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Methods

Simulation and modeling. The velocity distribution of fluid flow in the trapping barrier
structure was analyzed based on the laminar flow law of Newton fluid using commercial
software for computational fluid dynamics (CFD) simulation™?. GAMBIT software was used to
establish a 3D microfluidic system. Then, the mesh file was introduced into ANSYS FLUID
software by setting proper compute parameters under acceptable grid densities and local grid
refining. In the CFD simulation, the laminar flow module was selected, which enabled the
motion type present in the system to be determined and the flow velocity profile to be analyzed
by the Navier-Stokes equations for an isothermal incompressible fluid. The viscosity and density
of the buffer solution were assumed to be identical to that of water.

AFM measurements. MCF-7 and TPA-induced MCF-7 cells were cultured on 6-cm cell culture
dishes and all measurements were performed in culture medium at 37°C. The AFM (Bioscope,
Bruker Corporation, Billerica, MA) was equipped with an inverted light microscope (Olympus
IX81) so that the conditions of the live cells were constantly monitored. Silica microparticle
(diameter of 5 um) modified silicon nitride cantilevers (Novascan Technologies, Ames, 1A) with
approximate spring constant values of ~ 0.06 N/m were employed to measure cell stiffness. The
exact spring constant value was measured by thermal tuning method. Probes were positioned at
the cells’ nuclei proximities under optical control, and force curves were acquired at a sample
rate of 1Hz with an indentation force of 10 pN. The calculation of Young’s modulus was
performed based on the Hertz model using the Nanoscope analysis program from Bruker
corporation, where F = force, E = Young’s modulus, v = Poisson’s ratio (v = 0.5, in this study), R
= radius of the indenter (R = 2500 nm, in this study), and 6 = indentation depth. To obtain

Young’s moduli, at least 80 cells were measured.
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After measurement of single cell force spectroscopy, cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and washed twice with PBS. AFM imaging of
fixed cells was carried out in PBS at room temperature. The AFM was operated in the contact
mode using a MLCT-C cantilever (nominal spring constant, k = 0.01 N/m, Bruker
Corporation, Billerica, MA) at a scan rate of 1 Hz. The AFM images were processed using the
Nanoscope analysis program.
On-chip immunofluorescence imaging for tumor cell identification. Tumor cells, dissociated
from the mouse tumor center and periphery, were flowed into the microfluidic chip that had been
pre-coated with 1% BSA-containing PBS buffer. The trapped cells were fixed and permeabilized
following the same protocol described above. Next, the cells were incubated with the anti-
nucleus antibody (1:100, Millipore, Billerica, MA) in 3% BSA-containing PBS solution. After
rinsing 2-3 times with PBS, cells were incubated with Alexa 488-conjugated secondary antibody
for 1 h. Finally, cell nuclei was counterstained using Hoechst 33342 (Life Technologies) for 10

min, followed by PBS rinsing for 2-3 times. The stained cells were observed with an Olympus

IX81 inverted fluorescence microscope.

Results

Simulation and stress analysis. Supplementary Figure Sla shows the simulated flow rate
distribution in the microfluidic chip trapped with cancer cells. The simulation suggested there
was uniform distribution of flow rate in the interval between the two rows of microposts. The

flow rate near the surface of the cells was reduced to zero. Supplementary Figure S1b shows an



image of trapped cells. To facilitate the stress analysis, cells were regarded as elastic spheres.
The forces applied to cells included flow induced force, cell-post surface maximum static friction
force, and compression force from the micropost (Supplementary Figure S1c). Since the cell
diameter (10-20 pm) was smaller than the height of the micropost (27um) and cells had
equivalent gravity and buoyancy in the vertical direction, the trapped cells were assumed to be
suspended in the gap without contacting the upper surface, and the friction force between cells
and lower surface was neglected compared to that between cells and microposts. Based on the
force balance, the equation,

N=f1+f2 Eql

can be derived, where N (kg-m-s) is the drag force induced by flow and 1 and f2 (kg-m-s) are
friction forces between the cell and micropost. In this study, the flow in the microchannel is
laminar with extremely low Re (Re<<1). Drag force can be calculated based on the Stoke’s law.
However, the Stoke’s law describes the drag force on spherical objects. The trapped cells have
non-spherical shape and the shape factor® is considered to calculate the drag force by

N = 3novDK Eq2

where o (kg-s*-m™) is the dynamic viscosity, v (m-s™) is the initial flow rate, D (m) is the cell
diameter, and K is the shape factor, which is determined by the shape of an object®. Since the
elastic modulus of cells is far lower than that of PDMS**, the force F can be calculated based on

the Hertzian contact model®

__ Ea®

F—3D Eq3

where E (m-kg-s?) is the elastic modulus of the cell, a (m) is the diameter of the circular

contacting area between the cell and micropost, and D (m) is the cell diameter. Based on the cell



deformation in the confined channel (Supplementary Figure S1d)°, the contact length can be
described by

a~2DD-g) Eq4

where g (m) is the gap width. From Eq 3 and 4, F is then calculated

F =0.471ED%5(D — ) Eq5

From Eq 5, friction is calculated by

f1=f2=Fu=0471EuD*>(D — g)** Eq6

where  is the friction coefficient. Finally from Eq 1, 2, and 6, we get
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where E is the elastic modulus, | is the friction coefficient, o is the dynamic viscosity which is a
constant, v is the flow rate, g is the gap width, D is the cell diameter, and K is the shape factor.
From the simulation results, v can be regarded as a constant. K is determined by cell shape. Cells
have similar shape between microposts when they squeeze through gaps. The trapped cell can be
simplified to a cylinder, indicated by the blue line in Supplementary Figure S1c. In the study of
David leith, K is around 1.5 for a cylinder®. Therefore, we approximate that K remains nearly

constant for each cell. Then, Eq 7 can also be written as

1 -9

Ep DO5 Eq8

Eiu is depicted as transportability. If cells are more flexible and have reduced friction coefficients,

they will have high transportability and, theoretically, they will move further in the chip. From
Eq 7, the transportability of cells is also determined by flow rate, trapping gap width and cell
diameter. To compare transportability of different cell lines, cells were perfused into chip at the

flow rate. So transportability is only determined by trapping gap width and cell diameter (Eq 8).



If cells are trapped at the same width gaps, large diameter cells have increased transportability.
For a given cell, it will have higher transportability if it can transport through smaller gaps.

In the above derivation of transportability, we consider cells as elastic spheres. However,
cells are actually viscoelastic and possess both elastic and viscous properties. When cells perfuse
from the initial gap to the next smaller gap, there is not enough time for stress relaxation due to
their viscous properties. The remained deformation before entering the next gap may facilitate
subsequent deformation and makes cells easily transport through gaps. Thus, the viscous
properties of cells may increase cell’s transportability.

Effect of flow rate on cell size separation in the DLD structure. To study the influence of
flow rate on cell size separation, we compared the effect of two flow rates, 10 pL/min and 15
pL/min. As shown in Supplementary Figure S2, increased flow rate has no impact on linear
correlation of cell diameter and displacement. At the same displacement, a flow rate of 15
pL/min results in slightly increased diameters of trapped cells compared to the flow rate of 10
pL/min. It was also found that all the cells were trapped in the chip at 10 pL/min, while only part
of the cells were trapped at 15 pL/min. Thus the flow rate of 10 pL/min was used in the
experiment.

AFM measurement of MCF-7 and MCF-7/TPA cells. After TPA treatment, the morphology
of MCF-7 cells changed from epithelial-like to mesenchymal-like (Supplementary Figure S6).
The Young’s moduli collected from AFM measurements also showed a significant difference
between MCF-7 and MCF-7/TPA. The MCF-7/TPA cells had reduced Young’s moduli
(Supplementary Figure S6b). Decreased cell stiffness benefits cell deformation when squeezing

through small gaps, which may explain why MCF-7/TPA had increased transportability in chip.



Tumor cell identification. Tumor cells were identified by human specific anti-nucleus staining.
Supplementary Figure S8 shows the merged microscopic images of on-chip staining in bright-
field: green for anti-nucleus and blue for DAPI. Most cells are both anti-nucleus and DAPI
positive, indicating that the trapped cells are tumor cells, rather than host derived cells. The
proportion of tumor cells in total cells was calculated (Supplementary Table S1). The tumor
center had 97.1% cancer cells, whereas the tumor periphery had 95.1% cancers cells.

Immunohistochemical staining. Mouse tumors were further analysed by H&E (Supplementary
Figure S9) and immunohistochemical staining of E-cadherin and vimentin (Supplementary
Figure S10). Tumor cells from the center had high expression of E-cadherin and no expression of
vimentin. In contrast, tumor cells from the periphery had down-regulated expression of E-

cadherin and up-regulated expression of vimentin.
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Figure S1 | Simulation and stress analysis. (a) Computational modeling shows flow rate
distribution in the microfluidic device. The flow rate has uniform distribution across the channel.
(b) The image shows a cell trapped in the gap, scale bar = 10 um. (¢) The image shows top, front,
and side views and stress analysis of a cell trapped in a gap, N = flow-induced force, F =
compression force from post, f1 and f2 = friction forces between cell and micropost, g = gap
width, a = diameter of the circular contacting area between the cell and micropost. (d) The
schematic diagram shows cell deformation in the gap, g = gap width, a = diameter of the circular

contacting area between the cell and micropost.

Figure S2 | Flow rate affects size-based cell separation. Higher flow rate is associated with larger

cells than lower flow rate at the same degree of displacement.

Figure S3 | (a) Restoration of trapped cells into the round shape after perfusion is stopped. Scale

bar = 20 um. (b) Cell diameter is measured as the mean of long axis and short axis.

Figure S4 | MCF-7 cells and cytochalasin D treated MCF-7 cells are stained with

immunofluorescence. Scale bar = 20 um.

Figure S5 | Transportability versus cell diameter for small population (N = 947) and large

population (N = 4507) MCF-7 cells.

Figure S6 | Atomic force microscopy (AFM) indentation was used to analyze MCF-7 and TPA-
induced MCF-7 cells. (a) The bright field image shows indentation of the AFM tip. (b) The
number of indicated cell types was plotted versus Young’s moduli (kPa). TPA-induced MCF-7
cells have lower average Young’s moduli. (¢) The AFM image shows MCF-7 cells, scale bar =

20 pum. (d) The AFM image shows TPA-induced MCF-7 cells, scale bar = 20 pum.



Figure S7 | Images of western blotting of E-cadherin, N-cadherin, keratin 18, vinculin, F-actin,
snail and GAPDH. All western blot experiments were run under the same experimental

conditions. Red lines indicate cropped images shown in Figure 4.

Figure S8 | Cells from the tumor center and periphery were identified on chip. Bright field
images show tumor cells stained for human nuclei (green) and counterstained with DAPI (blue),

scale bars = 200 um (a and ¢, 10x magnification) and 40 um (b and d, 40x magnification).

Figure S9 | Optimal cutting temperature compound (OCT)-embedded sections from the tumor

center and periphery were stained with hematoxylin and eosin, scale bar = 100 um.

Figure S10 | Tumor tissues were stained with immunofluorescence. Tissues derived from the
tumor center (upper panels) and periphery (lower panels) were stained with antibodies against

the nuclei, E-cadherin, and vimentin; merged image is on right, scale bar = 50 um.

Table S1 Proportion of tumor cells dissociated from the tumor center and periphery

Tumor Tumor

center periphery

Tumor cells (no.) 2203 1531
Total cells (no.) 2270 1610
Tumor cells (%) 97.1 95.1

Movie S1 Separation of cells by size in the DLD structure

Movie S2 Cell capture in the trapping barrier structure
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Figure S2
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Figure S3




Figure S4
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Figure S5
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Figure S6
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Figure S7




Figure S8

Anti-nuclei/DAPI

Anti-nuclei/DAPI

]

Q

e

Tumor center

Tumor periphery ©




Figure S9




Figure S10
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