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Collective cell behaviors in migration and force generation were studied at the mesoscopic-level using cells
grown in a 3D extracellular matrix (ECM) simulating tissues. Magnetic resonance imaging (MRI) was
applied to investigate dynamic cell mechanics at this level. MDCK, NBT2, and MEF cells were embedded in
3D ECM, forming clusters that then migrated and generated forces affecting the ECM. The cells
demonstrated MRI contrast due to iron accumulation in the clusters. Timelapse-MRI enabled the
measurement of dynamic stress fields generated by the cells, as well as simultaneous monitoring of the cell
distribution and ECM deformation/remodeling. We found cell clusters embedded in the 3D ECM can exert
translational forces to pull and push, as well as torque, their surroundings. We also observed that the sum of
forces generated by multiple cell clusters may result in macroscopic deformation. In summary, MRI can be
used to image cell-ECM interactions mesoscopically.

C
ollective cell migration is defined as an orchestrated movement among interconnected cell groups and is
required for normal tissue development1. Pathologically, collective cell migration is exploited by cancer
cells as an efficient invasion strategy that can be modeled in the laboratory2. For example, ex vivo

melanoma explants cultured in a 3D collagen gel demonstrate invasive migration in multicellular clusters3,4. In
both normal and pathological states, collective migration is a mechanical force-dependent process whereby
aggregated cells generate traction forces through actin-myosin contraction and move forward against tensile
forces distributed along cell-cell adhesive contacts5. The traction forces drive ECM remodeling surrounding the
cells, resulting in a topological rearrangement of ECM fibers that in turn shape the tissue microenvironment6,7, or
promote metastatic phenotypes7,8. To date, the field of cell mechanics has mostly focused on the migrating
behaviors of single cells at a microscopic level and studies characterizing cell behaviors in a more physiologically
relevant 3D culture system have advanced only recently9,10. In order to better understand physiology at the tissue
level, there have been emerging interests in the study of mesoscopic biological phenomena11–13. Thus, knowledge
of how aggregated cells move in concerted ways to interact with their 3D environment needs to be comprehen-
sively analyzed. Such an understanding would provide important insight into the mechanisms of many physio-
logical and pathological processes, including embryonic development, cancer invasion, organ tubulogenesis, and
angiogenesis.

The goal of our study was to develop a platform to systematically investigate collective cell migration and
associated force generation which shapes tissue structures in 3D, physiological conditions. There are many
important biological processes involving simultaneous cell migration and dynamic force generation at the
mesoscopic level. One of the most well documented examples is embryonic development where migrating cells
reshape the embryo through defined deformation such as gastrulation and invagination. Another example is
during metastasis, where cancer cells and their altered tissue form a new and dynamic ‘‘organ-like tissue’’, which
deforms the surrounding stroma as the malignancy progresses14. To investigate such processes require the
capacity to quantitatively image objects at mesoscopic scales, encompassing both a millimeter-range field of view
with micron resolution. While optical microscopy is a powerful tool in the realm of sub-micron scales, it has
critical limitations in achieving 3D imaging at the mesoscopic level, particularly regarding the size of the field of
view. Due to the physical nature of modern microscope optics, imaging at a millimeter-field of view requires a
complex rastering process that is time-consuming, despite continuous improvements in beam scanning techno-
logy and signal generation rates15–17. A second limitation is the restricted field depth of optical microscopy where
samples thicker than 0.5 mm usually present challenges for visualization. In addition, it has been shown that cells
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respond to the rigidity of an underlying glass coverslip beneath a thin
gel18. Thus imaging thin gels can result in misleading conclusions
about cell behaviors embedded in a soft ECM. In contrast, MRI has
intrinsic 3D capacity for imaging samples at sub-millimeter resolu-
tion and thus may provide an alternative for analyzing collective cell
mechanics.

There is a large body of literature demonstrating that MRI contrast
agents can be successfully employed to label cells for transplantation
studies in vivo19–23 and track individual cells if enough contrast is
provided24. Other recent studies have shown the feasibility of observ-
ing cell clusters mesoscopically using MRI25,26. In the present work,
we extend this line of inquiry and evaluate the use of MRI as a tool to
monitor dynamic behaviors of collective cell migration. Furthermore,
by imaging the deformation of the ECM, we examined if the stress
fields associated with the collective movement could be derived.
Though 3D ECM deformation/remodeling has been qualitatively
characterized in previous studies by optical imaging approaches27–29,
our goal was to develop a system that enables characterization of
ECM deformation/remodeling dynamically and quantitatively while
simultaneously tracking collective cell migration.

Results
MRI detects cell clusters in 3D ECM. The typical spatial resolution
limit of current commercial small animal MRI technology is
approximately (20–50 mm)3/voxel. Although it is still a challenge
to image a single unlabeled cell with MRI, it is possible to visualize
small cell aggregates such as epithelial cell clusters. MDCK cells of
epithelia origin first served as an in vitro model to assess if MRI can
be used to monitor collective cell behavior of clusters. A dual-
modality experimental system was built so that the MRI findings
could be compared to optical microscopy. Briefly, MDCK cells

were transfected with GFP for fluorescent imaging and seeded in a
relatively thin (0.5 mm) 3D collagen gel matrix (diameter 5 15 mm,
thickness 5 0.5 mm) to minimize light scattering and photon
penetration issues, and then MRI was performed by a 11.7 T
scanner. Four hours after seeding, contrast could be detected by
spin echo sequence (TE/TR 5 5 ms/30 ms, flip angle 5 15u)
(figure 1a). As a control, MDCK cells without GFP transfection
were also scanned following the same protocol and similar MRI
contrast was detected indicating that GFP was not the cause for
the observed contrast (data not shown).

The observed contrast was due to shortening of T2*, resulting in
the darker regions in the MRI image (Figure 1). To verify these areas
were in fact MDCK cells, the collagen gel was examined by optical
microscopy. At low magnification (103), fluorescent spots were
observed that corresponded to the locations with dark contrast
(figure 1b). Closer examination of the fluorescent spots at higher
magnification (403) revealed aggregated cell clusters (figure 1c).
To date, we have been able to image clusters containing as few as
30 to 40 unlabeled cells; however, the minimal cell number necessary
to create an MRI-detectable cluster was not determined.

When aggregated, MDCK cells exhibited a highly orchestrated
collective behavior with a synergistic effect on migration and force
generation30–32. We were able to track the motility of MDCK cell
clusters by timelapse MRI (figure 1d, movie S1). 3D real-time images
of moving MDCK clusters were recorded and the trajectory of single
clusters were calculated for the displacement in consecutive frames.
The average speed of the 12 cell clusters tracked was 0.39 6 0.37 mm/
minute (figure 1e), consistent with previous observations of collec-
tively migrating epithelial cells33,34, demonstrating that MRI can
dynamically track clusters of unlabeled cells for an extended time
period (30 hours).

Figure 1 | MRI Detects Cell Clusters in 3D ECM. MDCK cells (dark objects) observed by MRI and highlighted by green, yellow and red arrows

(a) correspond to fluorescent spots observed via epifluorescent microscopy indicated by green, yellow and red arrows (b). A higher magnification

image of the red arrow cell cluster (b) reveals that multiple cells are clustered in the spot (c). The cell clusters could also be detected dynamically from 4–6

hours after seeding. A moving cluster is marked with the purple arrow throughout acquisition time. (d). Multiple clusters were tracked and their

trajectories are shown in (e). The time stamps shown in each image indicate the time when the image was taken after cell encapsulation.

Scale bars: (a) 1 mm; (b) 10 mm; (c) 10 mm; (d) 1 mm.

www.nature.com/scientificreports
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Clustering and iron accumulation in MDCK cells contribute to
MRI contrast. The spin echo sequence used in this study was
designed to detect differences in traverse relaxation time, namely
T2*, between different substances. The observation that MDCK
cells were first detected in MRI after being seeded into the 3D
collagen ECM for four hours led us to speculate they underwent a
structural change that affected their traverse relaxation time,
resulting in the contrast between the cells and the surrounding
environment. Measuring the T2 and T2* relaxation time of cells at
one, four, and eight hours after seeding showed that these values
decreased significantly over the first four hours: from 100.2 ms to
83.5 ms for T2 at four hours, and from 63.1 ms to 14.1 ms at four
hours for T2* (Figure 2d, e). The values of T2 and T2* relaxation time
stayed at the ranges of 80 ms and 15 ms without further decrease at
eight hours (Figure 2d, e).

There are many known factors that affect traverse relaxation and
subsequently contribute to image contrast in MRI, including local
iron density variations35,36, as well as differences in diffusion of water
molecules due to structural hindrances37–40. The time when cells were
detected by MRI coincided with the time when cell clustering was
observed by optical microscopy; it is thus possible that structural
rearrangement and physiological adaptation occurred among the
cells, leading to iron accumulation in the clusters, as well as slower,
confined water diffusion. As a result, a change in T2* and the sub-
sequent contrast was observed.

To examine the mechanism behind the observed changes in T2*
contrast in the cell-embedded 3D ECM, the collagen gel was fixed at

one, two, four, and eight hour(s) after cell seeding and subsequently
cut into 5 mm-thick histological sections along the z-axis. The slides
were then stained by hematoxylin and eosin (H&E) to assess cell
morphology. Microscopically, we found that individual cells began
to aggregate at two hours after seeding. At four hours most of the cells
were in contact with other cells and formed clusters across the 3D
ECM (figure 1a). Additionally, the slides were analyzed by iron stain-
ing and higher iron content was found in the cell clusters at four
hours after seeding (figure 2b). The high local iron density in the cell
clusters likely contributed to the shortening of T2 and T2* relaxation
(figure 2d, e) and the subsequent image contrast observed at this time
point.

To further verify that the T2* contrast was associated with cell
clustering; pre-formed clusters were embedded in the 3D matrix and
treated with hepatocyte growth factor (HGF). HGF is known to cause
disassembly of epithelial cell-cell junctions41–43 and it has previously
been shown that MDCK cells express the HGF receptor and exhibit
strong scattering activity upon HGF stimulation42,43. Timelapse MRI
revealed that the contrast gradually disappeared over four hours after
HGF treatment (figure 2c), indicating that disassembly of MDCK cell
clusters caused a loss in T2* contrast.

Large-scaled ECM deformation and remodeling tracked by MRI.
The mechanical interactions between aggregated cells and the
surrounding ECM environment contributes to ECM deformation
and remodeling44, and 3D matrix deformation assays have been
applied as a qualitative method to assess traction forces generated

Figure 2 | Cell clustering and iron accumulation contributes to MRI contrast. The cell-embedded collagen gel was fixed at one, two, four,

and eight hour(s) after cells were seeded, and then cut into 5 mm-thick slices along the z-axis and stained by hematoxylin and eosin (H&E). Embedded

cells exhibit an evolving morphology at different time points, gradually becoming clusters (a). Individual cells started to aggregate at 2 hours after seeding;

and at 4 hours after seeding most of the cells were in contact with other cells, forming clusters across the 3D matrix. Iron staining showed iron

accumulation in the cell clusters (b, indicated by yellow arrows). Cells treated by HGF, a known scattering factor for MDCK cells, lost MRI contrast after 4

hours of treatment. The cell clusters are indicated by red arrows (c). The images shown in (c) are the z-projection of the whole specimen. The clustering of

embedded MDCK cells coincide with the decrease of T2 and T2* relaxation times (d, e). The time stamps shown in each image indicate the time the

image was taken after cell encapsulation. Scale bars: (a) 10 mm; (b) 10 mm; (c) 1 mm.

www.nature.com/scientificreports
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by cells28,29,45. Conventionally, ECM deformation/remodeling is
evaluated by the surface contour changes of a disc-shaped,
cell-embedded 3D matrix at different time points28,45. However
this conventional method overlooks the anisotropic deformation
throughout the volume and does not provide information about
the dynamic distribution of embedded cells inside the ECM.
Therefore, to simultaneously monitor cell migration and ECM
deformation/remodeling quantitatively, 8 3 107 MDCK cells were
embedded in a ring-shaped collagen gel (inner diameter: 5.5 mm,
outer diameter: 9 mm; figure 3a, b) and then imaged for 30 hours.
The ECM gel was molded into the shape of a ring so the deformation
could be easily detected by visual inspection (figure 3a, b; movie S2).

To evaluate the dynamic deformation exerted by the embedded
MDCK cells, the 3D surface contour of the ring-shaped collagen gel
at each acquisition time was fitted into a triangular mesh of 1340
nodes and 5783 elements using the Delaunay tessellation method.
The displacement of each node between consecutive acquisition
times was then computed to estimate the deformation. Each element
was assigned isotropic linear elastic material properties with elastic
modulus ,15 kPa based on previous estimations7,46,47. The mech-
anical stress of each element, which resulted from forces exerted by

the cell cluster onto its surrounding environment, was then calcu-
lated as a product of the matrix stiffness with the displacement com-
ponents using the following formulas48:

e~
1
2

+uð ÞTz +uð Þ
h i

ð1Þ

s~DNe ð2Þ

Where u represents the displacement vector, e represents the strain,
s represents the mechanical stress experienced by the element, and D
represents the matrix stiffness.

The calculation showed that the stress ranged from 0 to 30 nN/
mm2, exhibiting heterogeneous deformation throughout the gel
(figure 3e, movie S3). The amplitude of the deformation varied both
temporally and spatially.

To investigate if there was a correlation between dynamic cell
distribution and ECM deformation/remodeling, cell clusters and
the surface contour of the matrix were separately segmented, color
coded (figure 3c), and reconstructed back into the 3D time series
images (figure 3d, movie S4), where the distribution of cell clusters
and matrix deformation could be visualized simultaneously in red

Figure 3 | MRI tracks large-scaled ECM deformation and remodeling. The ring-shaped, cell-embedded collagen gel was deformed over

30 hours of the imaging period. The deformation in the second slice of 3D stack (32 slices in total) is shown in (a), where the red boxes highlight the area

undergoing visually detectable shape changes over time. The 3D reconstruction of the ECM gel is shown in (b), where the red boxes highlight the

corresponding area marked in (a). Cell clusters and the surface contour of the collagen gel were separately segmented and color-coded in green and red,

respectively. Panel (c) shows a segmented 2D slice of the 3D image. The segmented images were then reconstructed back into 3D time series images (d),

where the cell cluster distribution and matrix deformation can be visualized simultaneously. The 3D images were then fitted into triangular meshes (e),

and the displacement of each node on the mesh between consecutive acquisition time points was tracked to estimate the stress field that caused

deformation (e). The calculation shows that the stress varies temporally and spatially, ranging from 10 nN/mm2 to 30 nN/mm2, resulting in heterogeneous

deformation (e). The correlation coefficient between the deformation and cell density is low (R2 5 0.0255, f). The time stamp shown in each image

indicates the time when the image was acquired after cell encapsulation. Scale bars: 1 mm in (a)(b)(c) (d) and (e).

www.nature.com/scientificreports
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and green, respectively. By visual inspection, the deformation and the
cell cluster distribution appeared to have a weak correlation as the
coefficient between deformation and cell density was low (R2 5

0.0255, figure 3f), implying that the cell clusters did not act as a
synchronized population. It is possible that a portion of the clusters
did not contribute to force generation49, or that forces generated in
opposite directions by different clusters canceled each other, result-
ing in little deformation in some high cell-density areas.

Collective cell motility and cellular mechanical force tracked by
timelapse MRI. To more precisely track collective force generation
by a single cluster, we constructed a 3D ECM system where a single
MDCK cell cluster and numerous 50-mm diameter polystyrene
beads, serving as fiduciary markers, were embedded in a 10 mm 3
5 mm 3 1 mm collagen gel. The single MDCK cell cluster (figure 4a)
was pre-formed by a hanging drop protocol, embedded into the
collagen gel, and then scanned for 30 hours using timelapse MRI
(figure 4b, movie S5). The cluster was segmented in the timelapsed
images by its size and T2* contrast. Tracking of the segmented cluster
showed it migrated at an average rate of 0.25 mm/min, slowly but
persistently moving in a consistent direction throughout the imaging
period (figure 4b). The local displacements of the embedded
fiduciary markers were tracked by particle image velocimetry
(PIV) and a finite element mesh was constructed, where node
positions were assigned based on the fiduciary marker locations in
the first frame of the timelapse image. The node displacements were
then assigned with the displacements calculated by PIV between two
consecutive time points. The stress field was reconstructed based on
the node displacement using formulas (1) and (2). The results
showed the stress ranged from 2 nN/mm2 to 20 nN/mm2, and the
stress amplitude dropped gradually with the distance from the
MDCK cell cluster (figure 4d).

Two types of force generation have been reported in collective cell
migration: (1) ‘‘pulling’’ forces mediated by adhesion-complexes that
connect to the actin cytoskeleton2,50,51 at the trailing end of a moving
cell aggregate; and, (2) ‘‘pushing’’ forces, which are produced by a
stable protrusion formed by multiple cells at the leading edge of a
moving cell aggregate52,53. Pulling forces have been widely reported in
collective migration of mesenchymal cells, epithelial cells, and cancer
invasion2,50,51. Pushing forces, however, are less well understood and
yet to be extensively studied. By tracking the local displacement of the
fiduciary markers, we found that the cell cluster generated both pull-
ing and pushing forces at the trailing end and leading edge relative to
the moving direction, respectively. We also found that the fiduciary
markers sometimes moved locally in a rotating manner (figure 4c at
time 7:00 and 20:00), indicating the cell clusters also rotated while
migrating in addition to translating laterally, which is consistent with
previous microscopic observations54.

MRI-based approaches to track force generation and collective cell
motility applied to additional cell lines. To demonstrate that MRI
contrast can be utilized in the detection of aggregated cells other than
MDCKs, human bladder carcinoma cells (NBT-2) were seeded in 3D
collagen and allowed to form clusters as described previously, before
imaging. NBT-2 cell clusters were detected both in MRI (figure 5a)
and optical microscopy (figure 5b). Furthermore, a 3D collagen gel
containing one single pre-formed cluster of NBT-2 cells and 50-mm
diameter polystyrene beads was imaged for 5 hours and, based on the
displacement of the embedded polystyrene beads in consecutive
frames, a stress field was generated (figure 5e, movie S8). We
observed similar pulling, pushing and rotating forces as compared
to the MDCK cells (figure 5f, movie S9).

In addition to the NBT-2 cells, a 3D collagen gel containing mouse
embryonic fibroblast (MEF) cells was imaged by MRI. Eight 3 107

MEF cells were pre-labeled with 30-nm iron oxide particles to
enhance the contrast. Deformation of the 3D ECM and cell migra-
tion within 10 hours were detected, though by visual inspection the

deformation process was notably faster (figure 5c, movie S6) com-
pared to MDCK cells. The estimated stress field based on the
deformation of the collagen gel confirms that higher stress was
indeed generated by MEF cells (figure 5d, movie S7).

Discussion
In the present study we demonstrated that MRI is a useful tool to
investigate cell mechanics at a mesoscopic scale, permitting imaging
of cells embedded in thick 3D ECM, a challenge when using conven-
tional optical microscopy. Additionally, we demonstrated that MRI
enables simultaneous monitoring of dynamic cell distribution and
ECM deformation/remodeling. Furthermore, tracking the local dis-
placement of embedded fiduciary markers allowed the estimation of
the dynamic stress field generated by the cell clusters, showing that
MRI is a versatile tool for imaging cell-ECM interactions.

Imaging cells by MRI opens up the possibility of more system-
atic tracking of cells and the mechanical forces they generate in
3D, especially in complex matrices that exceed 0.5 mm in thick-
ness. Currently most cell mechanics studies are performed in 2D
culture or very thin 3D film (,500 mm) because of the field depth
restriction imposed by optical microscopy. Given that the beha-
vior and morphology of the cells are drastically different in 2D
and 3D contexts55–58, and that 3D ECM is more representative of
physiological conditions, 3D imaging by MRI may reveal critical
insights into cell behaviors that are not readily evident by optical
microscopy.

The T2* contrast is most likely generated because MDCK/NBT-2
cells cultured in DMEM (ingredients include ferric nitrate) contain
sufficient endogenous iron for a small cluster to be detected by MRI.
MDCK is a common cell line model for studying collective migra-
tion30,33,59, tubulogenesis32,60,61, and tight junctions62–64, and has been
well characterized at a microscopic level. Visualization by MRI can
now extend the study of this well-established model to multiple size
scales, owing in part to the fact that unlabeled MDCK cells can be
visualized. However, if the MRI imaging technique used here is to be
widely applied to additional cell lines in the future, supplements such
as iron (III) nitrate nonahydrate may be required to generate the
needed contrast. Alternatively, cells with undetectable MR contrast
such as MEF cells could be labeled with iron oxide particles
(figure 4c)24,26,65, which can also be used to track single cells24 as well
as cell clusters.

The pre-formed cell cluster migrated slowly in the polystyrene-
embedded 3D ECM (figure 4b) compared to the cell clusters formed
naturally from single cells within the ECM (figure 1d). The difference
indicates that cell motility changes over time after cells form clusters
and is consistent with the prior observation that pre-formed epithe-
lial acini exhibit a slow migration speed9. This observation may also
be caused by physical constraints due to the relatively large size of the
clusters34. Despite the slower motility of the pre-formed cluster (fig-
ure 4), we found that pre-clustered cells exerted detectable pushing,
pulling and rotating forces onto the environment. The constant exer-
tion may be an element in the ECM remodeling processes as previous
reports have shown that ECM containing highly contractile cells
undergoes vigorous remodeling44. Looking forward, it will be inter-
esting to use MRI to test if various experimental manipulations, such
as perturbation of proteins known to be involved in force generation
(myosin, actin, microtubules, and associated regulatory proteins),
alter the amplitude or direction of these forces.

It is worth noting that recording collective cell behavior at meso-
scopic scales usually requires imaging the specimen for hours to
days27,29, during which time cell division can occur and increase
the total cell number contained in the matrix. Therefore, changes
in the stress field over time should be interpreted as a combination of
both increased contractility in single cells and increased cell number.
Since cell division s occur also in aggregated cells in vivo, the obser-
vation of these changes from an in vitro system like ours should not

www.nature.com/scientificreports
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Figure 4 | Collective migration and cellular mechanical force tracked by timelapse MRI. A pre-formed cell cluster and numerous 50-mm

polystyrene beads as fiduciary markers were embedded in 3D collagen gel. The collagen gel was scanned for 30 hours for timelapse acquisition.

The 3D-projected MRI image at the beginning of the timelapse series is shown in (a). The inverted 3D reconstructed MRI image at the beginning of the

timelapse series is shown in (b). The volume highlighted by red box in (b) at different time points was shown in (c) where the cell cluster (indicated by the

yellow arrow in a, b and c) moved at the average rate of 0.25 mm/min. The stress field caused by the force-exerting cell cluster was calculated based on the

displacement of polystyrene beads; the amplitude and orientation of the stress at each spatial location over the time is expressed in vector form (d).

The yellow arrow indicates the location of the cell cluster. The length of the white arrow represents 10 nN/mm2. The average stress, from three independent

experiments, slowly dissipates as the distance from the cells increases (e). The time stamp shown in each image indicates the time when the image was

acquired after cell encapsulation in the collagen gel. Scale bars: 1 mm in (a), (b); 200 mm in (c).

www.nature.com/scientificreports
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necessarily be regarded as artifacts. However, no attempt has been
made to assign cell numbers to the clusters. A quantitative study
exploring the relationship between T2* values and cell numbers
might allow us to dissect the different factors (cell number and con-
tractility) contributing to the changes in force generation.

In summary, we established an MRI-based platform that enables
simultaneous observation of ECM deformation/remodeling and
dynamic cell distribution at mesoscopic scales. This platform may
be a useful tool in efforts to develop more effective cancer treatments,
or for designing artificial organogenesis systems, where migration-
associated ECM deformation/modeling can be recorded when
embedded cells are targeted with perturbation of specific proteins.
It is believed that invasive tumors are facilitated by ECM deformation
and remodeling66 and that ECM remodeling might result in low drug
delivery67. The MRI platform presented here can be utilized to quan-
titatively and qualitatively assess this process to better understand

how ECM deformation/modeling can affect drug distribution into
and throughout tumors.

Methods
Cell culture. MDCK, NBT-2 and MEF cells were acquired from ATCC. All cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 5 mg/ml penicillin, and 5 mg/ml streptomycin (Invitrogen
Inc.). Cells were maintained at 37uC under a humidified incubator with 5% carbon
dioxide. The culture medium was changed every 2 days. Before every experiment,
cells were detached from the culture flask by 0.25% trypsin-EDTA (Invitrogen). The
cell suspension was then centrifuged at 1200 rpm for 5 min and the cell pellets were
re-suspended in DMEM medium.

GFP transfection was performed using Amaxa Nucleofector electroporator
(Lonza). Briefly, in each preparation, 106 MDCK cells were co-incubated with 3 mg of
EGFP cDNA in 100 ml of Nucleofector Solution using the program A-024.

MEF cells were labeled for MR contrast by the following steps: 1 ml of 30-nm iron
oxide particles suspension in water (Ocean NanoTech) was added to 106 MEF cells
and incubated for 2 hours, followed by washing 3 times with PBS. Labeled MEF cells

Figure 5 | MRI-based approaches to track force generation and collective cell motility can be generally applied to other cell lines. MRI contrast

can also be detected in clustered Rat bladder carcinoma NBT-2 cells (a), which corresponds to the H&E staining of the same sample by optical microscopy

(b). 8 3 107 MEFs pre-labeled with 30-nm iron oxide particles for contrast enhancement and embedded in collagen gel. The deformation of the 3D ECM

and cell migration within 10 hours were detected (c). The estimated stress field based on the deformation of the collagen gel shows that higher stress was

generated by MEF cells (d) compared to MDCK cells (see figure 3). 3D collagen gel containing one single pre-formed cluster of NBT-2 cells and

50-mm diameter polystyrene beads was imaged for 5 hours (e). Based on displacement of the embedded polystyrene beads in consecutive frames, the stress

field was generated (f). The time stamp shown in each image indicates the time when the image was taken relative to cell encapsulation. The length

of the white arrow represents 10 nN/mm2. Scale bars: 1 mm.

www.nature.com/scientificreports
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were then cultured in DMEM for another hour before being subjected trypsinization
and other experimental procedures.

HGF treatment was performed by adding HGF into the collagen mixture at the
time of cell embedding (see below) to achieve a final concentration of 10 ng/ml.

Pre-formed cell cluster. The pre-formed MDCK or NBT-2 cell clusters were
generated by modified protocols as previously described68. 20 ml of resuspended cells
(2 3 104) were deposited on the underside of the lid of a 10-cm tissue culture dish. The
bottom of the dish contained 5-ml of PBS and served to prevent evaporation of the
drops by forming a hydration chamber. Inverting the lid over the hydration chamber
created hanging drops. The drops were then incubated at 37uC, 5% CO2, and 95%
humidity for 12 hours to allow the cells to coalesce into clusters before seeding them
onto neutralized 3D collagen in liquid form prior to gelation.

Cells encapsulation by 3D collagen gel. Collagen type I gels were prepared by mixing
appropriate volumes of collagen solution (Gibco) with 5 3 DMEM (Invitrogen), 1%
HEPES buffer (Gibco) and 1N NaOH with pre-cooled pipet tips in pre-cooled
eppendorf tubes to produce a final collagen concentration of 2 mg/ml. Resuspended
cells or pre-formed clusters were then added to the cold collagen while still in liquid
form. After the addition of the cells the mixture was kept at 37uC for 30 minutes to
enable complete gelation.

MRI acquisition and image analysis. The timelapse MRI of cell-embedded matrices
was performed in 11.7 T, 30 cm magnet (Magnex, Oxford) interfaced to a small
animal MRI scanner (Bruker). The cradle of the scanner was equipped with tubing
connected to a 37uC water bath to keep the cell-containing samples at a viable
temperature. Spin echo sequence was used to acquire 3D time series images
(TE/TR 5 5/30 ms, flip angle 5 15u) with an isotropic resolution of 50 mm 3 50 mm
3 50 mm/voxel. Time intervals between consecutive acquisitions and the total
imaging period were indicated in the individual experimental descriptions in the
Results section. T2 and T2* measurements were performed using spin echo
(TE/TR 5 6/1500 ms, 12 echoes with linear inter-echo spacing) and gradient echo
(TE/TR 5 4/1500 ms, 12 echoes with linear inter-echo spacing) sequences,
respectively. After imaging, the samples were fixed for histological analysis as
described below.

MRI images were processed in ImageJ software (NIH) and the segmentation was
performed by thresholding with size and grayscale criteria. Tracking migrating cell
clusters in inverted MRI images was performed using the Mosaic plugin of ImageJ
(available at http://www.mosaic.ethz.ch/Downloads/ParticleTracker). T2 and T2*
relaxation times were exponentially fitted by CurveFitting plugin of ImageJ.

Microscopy. Fluorescent images were acquired on an Olympus X71 microscope
equipped with a CCD-camera (Hamamatsu). A Zeiss Axiovert microscope equipped
with a color camera was used to examine histochemical staining.

Histological studies of cell-embedded 3D matrices. The cell-embedded collagen
gels were first processed into formalin-fixed paraffin-embedded (FFPE) blocks as
follows: The cell embedded ECM gels were fixed in 10% neutral buffered formalin
overnight at room temperature and embedded into paraffin wax. 5-mm thick sections
were then cut from the FPPE blocks and placed onto histology glass slides for further
processing.

To prepare for staining, slides were loaded into glass slide holders and deparaffi-
nized in solutions in the following order: Twice in 100% xylenes for 5 minutes, once in
100% ethanol for 5 minutes, once in 90% ethanol for 5 minutes, once in 70% ethanol
for 5 minutes, and once in ddH2O for 5 minutes. The slides were then stained with
hematoxylin and eosin (H&E), or for iron content using a staining kit (Scientific
Device Laboratory, Inc.).

Particle displacement analysis. Acquired MRI Images were first inverted into dark-
background images. The cell cluster in the images was excluded by size thresholding
segmentation, producing images in which only polystyrene beads were present.
Displacement fields were then calculated using particle imaging velocimetry (PIV)
software in Matlab (available at http://www.oceanwave.jp/softwares/mpiv/), using
the minimum quadratic differences (MQD) algorithm that calculates the shift
necessary to produce the minimum cross-correlation coefficient between a small
region of the experimental image and the reference image. The software uses
recursively computed displacement in a small grid spacing using information from
the previous computations to filter false vectors caused by noise. Displacement
vectors were filtered and interpolated using the Kriging interpolation method. To
evaluate 3D displacement, the XY planes of the images were first computed followed
by the calculation of XZ planes. The 3D displacement vectors were then reconstructed
by imposition.

Mesh generation. 3D time series images were fitted to triangular meshes with fixed
numbers of nodes (1340) using modified Matlab codes from ISO2MESH (available at
http://iso2mesh.sourceforge.net/cgi-bin/index.cgi?Home).

Stress field estimation. Mechanical stress was calculated as a product of the stiffness
matrix with the node displacements following formulas (1) and (2) described in the
Results section. Computing was performed using programs written in Matlab
(Mathworks).
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