlapping confidence
intervals were deemed statistically significant and were indicated in the figures with connecting bars.
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3 Results and discussion
3.1 Cells spread to a greater extent and divide faster in larger as compared to smaller chambers
We first wanted to assess how well cells attach and spread in ECM composed of collagen assembled in
3D microtissues within the droplet forming device. MDA-MB-231 cells were embedded in 3D collagen
matrices generating microtissues in chambers of different dimensions. The small chambers were 50 µm
high, 120 µm in diameter and allowed for a volume of 600 pl, whereas the large chambers were 80 µm
high, 360 µm in diameter and allowed for a volume of 8000 pl. Representative images were taken of
MDA-MB-231 cells in the small and large chambers (Fig 2). Most cells do not attach and spread in the
collagen after 24 h incubation in the small chambers. The shape of the cell remains round 24 h later (Fig
2a&c). In contrast, MDA-MB-231 cells attach and spread much better in the larger chambers after 24 h
(Fig 2b&d). The morphology of the cells at 24 h is essentially the same as those of cells grown inside
thick 3D collagen cell culture systems. The projected cell area was quantified to illustrate this effect (Fig
2e). Both small and large chambers were binned based on cell number, but small chambers always
showed poorly spread cells (Fig 2e). It is possible that poor spreading is caused by differences in cell
density. For the same volume, cell number per chamber is proportional to cell density. Large and small
chambers with the same number of cells operate at different densities. However, the cell density in large
chambers with many cells approached that of small chambers with one cell, yet the spread area was still
much smaller. This suggests that the difference in spreading is not due to cell density. Another possibility
is that the oxygen tension could be affecting the cell behavior in the small chambers. While we cannot
rule this out completely, we did do calculations previously that show that this may not be important over
the culturing times that we are using (Che et al. 2016). Finally, it is also possible that the thickness of the
device is altering behavior. In thin devices cells can sense the soft-stiff interface, particularly at small
distances from the interface. Others have demonstrated that cells sense the interface and change their area
accordingly, where cells further from the interface have smaller projected areas then those close to the
interface (Rudnicki et al. 2013). However, none of these studies have characterized cell morphology
embedded in 3D gels, but rather on top, where cells adopt a radically different morphology. What is
known is that cells sense interfaces up to 30 to 150 µm away (Buxboim et al. 2010; Rao et al. 2012; Sen
et al. 2009). Since the cells are in the middle of the device due to constant flipping of the device during
collagen assembly, the distance between cells and the stiff interface in the small chambers is 25 µm,
whereas that in the large chambers is 40 µm.
In addition to attachment and spreading, proper cell division is another feature of a functional 3D
microtissue. On 2D substrates in the presence of serum containing media, the doubling time of MDAMB-231 cells is on the order of ~ 50 h (Kim et al. 2015). In thick 3D collagen cell culture systems, MDA-
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MB-231 cells actively divide but at lower rates (~90 h) (Kim et al. 2015). Consequently, we examined
time lapse images of MDA-MB-231 cells embedded in collagen forming 3D microtissues in both small
and large chambers. Division was never seen over 8 h in collagen assembled in 3D microtissues in small
chambers. In contrast, MDA-MB-231 cells divided in collagen assembled into 3D microtissues in the
large chambers (Fig 3). The process matched that seen in thick 3D collagen cell culture systems and in
2D, where the cell initially detaches (Fig 3c) and divides into two daughter cells (Fig 3d). These daughter
cells reattach, spread (Fig 3e) and finally migrate away from each other (Fig 3f).

3.2 Cell migration is faster in larger 3D microtissues
In a previous report, we examined the role of device thickness in modulating MDA-MB-231 cell
migration speed. However, while the cells were embedded in collagen, they were not confined to
chambers. Here, we were interested in understanding how confining cells in chambers as well as other
environmental features affects cell migration. Time lapse images were analyzed in order to quantify cell
migration properties. The path length of migration over equal time periods tended to be much longer in
the larger chambers as compared to the smaller chambers (Fig 4a). In the representative trajectory, the
cell embedded in collagen in the small chamber migrated within an area of 3×7 µm, while the cell
embedded in collagen in the large chamber migrated within an area of 8×14 µm. The cell migration speed
was quantified as described in the materials and methods. MDA-MB-231 cells in the larger chambers
migrated over twice as fast as those in the small chambers (Fig 4b). This speed matched that seen for cells
embedded in thick 3D systems (Fig 4b). We posit that this is due to the thickness of the device and the
soft-stiff interface. As mentioned above other papers have reported anywhere between 30 to 150 µm
distance as being maximum distances over which cells can sense soft-stiff interfaces (Buxboim et al.
2010; Rao et al. 2012; Sen et al. 2009) with fiber forming hydrogels like collagen able to transmit forces
further (150 µm) than non-fiber forming hydrogels like polyacrylamide (30 µm). The migration speed in
our devices appears to approach a saturating level at around 80 µm (40 µm from the interface), but the
saturation point could be at a bit larger thickness. Although the speed in the 80 µm thick device was not
statistically significantly lower than migration in the 360 µm 3D collagen gel, it was numerically lower.

3.3 Extracellular matrix and paracrine interactions modulate migration in 3D microtissues
Given that large chambers resulted in cell spreading, division and migration rates seen in thick 3D
collagen gels, we decided to examine the role of ECM and cell density on cell migration. It is well known
that collagen density alters cell migration. Intermediate densities of ECM appear to regulate cell
migration speed in a biphasic manner, where low densities result in low migration speed either because of
a lack of ECM ligands to bind to integrins or soft mechanical properties both of which act to decrease
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migration speed (Peyton and Putnam 2005; Zaman et al. 2006). At high ECM densities, the pore size is
small and forces cells to use proteolytic cleavage to facilitate migration, slowing migration (Wolf et al.
2013). We were able to assemble collagen gels of 1, 2 and 3 mg ml-1 collagen in the large chambers and
embed MDA-MB-231 cells in the 3D microtissues. While cells did not attach and spread as well in 1 mg
ml-1 as compared to 2 mg ml-1, the migration was approximately the same (Fig 5). However, at 3 mg ml-1
cell migration was 50% slower than that seen under the base condition (Fig 5). This matches data seen in
thick 3D collagen environments (Wolf et al. 2013)(Fraley et al. 2015).
In addition to cell-ECM interactions, cell-cell communication also modulates a cell’s ability to
migrate. MDA-MB-231 cells are known to produce paracrine factors that can modulate migration speed.
In addition, they can also secrete ECM proteins that can operate similarly. Because our chambers are
isolated, we can examine the role of cell-cell communication in modulating cell migration behavior in 3D
microtissues. While our results above suggested that cell density was not the reason for differences in
spreading and division between small and large chambers, cells in the small chambers appeared to have
dramatically attenuated behaviors. It is possible that in the large chambers we could detect differences in
cell density. We parsed cells in small chambers into the same bins as large chambers and found that cell
migration speed was low across the board, although there did seem to be lower cell migration in chambers
with more than two cells (Fig 6). However, when cells in large chambers were parsed into bins another
behavior was observed. Isolated cells migrated very slowly, as slowly as those in the small chambers (Fig
6). When two cells were present the migration increased to ~8 µm/h. When more than two cells were
present the migration speed increase even higher, although it was not significantly different from the two
cell condition (Fig 6). The density of large chambers with greater than two cells rose to the density
calculated for small chambers with only one cell, but these speeds were still dramatically different. While
cell density plays a role in the large chambers in modulating cell migration it does not uniformly across
all chamber sizes determine cell speed, but rather cooperates with device characteristics.

3.4 Position of cells within 3D microtissues biases migration
The migration speed increased as the thickness of the device increased (Fig 4C). However, it appears to
saturate, suggesting that there is a length scale over which soft-stiff interfaces can modulate migration. In
order to probe this further, we examined cell migration towards or away from the collagen-PDMS device
interface (Fig 7). At every time point the distance from the cell to the wall of the device was calculated
(Fig 7a) as well as the displacement in µm over the next 24 min, allowing us to calculate cell speed
(µm/h). The cell speed (+ denoting towards the wall and – denoting away from the wall) at each time
point was plotted as a function of distance of the cell to the wall (Fig 7b). This was done for chambers
with one, two or more than two cells (Fig 7b). When fit to a line, there was a small negative slope and the
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model line crossed the cell displacement axis at 135 µm from the wall. This indicates that when the cell is
less than 135 µm from the wall, there is a biased migration toward the wall and represents the length scale
over which soft-stiff interfaces in this system are sensed. The distribution of cell speeds also shows that
there is a peak that does not correspond to a cell speed of zero. The peak occurs at positive displacements,
indicating a bias in the migration towards the wall (Fig 7c). Similar results are seen if you bin the cells
based on whether there is one, two or many cells in the 3D microtissue, which correspond to cell densities
given in the legend (Fig 7d-f). The displacement at which the maximum fraction is observed is presented
in Fig 7g and does not change as a function of cell density. Interestingly, the standard deviation of cell
speeds, which gives a measure of the spread of the distribution of cell speeds, is narrower for the one cell
condition (Fig 7h). This matches what we see in Fig 6, showing that cells are much less motile when in
isolation. Consequently, the probability for high cell speed is smaller and the distribution is narrower.
Finally, we wanted to determine if the average displacement changed as a function of distance from the
wall. There appears to be a transition from more positive average displacements (towards the wall) to
negative displacements (away from the wall) (Fig 7i). This transition occurs between 125-175 µm,
agreeing with the position of the intersection of the linear model in Fig 7b. Additionally, it seems that
when cells are further than about 150 µm, the average displacement appears to be well negative. This may
indicate movement towards the center of the chamber, perhaps in response to other cells. The movement
of cells in response to neighbors in the same chamber will be treated below. Previous work has shown
that cells can sense soft-stiff interfaces up to length scales ranging from 50-150 µm, supporting the length
scale that we see here. Consequently, cell migration appears to be biased towards the chamber wall, but
only over ~150 µm and this is independent of whether cells are in isolation or in chambers as groups.
Given a bias in migration towards the ECM-device interface, we were interested if we could
detect biased migration towards other cells. Consequently, we assessed whether cells moved towards or
away from the center of mass that was defined by the average of the cell positions within a chamber (Fig
8a). Interestingly, cells that were very close or very far away from the center of mass appeared to have a
wider distribution of cell speeds. Unlike distributions of cell speeds towards the ECM-chamber interface,
distributions appeared to show no difference in width (Fig 8c-e and Fig 8g). However, cells in chambers
that contained more than two cells appeared to bias their migration towards the center of mass showing a
positive displacement that occurs at the maximum fraction (Fig 8f). While we did not observe any
differences in average cell speed as a function of distance from the center of mass, we did observe stark
changes in the standard deviation of the cell speed distribution, a measure of the spread of the
distribution. When cells were very far away from the center of mass of the cell cluster, their cell speed
was much more variable than those that were closer to the center of mass (Fig 8h). This might indicate a
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communication through the ECM that acts to temper fast cell migration (large displacements) away and
towards the center of mass for cells that are close.

Conclusions:
In summary, we have demonstrated that microfluidic devices that fabricate 3D microtissues with volumes
of 8000 pl and thicknesses of 80 µm can be used for studying migration. MDA-MB-231 cells spread well
and divide in the devices. Larger chambers and thicker devices promote faster migration. Both cell-ECM
and cell-cell interactions affect cell motility, as increased collagen density decreases cell migration and
increasing the number of cells per chamber increases cell migration speed. Finally, cells appear to sense
both the ECM-chamber wall interface as well as other cells. Cells tend to migrate towards the ECMchamber interface if within roughly 150 µm, whereas cells further than 150 µm tend to move towards the
center of the chamber. Finally, while cells do not show enhanced movement towards the center of mass of
the cell cluster, their migration speed is more variable when further away from the center of mass of the
cell cluster.

12

References:
E. Bianconi, A. Piovesan, F. Facchin, A. Beraudi, R. Casadei, F. Frabetti, L. Vitale, M. C. Pelleri, S.
Tassani, F. Piva, S. Perez-Amodio, P. Strippoli, and S. Canaider, Ann. Hum. Biol. 40, 463 (2013).
M.-E. Brett, A. L. Crampton, and D. K. Wood, TECHNOLOGY 4, 80 (2016).
A. Buxboim, K. Rajagopal, A. E. X. Brown, and D. E. Discher, J. Phys. Condens. Matter 22, 194116
(2010).
H. F. Chan, Y. Zhang, and K. W. Leong, Small 12, 2720 (2016).
P. H. G. Chao, S. C. Sheng, and W. R. Chang, J. Mech. Behav. Biomed. Mater. 38, 232 (2014).
X. Che, J. Nuhn, I. Schneider, and L. Que, Micromachines 7, 84 (2016).
Y.-C. Chen, P. Ingram, Y. Luan, and E. Yoon, in Essentials Single-Cell Anal., edited by F. Tseng and T.
S. Santra, Series in (Springer, Verlag Berlin Heidelberg, 2016), pp. 1–29.
W. C. Cheng, Y. He, A. Y. Chang, and L. Que, Biomicrofluidics 7, 064102 (2013).
P. Delnero, Y. H. Song, and C. Fischbach, Biomed. Microdevices 15, 583 (2013).
A. J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher, Cell 126, 677 (2006).
Q. Fan, R. Liu, Y. Jiao, C. Tian, J. D. Farrell, W. Diao, X. Wang, F. Zhang, W. Yuan, H. Han, J. Chen,
Y. Yang, X. Zhang, F. Ye, M. Li, Z. Ouyang, and L. Liu, Lab Chip 17, 2852 (2017).
C. H. Feng, Y. C. Cheng, and P. H. G. Chao, Acta Biomater. 9, 5502 (2013).
S. I. Fraley, P.-H. Wu, L. He, Y. Feng, R. Krisnamurthy, G. D. Longmore, and D. Wirtz, (2015).
D. S. Gray, J. Tien, and C. S. Chen, J. Biomed. Mater. Res. Part A 66A, 605 (2003).
Z. Guan, S. Jia, Z. Zhu, M. Zhang, and C. J. Yang, Anal. Chem. 86, 2789 (2014).
B. Gumuscu, H. J. Albers, A. Van Den Berg, J. C. T. Eijkel, and A. D. Van Der Meer, Sci. Rep. 7, 3381
(2017).
E. Hadjipanayi, V. Mudera, and R. A. Brown, Cell Motil. Cytoskeleton 66, 121 (2009).
Q. Han, E. M. Bradshaw, B. Nilsson, D. A. Hafler, and J. C. Love, Lab Chip 10, 1391 (2010).
S. M. Hong, H. J. Hsu, R. Kaunas, and J. Kameoka, Lab Chip 12, 3277 (2012).
S. Bin Huang, Y. H. Chang, H. C. Lee, S. W. Tsai, and M. H. Wu, Biomed. Microdevices 16, 345
(2014).
M. Jang, I. Koh, S. J. Lee, J. H. Cheong, and P. Kim, Sci. Rep. 7, 41541 (2017).
H. N. Joensson and H. A. Svahn, Angew. Chemie-International Ed. 51, 12176 (2012).
M. Junkin and S. Tay, Lab Chip 14, 1246 (2014).
B. J. Kim, S. Zhao, R. P. Bunaciu, A. Yen, and M. Wu, Biotechnol. Prog. 31, 990 (2015).
C. Y. Li, D. K. Wood, J. H. Huang, and S. N. Bhatia, Lab Chip 13, 1969 (2013).
Y. H. Lin, C. T. Chen, L. L. H. Huang, and G. Bin Lee, Biomed. Microdevices 9, 833 (2007).
Y. Lu, J. J. Chen, L. Mu, Q. Xue, Y. Wu, P. H. Wu, J. Li, A. O. Vortmeyer, K. Miller-Jensen, D. Wirtz,
and R. Fan, Anal. Chem. 85, 2548 (2013).
S. Ma, M. Natoli, X. Liu, M. P. Neubauer, F. M. Watt, A. Fery, and W. T. S. Huck, J. Mater. Chem. B 1,
5128 (2013).
J. M. Maloney, E. B. Walton, C. M. Bruce, and K. J. Van Vliet, Phys. Rev. E 78, 041923 (2008).
E. Meijering, O. Dzyubachyk, and I. Smal, in (2012), pp. 183–200.
S. Nakagawa, P. Pawelek, and F. Grinnell, J. Invest. Dermatol. 93, 792 (1989).
K. Park, J. Y. Hwang, C. Kim, J. Y. Kang, H. J. Chun, and D. K. Han, Tissue Eng. Regen. Med. 6, 353
(2009).
D. Patel, A. Haque, Y. Gao, and A. Revzin, Integr. Biol. (Camb). 7, 815 (2015).
S. R. Peyton and A. J. Putnam, J. Cell. Physiol. 204, 198 (2005).
D. F. Quail and J. A. Joyce, Nat. Med. 19, 1423 (2013).
M. Raab, J. Swift, P. Dingal, P. Shah, J. W. Shin, and D. E. Discher, J. Cell Biol. 199, 669 (2012).
K. A. Rahman, G. A. Sathi, H. Taketa, M. Farahat, M. Okada, Y. Torii, and T. Matsumoto, 3D Print.
Addit. Manuf. 2, 5 (2015).
S. S. Rao, S. Bentil, J. DeJesus, J. Larison, A. Hissong, R. Dupaix, A. Sarkar, and J. O. Winter, PLoS
One 7, (2012).

13

N. R. Romsey, Y. Hou, L. L. Rodriguez, and I. C. Schneider, Cell. Mol. Bioeng. 7, 122 (2014).
M. S. Rudnicki, H. A. Cirka, M. Aghvami, E. A. Sander, Q. Wen, and K. L. Billiar, Biophys. J. 105, 11
(2013).
S. Sen, A. J. Engler, and D. E. Discher, Cell. Mol. Bioeng. 2, 39 (2009).
L. H. Souter, J. D. Andrews, G. Zhang, A. C. Cook, C. O. Postenka, W. Al-Katib, H. S. Leong, D. I.
Rodenhiser, A. F. Chambers, and A. B. Tuck, Lab. Invest. 90, 1247 (2010).
M. Wang, J. Zhao, L. Zhang, F. Wei, Y. Lian, Y. Wu, Z. Gong, S. Zhang, J. Zhou, K. Cao, X. Li, W.
Xiong, G. Li, Z. Zeng, and C. Guo, J. Cancer 8, 761 (2017).
K. Wolf, M. te Lindert, M. Krause, S. Alexander, J. te Riet, A. L. Willis, R. M. Hoffman, C. G. Figdor,
S. J. Weiss, and P. Friedl, J. Cell Biol. 201, 1069 (2013).
M. A. Wozniak and P. J. Keely, Biol. Proced. Online 7, 144 (2005).
M. Yamada, A. Hori, S. Sugaya, Y. Yajima, R. Utoh, M. Yamato, and M. Seki, Lab Chip 15, 3941
(2015).
Z. Yin, D. Noren, C. J. Wang, R. Hang, and A. Levchenko, Mol. Syst. Biol. 4, (2008).
J. Yoon, J. Kim, H. E. Jeong, R. Sudo, M. J. Park, and S. Chung, Biofabrication 8, 035014 (2016).
S. Yoshida, M. Takinoue, and H. Onoe, Adv. Healthc. Mater. 6, 1601463 (2017).
M. H. Zaman, L. M. Trapani, A. Siemeski, D. MacKellar, H. Y. Gong, R. D. Kamm, A. Wells, D. A.
Lauffenburger, and P. Matsudaira, Proc. Natl. Acad. Sci. U. S. A. 103, 10889 (2006).
Z. Zhang, Y.-C. Chen, Y.-H. Cheng, Y. Luan, and E. Yoon, Lab Chip 16, 2504 (2016).

14

Figure Legends:

Fig 1 Droplet microfluidic device for generating 3D microtissues: (a) Schematic of the microfluidic
device. Each storage chamber has one 3D microtissue containing a single cell or multiple cells; (b) photo
of a fabricated chip with 15 storage chambers. The scale bar is 1 cm; (c) optical microscopy image
showing the storage chambers. The scale bar is 200 µm.
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Fig 2 Cell attachment and spreading in 3D microtissues in small and large chambers: Optical microscopy
images at low resolution (left) and zoomed (right) of a group of MDA-MB-231 cells embedded in 2 mg
ml-1 collagen in a (a) small chamber of 600 pl (120 µm in diameter, 50 mm thick) after 24 h; (b) larger
chamber of 8000 pl (360 µm in diameter, 80 mm thick) after 24 h. Zoomed images of (c) small and (d)
large chambers. Scale bars are 30 µm. (e) Cell area in small (gray, Ncells = 37) and large (white, Ncells = 39)
chambers. Cell area was calculated for all chambers as well as for chambers with 1, 2 and more than 2
cells. Cell densities for small chambers were 1.7 cell nl-1, 3.3 cell nl-1 and greater than 3.3 cell nl-1. Cell
densities for large chambers were 0.13 cell nl-1, 0.25 cell nl-1 and greater than 0.25 cell nl-1. Error bars
indicate 95% confidence intervals.
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Fig 3 Cell division in 3D microtissues in large chambers: Optical microscopy images a group of MDAMB-231 cells embedded in 2 mg ml-1 collagen (a) 24 h; (b) 25 h; (c) 26 h (d) 27 h (e) 28 h (f) 30 h after
cells were embedded in collagen. The scale bar is 10 µm.
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Fig 4 Cell migration trajectories and speed in 3D microtissues in small and large chambers: MDA-MB231 cells embedded in 2 mg ml-1 collagen were tracked over time. (a) Cell trajectories are shown for the
small chambers (gray) and the large chambers (black) over 3 h. (b) Cell migration speed was calculated in
large chambers (Ncells = 39) and small (Ncells = 37) chambers. Cell migration speed was also calculated in a
thick 3D collagen gels (Ncells = 57). Error bars indicate 95% confidence intervals.
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Fig 5 Cell migration speed in large chamber 3D microtissues with varying collagen concentration: MDAMB-231 cells were embedded in 1 (Ncells = 35), 2 (Ncells = 37) and 3 mg ml-1 (Ncells = 47) collagen 3D
microspheres in large chambers. Cells were tracked and cell migration speed was calculated. Error bars
indicate 95% confidence intervals.
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Fig 6 Cell migration speed in large and small chambers as a function of cell number: MDA-MB-231 cells
were embedded in 2 mg ml-1 collagen in large (white bars) chambers that were 80 µm in thickness or
small (gray bars) chambers that were 50 µm in thickness. Chambers were binned based on whether they
harbored 1 (large: Ncells = 4, small: Ncells = 14), 2 (large: Ncells = 8, small: Ncells = 4) or more than 2 cells
(large: Ncells = 25, small: Ncells = 21). Cell densities for small chambers were 1.7 cell nl-1, 3.3 cell nl-1 and
greater than 3.3 cell nl-1. Cell densities for large chambers were 0.13 cell nl-1, 0.25 cell nl-1 and greater
than 0.25 cell nl-1. Error bars indicate 95% confidence intervals.
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Fig 7 Cell migration towards and away from the chamber wall in large chambers as a function of cell
number and distance from the wall: MDA-MB-231 cells were embedded in 2 mg ml-1 collagen in large
devices that were 80 µm in thickness and 360 µm in diameter. (a) Schematic showing how the distance
from the wall (δ) for each cell was calculated. (b) The cell speed towards (+, gray) and away from (-,
white) the wall over 24 min intervals for chambers containing single cells (black), two cells (grey) or
more than two cells (white). The distribution of cell speeds towards (+, gray) or away from (-, white) the
wall fit to a Gaussian model as described in the Experimental section for (c) all cells, (d) one cell, (e) two
cells or (f) more than two cells. The (g) cell speed at which the maximum fraction occurs as determined
by the Gaussian model fit and (h) standard deviation of the cell speed distribution for chambers including
all cells, one cell, two cells or more than two cells. (i) The average cell speed towards (+, gray) or away
from (-, white) the wall for cells as a function of distance from the wall. Cell densities for large chambers
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were 0.13 cell nl-1, 0.25 cell nl-1 and greater than 0.25 cell nl-1. Error bars represent 95% confidence
intervals.
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Fig 8 Cell migration towards and away from the cell group center of mass in large chambers as a function
of cell number and distance from the cell group center of mass: MDA-MB-231 cells were embedded in 2
mg ml-1 collagen in large devices that were 80 µm in thickness and 360 µm in diameter. (a) Schematic
showing how the distance from the cell group center of mass (δ) for each cell was calculated. (b) The cell
speed towards (+, gray) and away from (-, white) the cell group center of mass over 24 min intervals for
chambers containing two cells (grey) or more than two cells (white). The distribution of cell speed
towards (+, gray) or away from (-, white) the cell group center of mass fit to a Gaussian model as
described in the Experimental section for (c) all cells, (d) two cells or (e) more than two cells. The (f) cell
speed at which the maximum fraction occurs as determined by the Gaussian model fit and (g) standard
deviation of the cell speed distribution for chambers including all cells, two cells or more than two cells.
Cell densities for large chambers were 0.13 cell nl-1, 0.25 cell nl-1 and greater than 0.25 cell nl-1. (h) The
standard deviation of the cell speed towards (+, gray) or away from (-, white) the cell group center of
mass for cells as a function of distance from the wall. Pairwise comparisons were made between the
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distribution close to the center of mass and different distances away from the center of mass. Error bars
represent 95% confidence intervals.
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