
www.manaraa.com
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In this work, we constructed a Collagen I–Matrigel composite extra-
cellular matrix (ECM). The composite ECM was used to determine
the influence of the local collagen fiber orientation on the collective
intravasation ability of tumor cells. We found that the local fiber
alignment enhanced cell–ECM interactions. Specifically, metastatic
MDA-MB-231 breast cancer cells followed the local fiber alignment
direction during the intravasation into rigid Matrigel (∼10 mg/mL
protein concentration).
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Metastasis is a lethal milestone in cancer: Cells escape from
the confinement of primary tumor sites (intravasation),

invade tissues as well as the lymphatic and vascular systems,
and finally colonize (extravasation) distant sites. It has been
estimated that less than 1% of tumor cells undergo this pro-
cess, but metastasis contributes to more than 90% of cancer-
related deaths (1, 2). Metastasis involves both genetic and
epigenetic alternation of tumor cells, as well as external bio-
chemical and biophysical microenvironments (3–5). Pathology
studies suggest that metastatic tumor cells exhibit highly
branched morphologies and distinct aligned registration with
aligned extracellular matrix (ECM) during metastatic tumor
progression (4, 5).
We address three important questions concerning metastasis.

(i) Can we build in vitro complex ECM structures with hetero-
geneously oriented collagen fibers and basement membrane
components to mimic the cancer cell intravasation process?
(ii) How does aligned collagen influence cell intravasation into/
through the basement membrane before entering vessels?
(iii) After cell detachment from the primary tumor site, how does a
heterogeneous ECM with a varying degree of local fiber alignment
influence cell intravasation and subsequent penetration into the
basement membrane during their intravasation process? The major
obstacle to addressing these questions is the difficulty in constructing
both an in vitro 3D microenvironment to mimic the above process
and flexible controls of the environmental parameters, such as fiber
orientations in a complex collagen/Matrigel composite, nutrition,
oxygen, drug concentrations, etc.
In breast cancer metastasis, cancer cells are believed to reor-

ganize and progress through the interstitial ECM matrix, break
through the basement membrane, and enter blood vessels or
lymphatic capillaries (6–10). Fig. 1C presents a schematic illustra-
tion of the intravasation process in metastasis. Tumor-associated
collagen signatures (TACS), basically environmentally elevated
collagen density and collagen fiber reorganization, are used to
stage mammary carcinoma tumor progression levels (6, 11–13).
Fig. 1 presents hematoxylin/eosin (H&E)-stained biopsy slices of
breast cancer imaged by second harmonic generation (SHG) under
a two-photon confocal microscopy (A1R MP; Nikon) (detailed
information provided in SI Appendix, SI Text) (6, 14, 15). Fig. 1 A,
1–3 shows the stained human invasive ductal carcinoma tumor
at grade I. In the enlarged figures (Fig. 1 A, 2 and 3), the cells
have well-defined borders between the epithelium (gray) and
stromal collagen (blue). The collagen fibers with higher density

surrounding the tumor lesion are parallel to the tumor boundary,
where the collagen is located but without obviously specific
alignment (termed TACS-1) (12). Fig. 1 B, 1–3 represents in-
vasive ductal carcinoma at grade III. In this case, after cell de-
velopment, collagen fiber (blue) and tumor cells (gray) have
more mixed forms. Clearly, the filament-like collagen fibers show
macro alignment along the cell invasive directions (termed
TACS-3) (12), which is believed to correlate with cell invasive
potential in human tissues.
Recently, a number of mouse models and in vitro 3D cell culture

systems have been used to study the cell underlying molecular and
mechanical mechanisms for local collagen fiber reorganization and
alignment. These experiments showed that epithelial cells and fi-
broblasts are capable of using associated proteins to initiate the
Rho- and Rho kinase (Rock) pathway and then mediate actin-
myosin contractility to orient collagen fibers (13, 16–18). However,
it remains difficult to analyze the influences of the reorganized
collagen tissue on tumor cells so far. The reason for that is mainly
because precise quantification of reorganized collagen tissue
in vivo is significantly restricted by existing methods. Therefore,
in vitro 3D models have been constructed to build linear oriented
matrices in microchannels by mechanical strain and have demon-
strated that 3D matrix alignment facilitates persistent migration of
tumor cells (9, 19–22). For example, Jimenez Valencia et al.
studied cell behaviors in and around spheroids, which could be
regarded as a tumor model at an early stage of the intravasation
process. The analysis showed that the cells aligned perpendicularly
to the spheroid surface due to applied traction forces from the cells
in the spheroid to reorganize the collagen matrix (23). Although
the density and alignment of fibrillary collagen are clearly impor-
tant markers in diagnosing a human breast carcinoma’s stage (12,
14), biopsies merely provide static “snapshots” of the morphology
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of cells and collagen fibers. Further, although there have been
constructs of homogeneous localized collagen alignments and
of systematic quantified fiber alignment and associated cell dis-
placement (9), a basic in vitro 3D ECM model for intravasation
study should at least include structures mimicking both the in-
terstitial matrix (collagen) and basement membrane (Matrigel),
with various degrees of heterogeneities (e.g., locally oriented
Collagen I fibers).

Materials and Methods
To investigate the effects of collagen alignment on the intravasation process,
we created an engineered microenvironment within a microfabricated chip,
using layered Collagen I and Matrigel with controllable heterogeneities
in in vitro intravasation studies, as shown in Fig. 2A. The heterogeneous
landscape is constructed within a microfabricated chip, shown in Fig. 2. The

pillar-like inner structures would efficiently stabilize gel structures inside and
avoid unflavored mechanical influence by the fluid at the side channels (24).

Matrigel (100% concentration, 356237; Corning) and Collagen I (2 mg/mL
in water, 354236; Corning) created the sandwiched ECM. The heterogeneous
Collagen I orientation was induced by internally developing strain fields due
to the Matrigel volume swelling upon setting (25–29). Fig. 2B shows the
heterogeneous microenvironment made of the mechanically organized
Collagen I–Matrigel composite structure (sandwiched ECM). Collagen I was
injected while fluid into the Matrigel (Fig. 2 C, 1 and 2). During the composite
ECM solidification, the Matrigel volume expanded while the Collagen I section
shrank (SI Appendix, Figs. S11 and S12). Although the ECM interface was
reshaped, Fig. 2 C, 3 shows using cryo-Scanning Electron Microscope (FESEM,
SU8010; Hitachi) imaging that the interface still remained distinct, indicating
that Collagen I and Matrigel had little to no diffusion or mixing at the inter-
face. Detailed information is provided in SI Appendix, SI Text.

Fig. 1. Clinic biopsy of breast carcinoma progression at early (TACS-1) and late (TACS-3) stages. (A, 1–3) show the H&E-stained slices of tumor cell devel-
opment during the TACS-1 stage. (A, 2) A second harmonic generation (SHG) image illustrating the complexity and variability of collagen localization.
Combined with bright-field cell images, it seems that the locally dense collagen matrix surrounds ducts with a spherical morphology. For TACS-3 (B, 1–3), the
tumor cells (gray color in B, 3) seem to interact with the parallel aligned collagen fibers for their invasion. (C) Drawing illustrating that metastatic tumor cells
interact with oriented ECM fibers and invade toward the basement membrane and vessels during the intravasation process. The color depth represents the
nutrient gradient in the tissues; higher nutrition in vessels is an attraction for cell intravasation into tissues.

Fig. 2. The formation of the sandwiched ECM in the microfluidic device and the ECM structure characterization. (A) Diagram of the polydimethylsiloxane
(PDMS)-based microfluidic chip. The core consists of a 3D sandwiched ECM in the center, shouldered by two medium channels of medium with EGF. (B, 1–4)
The formation process of the sandwiched ECM. First, the liquid Matrigel (blue) was injected into the ECM channel (B, 2). Then the liquid collagen gel (red)
substituted for the Matrigel in the middle part by negative pressure from the outlet (B, 3). After injection, the sandwiched ECM was cured at 37 °C for 30 min
before the side channels were filled with medium (B, 4). (C, 1–3) The characterization of the sandwiched ECM in the microfluidic device. The confocal mi-
croscopy shows the planar view (C, 1) and z-stack images (C, 2) of the sandwiched gel. Imaging using a cryo-SEM figure (C, 3) shows the Collagen I–Matrigel
interface in the sandwiched ECM, which indicates that the initial collagen–Matrigel matrices had a distinct interface without obvious fusion.

Han et al. PNAS | October 4, 2016 | vol. 113 | no. 40 | 11209

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
4,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610347113/-/DCSupplemental/pnas.1610347113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1610347113/-/DCSupplemental/pnas.1610347113.sapp.pdf


www.manaraa.com

To identify the interface reshaping the Collagen I matrix section, fluo-
rescent and reflection modes (30) of the confocal microscopy were used to
characterize the Collagen I (blue region) and the Matrigel (mixed with green
fluorescent beads) regions, respectively. Fig. 3A is a top view of the 3D re-
construction images on the composite ECM region and shows that Collagen I
fibers form peninsula-like protrusions with significant perpendicular orien-
tation at the tips after 24 h. In the 3D image reconstruction, images of green
fluorescent beads in Matrigel layers do not overlap with Collagen I. Fig. 3B
shows the corresponding 3D profiles in the vertical direction (z axis). Colla-
gen I fibers connected with Matrigel were significantly reorganized and
reoriented after being squeezed by Matrigel swelling from the top and
bottom sides (SI Appendix, Fig. S9C). Fig. 3 C, 1 and C, 2 shows the detailed
fiber morphology at the Collagen I–Matrigel boundary (red boxed region) as
well in the bottom Collagen I region (green boxed region). Fig. 3 C, 1 shows
that the fibers realigned in regular patterns and were perpendicular to the
interface. The length of the longest visible fiber was about 30 μm. This obser-
vation implies that the collagen fibers have possibly infiltrated theMatrigel. The
fiber density increased at the Collagen I bottom region (Fig. 3 C, 2). For com-
parison, Fig. 3 C, 3 shows the control experiment of pure and homogenous
Collagen I at the same concentration with random fiber orientation.

The Curvelet-Based Alignment Analysis software (University of Wisconsin at
Madison) was used to quantitatively analyze the Collagen I fiber orientation
(Fig. 3 C, 1 and 2) in sandwiched ECM and pure Collagen I in the control ex-
periment (Fig. 3 C, 3). Fiber orientation was quantified by measuring its angle
relative to the channel direction (x axis), and angle frequency was plotted as a
function of its distribution. Each bar represents the angle frequency within ±
2.5°. In Fig. 3 D, 1, the analysis shows that the majority of fibers in the pro-
trusion tip region were oriented along the vertical direction toward the
Matrigel region. However, in the Collagen I bottom region (Fig. 3 D, 2), the
majority of the fibers were oriented in a wide distribution centered at 0°,
possessing on average parallel orientations to the ECM channel. In the control
experiment, the same analysis on the pure Collagen I showed random orien-
tation of the fibers (Fig. 3 D, 3). A complete landscape of the distribution of
collagen fiber orientation is plotted as a function of the position of collagen
fiber in the sandwiched ECM in SI Appendix, Fig. S10.

In our system, the formation of the oriented collagen fiber landscape was
controlled by the internal strain field inside the composite gels during the

sandwiched ECM injection andMatrigel squeezing process. First, the injection
of liquid Collagen I into viscous liquid Matrigel led to external forces that
constrained the macroscopic shape of the Collagen I fiber network during
gelation (31, 32). Further, the swelling Matrigel anisotropically squeezed
specific Collagen I regions after immersion in the culture medium, leading to
further fiber reorientation and reorganization.

To verify this scenario, we used a confocal microscope to take time-lapse
images of the displacements of fluorescent beads in the composite ECM for
300 min continuously after immersion in culture medium. The tracked traces
of the red fluorescent beads indicated their spatial movements in Collagen I
region, and the yellow green fluorescent beads provided directions and
degrees of the Matrigel deformation. The continuous tracking data were
analyzed using the software Imaris (Bitplane), and the spatial displacements
of the beads were plotted as a function of time, as shown in Fig. 4A. The
z axis sectional view of displacement (Fig. 4A) during the tracking process
indicates that the displacements of fluorescent microspheres in Collagen I
were mainly constrained in the y–z plane and pointed to the center of the
ECM channel. Our result indicates that the strain field in the latter process
had major contributions to the heterogeneous collagen fiber reorientations
(SI Appendix, Figs. S12 and S13).

The displacement field obtained via bead tracking was used to estimate
the stress field in the system. In our analysis, elasticity was assumed for both
Collagen I and Matrigel. Although both materials may exhibit certain vis-
coelastic behavior, we expected the estimated stress field qualitatively to
represent the actual stress field in the system. Because the Collagen I section
and the inside fiber orientation was our primary concern, its confocal image
was reconstructed in 3D and subsequently used to analyze the stress inside.
Our analysis indicated that σx, σy and τyz have major contributions to fiber
orientation distribution (complete analysis of the strains provided in SI Ap-
pendix, Stress Field in Collagen I and Matrigel) (SI Appendix, Fig. S2). The
normal stress σy was mainly due to the resistance of Matrigel to the intrusion
of Collagen I, and the shear stress τxy and τxz fluctuated around zero. There-
fore, these stress components did not significantly contribute to the observed
fiber orientation correlations. As shown in Fig. 4 (and SI Appendix, Movie S1),
it could be clearly seen that, close to the Collagen I–Matrigel interface (i.e., the
extruded border of Collagen I shown in Fig. 4 C and D), the system is under
biaxial compression. This stress state could be understood as follows: In response

Fig. 3. Analysis of collagen fiber orientation in the sandwiched ECM after formation. (A) The 3D confocal image reconstruction via image stacking (top view)
shows the Matrigel/collagen composite ECM and their interface in three dimensions. (B) The cross-sectional view (side view) of the 3D ECM shows that the
Matrigel affected the local morphology of collagen In the interface region. (C, 1) The collagen fibers near the interface region possess vertical orientations
(red box). (C, 2) The collagen fibers in the centered region possess horizontal orientations (green box). Correspondingly, D, 1 and 2 demonstrates the ori-
entation distribution analysis of the collagen fibers in the “vertical” and “horizontal” regions, respectively. The angle of fiber orientation is defined as the
Inset in D, 1. As a comparison, C, 3 and D, 3 show the collagen fiber organization and orientation distribution in pure collagen as the control experiment. The
quantitative analysis of the fiber orientation in the vertical region yielded a strong peak around 90° perpendicular to the ECM interface whereas the fiber
orientation distribution in the horizontal region possesses peaks around 0°. The fibers in the pure collagen were randomly oriented and possessed a uniform
distribution of angles.
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to the osmotic pressure and Matrigel volume swelling, the convex extrusion
front of Collagen I was “squeezed,” leading to large compressive normal stress
σx and σz. Such strong biaxial stresses caused the reorientation and local align-
ment of collagen fibers along the y direction in regions close to the extrusion
front, which is consistent with the quantitative analysis of the confocal micro-
graphs (Fig. 3 C, 1). In the middle region of the Collagen I system that was an-
alyzed previously, both the normal and shear stresses fluctuated and thus could
not lead to significant alignment of the Collagen I fibers. This result was con-
sistent with the low degree of orientation correlations among the fibers ob-
served in the confocal micrograph. On the hand, a large shear stress τyz was
observed at the bottom of the Collagen I region we analyzed (Fig. 4E). As the
Collagen I region close to the extrusion front was squeezed to the middle,
the Collagen I away from the front was also “dragged” to the middle, leading to
the observed large shear stress τyz (Fig. 4E). Such a shear stress, which could be
considered as caused by the relative motion of two successive thin layers of Col-
lagen I parallel to the y–z plane, could lead to significant fiber rotation and thus
alignment along the x direction, which is consistent with the strong fiber align-
ment in the horizontal direction observed in the confocal micrograph (Fig. 3 C, 2).

Results and Discussion
Cell Behavior Heterogeneity of MDA-MB-231 Cells in the Composite
ECM. Metastatic breast cancer cells (MDA-MB-231) (Xiehe Med-
ical University Cell Culture Center) were mixed with the Collagen I
and injected inside the chip with the collagen. They were used to
characterize the influences of oriented collagen on collective cell
invasive behavior. The orientation of MDA-MB-231 cells inside
the ECM was quantified by ImageJ and then displayed as pop-
ulation distributions of the measured angles. Because cell nucleus
shape mostly represents its morphological change (33–35), the
MDA-MB-231 cells were stained with Hoechst so that their nuclei
would be visible under the confocal microscopy.
Fig. 5A presents the integration of the bright-field and fluores-

cent images of cells at 96 h. The blue color indicates the nucleus
position. The cells in the Collagen I region exhibited a highly
heterogeneous orientation. Fig. 5 B, 1–3 shows the enlarged bright-
field images of the boxed regions shown in Fig. 5A. Fig. 5 C, 1–3
presents the fluorescence images of cell nucleus orientations. In
particular, Fig. 5 B, 1 and C, 1 shows that, inside the tip regions, the
cell morphology and nucleus shape revealed that MDA-MB-231
cells assumed a vertical orientation through the ECM interface.
Behind the tip zone, the yellow boxed region shows that the dis-
tribution of tumor cell orientation was gradually changed from the
vertical direction to a random orientation (Fig. 5 B, 2 and C, 2).

Meanwhile, in the middle region of Collagen I, the cells presented
a horizontal orientation (Fig. 5 B, 3 and C, 3).
The distributions of tumor cell orientation in different regions

were analyzed using Curvelet-Based Alignment Analysis soft-
ware and plotted as population distributions of the measured
angles. In the tip zone, tumor cells formed cell branches, and
there were more than 25% of tumor cells possessing orientations
distributed around 90° (Fig. 5 D, 1). The cells around the ECM
interface region (yellow box) exhibited almost uniform angular
distribution (Fig. 5 D, 2). The orientations of cells in the middle
region were mostly distributed around 0° and 180° (Fig. 5 D, 3).
These results show that the cell orientation distribution was
highly consistent with the distribution of Collagen I fiber orien-
tation in the composite ECM. On the other hand, in the control
experiment with pure and homogenous Collagen I (SI Appendix,
Fig. S13), MDA-MB-231 cells had a random orientation distri-
bution (detailed information provided in SI Appendix, SI Text).
This observation indicates that the composite heterogeneous
ECM had strong guidance for the orientation of MDA-MB-231
cells via the locally reorganized Collagen I fibers.

Enhanced MDA-MB-231 Cell Intravasation into the Matrigel Region.
Fig. 6 A, 1–3 presents bright-field pictures taken by confocal mi-
crocopy and show the MDA-MB-231 cell intravasation toward the
Matrigel region with time. Fig. 6 B, 1–3 shows the fluorescence
images showing the relative positions of the invading cells within
the ECM network. At 0 h, MDA-MB-231 cells were distributed
randomly in the Collagen I region, most of which were more than
100 μm away from the ECM interface (indicated by the green
fluorescent beads). After 48 h, the cells moved toward the interface
with significantly increased cell numbers due to rapid cell prolif-
eration. Some cells, as indicated by the arrow, already had a ver-
tical orientation approach and had begun to enter the interface
(Fig. 6 B, 2). After 96 h, the Collagen I shrinkage continued and
significantly drove the gel interface to the center. However, the
pioneering cell still invaded more than 200 μm deep into the
Matrigel (100% concentration) region, as indicated by the white
arrow in Fig. 6 B, 3). The major cell intravasation exhibited a
collective behavior in the form of “single stream” branches (36).
The cell intravasation speed was about 3 μm/h. Note that the

Fig. 4. Dynamic strain field and analysis in the ECM. (A) Displacement field
of fluorescent beads imbedded inside the collagen (red) and Matrigel
(green). (B) A 3D reconstructed image of the beads’ spatial distribution in
the collagen region, with an illustration of action directions of different
stress components. (C–E) The stress components σx, σz, and τyz in collagen.
The results showed that large compressive normal stresses σx and σz led to a
strong biaxial stress state and thus caused the reorientation of collagen fi-
bers along the y direction in regions close to the extrusion front. The large
shear stress τyz, induced by the relative motion of two successive thin layers
of collagen parallel to the y–z plane, could lead to significant fiber rotation
and, thus, fiber realignment along the x direction.

Fig. 5. Tumor cell in vitro intravasation in the heterogeneous ECM with
various degree of local collagen fiber alignment. (A) The distribution of in-
vading tumor cells in the sandwiched ECM after 96 h (B, 1–3 and C, 1–3). En-
larged Insets respectively show the bright field and fluorescent images of the
spatial distribution and morphology of cells invading in the Matrigel region
(B, 1 and C, 1), the aligned collagen region (B, 2 and C, 2), and the randomly
oriented collagen region (B, 3 and C, 3). The Insets in C, 1–3 illustrate the
magnifications of the corresponding areas, representing alignments of the cell
nucleus (vertical, random, and horizontal alignment, as indicated by arrows).
(D, 1–3) The quantitative analysis of cell orientation distributions in the
aforementioned corresponding regions.
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Collagen I fibers and the orientation became indistinct under the
reflection mode of confocal microscopy (indicated by the yellow
arrow in Fig. 6 B, 3), which suggests that the Collagen I fiber
network was remodeled during the cell intravasation. In this
process, the cancer cell should express matrix metalloproteinases
(MMPs) that degrade the ECM, generate local paths, and help
the cell invasion (37). At the 144th hour (Fig. 6C), the front cells
successfully crossed the entire Matrigel region, which suggests that,
even if there may be some infiltration of the collagen fibers in the
Matrigel, the influence goes much further than their penetration
lengths because cells could travel a much longer distance in the
Matrigel after passing the interface. As a control, in homogeneous
collagen, MDA-MB-231 were unable to invade the Matrigel (see
SI Appendix, Cell Invasion Process from Homogeneous Collagen to
Matrigel and SI Appendix, Fig. S1).

Weak Intravasation of MCF-7 Cells in the Heterogeneous ECM. In the
control experiment, weakly metastatic breast cancer cell line
MCF-7 cells (Xiehe Medical University Cell Culture Center) were
also cultured in the composite ECM structures (Fig. 7). The MCF-7
cells exhibited spherical morphologies and more proliferation
than intravasation. After 168 h, the cells aggregated and formed
spheroid-like structures, which did not exhibit obvious intra-
vasation into the Matrigel region. This result indicates that MCF-7
cells are unable to acquire enhanced invasive potentials from the
prealigned Collagen I fibers. It would seem that metastatic cancer
cells (such as MDA-MB-231 cells) are more sensitive to an ori-
entated collagen fiber environment, which may benefit and en-
hance cell invasive potentials along the intravasation process.
Opposite to that, the same environment would not affect the
intravasation of weak metastatic cells (such as MCF-7 cells).

Conclusions
Our analysis and results show that the orientation of the Colla-
gen I matrix can lead to significantly enhanced tumor metastatic
potential. To further elucidate possible mechanisms for the en-
hanced intravasation, we used a minimalist 3D cell migration
model that incorporates the effects of both a collagen network
microstructure and a local fiber stress state on cell migration (see
SI Appendix, Computational Model for 3D Single Cell Migration in
ECM) without explicitly considering the effects of chemotactic
cues. Specifically, we considered polarized actin polymerization
(correlated with migration direction) and biased focal adhesion
formation depending on the stress state of the fiber segments,
leading to directed cell motions. On the other hand, the active

contraction of actin filaments also generated forces on the fibers
mechanically coupled to the cell cytoskeleton via focal adhesion
sites, and the forces propagated via the fiber network to cells at
distant locations. Our simulations suggest that an oriented fiber
network could lead to much stronger migration persistence for
individual cells due to contact guidance (SI Appendix, Figs. S3–
S6) and to collective directional migration for multiple cells due
to both contact guidance and mechanical regulation (SI Appen-
dix, Figs. S7 and S8). The resulting highly directional migration
persistence could be responsible for the large penetration
depth (∼200 μm) in the Matrigel (Fig. 6 B, 1–3) and even the
breakthrough (Fig. 6C). This depth is much larger than the
thickness of the interface layer (∼20 μm), suggesting that the cells
acquire enhanced invasive potentials during the contact guid-
ance or mechanical regulation.
It is known that radiotherapy, to some extent, promotes the

specific alignment of the Collagen I matrix (38–41). Therefore,
in light of our study, if there are tumor cells that have survived
the treatment and proliferated after therapy, the oriented fiber
network may drive their subsequent aggressive metastasis. We
suggest that future therapy should consider treatment of the
tumor physical microenvironment. The patients could receive a
“tissue therapy” that alters the tumor microenvironment (e.g., to
recover local ECM fiber orientation to the original unoriented
state), to minimize the aggressive intravasation of the metastatic
cancer cells. Some strategies have been developed to inhibit fiber
formation and/or disassembly of the fibers: For example, physical
(e.g., light, heat, and electrical field) (42–44) as well as chemical
(45, 46) agents have been applied to this topic. Among the above
methods, use of the nanomaterial graphene oxide to transform
the energy of near infrared (NIR) light to thermal energy and
consequently induce disassembly of the preformed fibers of the
amyloid protein (47) might be applied using a spatiotemporal
controllable photo-thermal treatment. We suggest that this ap-
proach seems most likely to match the concept of tissue therapy
that we propose.
Our results provide strong evidence that, besides intrinsic prop-

erties such as genetics and morphology, the tumor microenviron-
ment of local Collagen I fiber orientations plays an important role
in guiding cell intravasation, promoting cell breakage into the
basement membrane before entering the circulation systems. Our
finding not only agrees with clinical biopsies of breast cancer met-
astatic cell intravasation, but also systematically reveals the process
and mechanism of ECM enhanced cell intravasations during
intravasation in a quantitative way. We propose that future therapy
could consider tuning tumor biophysical microenvironment: e.g.,
recovering ECM fiber orientations and using local tissue treatment
to reduce the intravasation potential of metastatic cancers.
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Fig. 6. The enhanced intravasation process of MDA-MB-231 cells in the
composite ECM. (A, 1–3) The bright-field images showing snapshots of in-
vading cells taken every 48 h. (B, 1–3) The fluorescent images combined with
reflective mode, which show the Matrigel region with green beads em-
bedded, the collagen region (blue), and the nuclei of invading cells (red). It is
clear that, at the 96th hour, guided by oriented collagen fibers, the cells
aggregated and strongly invaded into the rigid Matrigel region in single-
stream forms. The field of view is the same for A, 1–3 and B, 1–3. (C) Cells
broke through the Matrigel region and reached the side channel at the
144th hour, indicating the long-distance influence of the collagen fibers in
enhancing the intravasation process of MDA-MB-231.

Fig. 7. Proliferation and intravasation of weak metastatic MCF-7 cells in the
composite ECM at the 0 h (A) and 168th hour (B), respectively. The enlarged
image (C) shows that the cells present weak invasive behaviors, with
spherical and sheet-like morphology inside the collagen matrix.
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