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Epigenetic regulation plays an important role in cell migration. Although many methods have been

developed to measure the motility of mammalian cells, accurate quantitative assessments of the

migration speed of individual cells remain a major challenge. It is difficult for conventional scratch

assays to differentiate proliferation from migration during the so-called wound-healing processes

because of the long experimental time required. In addition, it is also challenging to create identical

conditions for evaluating cell migration by conventional methods. We developed a microfluidic device

with precisely created blanks allowing for robust and reproducible cell migration inside accurately-

controlled microenvironments to study the regulatory effect of the epigenetic regulator histone

deacetylase 7 (HDAC7) on cell migration. Through analyzing time-lapse imaging of the cells

migrating into individual blank regions, we can measure the migration speed parameter for human

primary cells within a few hours, eliminating the confounding effect of cell proliferation. We also

developed an automatic image analysis and a numeric model-based data fitting to set up an integrated

cell migration analysis system at single-cell resolution. Using this system, we measured the motility of

primary human umbilical vein endothelial cells (HUVECs) and the migration speed reduction due to

the silencing of HDAC7 and various other genes. We showed that the migration behaviour of these

human primary cells are clearly regulated by epigenetic mechanisms, demonstrating the great

potential of this accurate and robust assay in the fields of quantitatively migration studies and

high-throughput screening.

Introduction

The migration of mammalian cells plays a critical role in many

biological processes, including cancer metastasis, embryonic

development, wound healing, immune response, organogenesis,

and tissue regeneration.1,2 Cell motility, one of the key factors to

describe migration, has been extensively studied and used to

confirm gene functions3 and to evaluate and screen drugs.4

Migration-related genes are connected to many biological

processes and form a complex network.5 Recent discovery has

shown that epigenetic modification also critically regulates cell

migration.6 Histone deacetylases (HDACs) are a family of

enzymes that modulate gene expression through the removal of

an acetyl group from the lysine residue on a histone protein.7

Several groups have shown that knockdown of HDAC7 will

decrease endothelial cell (EC) migration speed.8 However,

different experiments have drawn inconsistent conclusions from

the correlation between HDAC7 and cell proliferation.8,9

Considering the strong possibility of conflating pure motion

and cell division during the migration experiment, and the

difficulty of reproducing the migration condition between

different experimental runs, it is highly desirable to find a

quantitative, robust, automated, and scalable method to evaluate

migration.

The most popular method to study collective migration of cells

is the wound-healing scratch assay.10 A monolayer of cells is

scratched by a fine pipette tip to create a gap, which is then

allowed to ‘‘heal’’. The width of the ‘‘scratch’’ is measured as a

function of time to determine the migration speed. This scratch

method-produced wound reflects a natural wound and the

procedure is simple and easy to set up, but it is difficult to

produce precise and reproducible results. Firstly, during wound

generation, it is unavoidable to damage the cells, thus interfering

with motility quantification. Secondly, to obtain reliable results,

the procedure usually takes 12 h or longer for cells to migrate a

sufficiently long distance, during which cells can proliferate

profusely, making significant contribution to wound healing.
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Thirdly, reproducibility is poor as each step has to be performed

manually, making it difficult to determine whether some of the

subtle changes result from human inference or system error, or

from real biological effects. Finally, when increasing throughput,

scratch essay experiments require large amounts of samples and

reagents, making it costly to handle multiple samples simulta-

neously. Several modified methods, including aqueous two-phase

dextran droplets surface blocking11 and the commercially

available polymeric insert mask,12 have been developed to create

a non-invasive blank inside a cell monolayer and observe the cell

invasion into the blanks. These methods are good replacements

for the conventional scratch assays since they offer an intuitive

analogy and conventional operation to researchers. However,

these approaches still require long time to allow the cells to move

sufficient distances for an accurate quantification of cell motility.

Recently many groups have developed chip-based assays to

realize wounding by electrical pulses,13 trypsin digestion,14

PDMS micro-stencil,15 self-assembled mono-layers (SAMs),16

surface tension,17 micromachined plate,18 and temperature-

sensitive releasing.19 These techniques were developed to solve

the above-mentioned problems, by increasing the throughput,

lowering sample consumption or improving the reproducibility.

However, most of these methods cannot avoid cell or surface

damage during wounding, and, by themselves, cannot differ-

entiate cell proliferation from migration. Thus the precise and

quantitative observation, recording, and analysis of cell mobility

remain to be fully realized.

Here we present a novel method to quantitatively measure cell

migration speed with the ability to track single-cell movement

and the collective migration simultaneously, and use this method

to study the epigenetic regulation of HUVEC migration. This

method is a fully integrated system, consisting of a microfluidic

device, a set of home-developed microscopic image acquisition

and processing program, and a pair of migration calculation

algorithms using both analytical model, and numerical simula-

tions. This migration assay, using merely a few hundred to a few

thousand of cells, takes only 3 to 4 h to distinguish the motility

difference between differently treated cells with minimum

influence of the division and great reproducibility. We also built

a ‘‘particle’’ model and a simplified collective migration model to

fit the experimental data. We found that both single-cell tracking

and collective migration fitting give similar results. Knockdown

of HDAC7 slows down the HUVEC migration by 25%, showing

the distinct epigenetic regulatory effect on cell motility. With the

ability to perform both single-cell tracking and counting, we can

accurately differentiate the division change caused by knocking

down HDAC7. We also examine the migration regulated by

HoxA9, a crucial transcription factor which itself is epigeneti-

cally regulated by HDACs. The quantitative assessment of the

regulatory effectiveness of different migration related genes

could be precisely measured through this method, demonstrating

the great potential of its applications in screening and evaluating

functional genes and drugs.

Methods

Fabrication of blank-fill chips

We fabricated blank-fill chips by multi-layer soft lithography

technology.20,21 In brief, we first used the photolithographic

process to fabricate molds for the fluidic channels and control

channels. The mold of the control channels, including the button

valves similar to the ‘‘MITOMI chips’’,22 was made from a

20 mm negative photoresist (SU8-2010, MicroChem, Newton,

MA, USA) patterned on a silicon wafer. The mold of fluidic

channels was made from positive photoresist (P4620, AZ

Electronic Materials, Branchburg, NJ, USA). The fluidic

channel was rounded after reflow and its height was about

50 mm. Then we used PDMS (Sylgard 184, Dow Corning,

Michigan, USA) to make all the chips. Before the chip

fabrication, all molds were exposed to chlorotrimethylsilane

(TMCS) vapor for 10 min. Then the two components of PDMS

mixed at a ratio of 5 : 1 were poured onto the control channel

mold in a Petri dish. PDMS mixture with ratio of 23 : 1 was

spin-coated onto the fluidic channel mold at 1000 rpm for 60 s.

Both of these two molds were cured in an oven at 80 uC for

30 min. The cured control layer was peeled off from the mold

and holes were punched. These two layers were aligned together

and baked at 80 uC for 60 min. The two assembled layers were

peeled off from the fluidic channel mold and the rest of holes

were punched for the access to fluidic channel. Then the chip was

placed on a glass slide, which was spin-coated with PDMS (ratio

20 : 1) at 1300 rpm for 60 s and cured at 80 uC for 30 min.

Finally, the whole device was put in oven overnight.

Cell culture

The primary human umbilical vein endothelial cells (HUVECs)

were isolated from umbilical cord. HUVECs were typically

cultured with Medium 199 (M199, Invitrogen) supplemented

with 20% heat-inactivated fetal bovine serum (FBS, Invitrogen),

1% penicillin–streptomycin (PS, Invitrogen), 200 mM L-gluta-

mine (Invitrogen), 40 mg ml21 bovine endothelial cell growth

factor (bECGF, Roche) and 4000 units heparin (ChangZhou

Qianhong Bio-pharma Co., Ltd.). Cells, used for siRNA

experiment, were cultured in M199 medium containing 5%

FBS, 1% PS and 1% endothelial cell growth supplement (ECGS,

Sciencell). (This cocktail for transfection contains less serum to

reduce the harm to cells during the 6-hour lipofectamine 2000

(Invitrogen) transfection with non-serum-supplemented med-

ium.) All cells were cultured at 37 uC in a humidified incubator

containing 5% CO2. Cells between passages 2 and 7 were used for

all the experiments. When cells became confluent, they were

detached by 0.25% trypsin with 0.1% EDTA (Invitrogen),

and centrifuged at 1200 rpm for 3 min. Then supernatant was

discarded, and cells were re-suspended at a density of 5 6
107 cells per ml. To test the division influence, the cells were

treated with Mitomycin C (MMC, Roche) for 2 h before loading

on the blank-fill chip. 1 mg ml21 Cytochalasin D (CytoD, Sigma)

has been added into the culture medium to inhibit cell division.

To facilitate cell migration, we added epidermal growth factor

(EGF, invitrogen, 10 ng ml21 or 100 ng ml21) into the culture

medium.

RNA interference

For the siRNA experiments, cells of one 10 cm Petri dish were

split into four 25 cm2 flasks to achieve an appropriate cell density

for transfection the next day. Before the lipofectamine transfec-

tion, the old medium was replaced with the medium without PS
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and FBS. 10 ml lipofectamine 2000 transfection reagent

(Invitrogen) was diluted in 500 ml Opti-MEM (Invitrogen),

mixed gently and incubated for 5 min at 25 uC. Then 10 ml

siRNA (20 mM in DEPC water, Shanghai GenePharma Co.,

Ltd., China) was diluted in 500 ml Opti-MEM and mixed gently.

The sequences of siRNAs:

HDAC7 siRNAs: 59-GGACAAGAGCAAGCGAAGUTT-

39, 59-ACUUCGCUUGCUCUUGUCCTT-39;

HoxA9 siRNAs: 59-CGUGCAGCUUCCAGUCCAATT-39,

59-UUGGACUGGAAGCUGCACGTT-39;

AQP-1 siRNAs: 59-GGGUGGAGAUGAAGCCCAATT-39,

59-UUGGGCUUCAUCUCCACCCTT-39;

NC siRNAs: 59-UUCUCCGAACGUGUCACGUTT-39, 59-AC-

GUGACACGUUCGGAGAATT-39.

The diluted siRNA was combined with diluted Lipofectamine

2000, followed by incubation for another 20 min at 25 uC. The

whole siRNA-lipofectamine 2000 mixture was added to cells and

removed after 6 h incubation in the incubator in order to

eliminate the toxicity to cells. Cells were harvested for blank-fill

assay, scratch assay, and RT-PCR experiment 24 h after the

transfection. Total RNA was extracted with RNAprep pure Cell/

Bacteria Kit (Tiangen Biotech (Beijing) Co., Ltd.) and cDNA

was synthesized with the PrimeScript Reverse Transcriptase

(Takara Biotechnology (Dalian) Co., Ltd.). All of the siRNA

knockdown efficiency exceeded 70%, determined by RT-PCR.

Blank-fill assay

Before on-chip cell loading, the entire fluidic channels were coated

with fibronectin (200 mg ml21, Invitrogen), an extracellular matrix

protein for 2 h. Then the button valves were actuated and the cells

were loaded through the inlets on chip with tygon tubing. When

cells became confluent, the button valves were released and phase-

contrast images of cells’ migration around each blank were

recorded by a monochrome CCD camera (2000R, Qimaging,

Canada) under a 10X objective of Nikon TE2000-E automated

inverted microscope. The blank-fill chip was incubated in a home-

made miniature live-cell culture incubator, which was made from

plexiglass and fixed on the motorized translational stage

(BioPrecision, Ludl Electronic Products Ltd., Hawthorne, NY,

USA) of the microscope. This device contained two indium–tin

oxide (ITO) glass slides on both the bottom- and top side of the

chip. The bottom ITO glass was used to heat the chip and to

maintain the temperature at 37 uC. The top ITO glass was used to

avoid water condensation on the top of chip. Both of them were

controlled through two PID controllers. Chips were partially

immersed into water and 5% CO2 was introduced into the

incubator to prevent medium evaporation from the inside of the

chip and to ensure the cells on-chip were alive during the whole

experiment. The integration among microscope, stage, camera,

and chip were automatically controlled by our own script written

in MATLAB (Mathworks, Natick, MA, USA), successfully

recording time-lapse images with no human input. Every two

hours, the old culture medium in the chip microchannels was

replaced with fresh one through pneumatic control.

Scratch assay

HUVECs of 50% confluence were transfected with siRNAs, as

described above. After 24 h, the cells were transferred to one

6-well plate and incubated for a further 12 h. The medium was

aspirated and the ‘‘scratch’’ was created with p200 or p10 pipette

tips. Then the cells were washed with D-Hanks twice and the

fresh medium without FBS was added to each well to inhibit cell

proliferation. At 5 h and 12 h, microphotographs of wound area

were taken to determine the speed of cell migration. We took

images according to the principle that adjacent images shared

some overlap with each other. For each wound, 50 images were

taken, covering the whole wound from one end to the other.

Image-J was used to manually determine the edge of the wound

and the width of each wound was measured at different time

points.

Image processing

We developed our own MATLAB script to recognize and

calculate blank area from the time-lapse images. In a phase

contrast picture, we found that the cell’s edge is brighter than its

interior (Fig. 1a, step 1), and the variance of the intensity in the

region covered by cells is larger than that in the blank region. By

setting an appropriate threshold, we could differentiate the blank

region from the images. We divided an original image (1600 6
1200 Pixels) into 10 6 10 pixel units and calculated the intensity

variance for each of them. If it was larger than the variance

threshold we set, we recognized it as a ‘‘cell unit’’, otherwise an

‘‘empty unit’’ (Fig. 1a, step 2). After scanning through all units in

the image, a grayscale image was transformed to a binary image,

with black representing cell regions, and white representing

blank regions (Fig. 1a, step 3). We picked the biggest connected

region (Fig. 1a, step 4) and filled all the speckles inside this

region as the blank area (Fig. 1a, step 5, 6, in cyan). To speed up

the image processing, we cropped 900 6 900 pixel sections from

the original time-lapse images, centered on the centroid of the

blank region of the first image at time zero, of each single button

valve (Fig. 1a, step 7). Our image processing method could

accurately locate the blank region at each time point, from the

beginning (Fig. 1a, step 8) to the end of the experiment (Fig. 1a,

step 9).

Particle Model and Numerical Simulation

To study single-cell migration dynamics, we have constructed a

numerical particle model to simulate the whole process of blank-

filling. Cells are allowed to move or grow. To move, each cell has

nine options, moving in one of the 4 cardinal or 4 ordinal

directions and the option of staying still. If there is no collision

and the total overlapping areas of all options are smaller than a

‘‘crowdedness’’ parameter, cells may grow (Fig. S2{). Seven

parameters, Rcell, Rsense, Prandom, Pgrow, T (Threshold), O

(Overall) and Rmax, are used in our model to simulate cell

motion, including movement and growth. For the reason that

cell division is rare at the beginning of the blank filling process,

we do not incorporate the dividing process in the model. In

situation where division is not negligible, cell division can be

added to the model.

Each cell is defined as a circular 2-D particle, with a radius of

Rcell (incompressible internal core). Outside of this core is a

sensing part with a width of Rsense (compressible external shell).23

Rtotal is the total radius of a model cell, Rtotal = Rcell + Rsense.

Rmax is the maximum radius the cell may grow to, and the value
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is calculated from the experimental results. Prandom, Pgrow, T and

O were manually adjusted and kept the same in all simulations.

Before simulation, two random numbers between 0 and 1 are

generated for each particle, named P1 and P2. Before our

migration routine, we first calculate the crowdedness for

surrounding of each cell. The cell can move in 8 directions

((1,1), (1,0), (1,21), (0,1), (0,21), (21,1), (21,0), (21,21)) or

stay still (Fig. S3{). The cell would evaluate these 9 options and

check if there is a collision, and then record the overlapped pixels

for each evaluation. If no collision occurs and the sum of all

overlapped pixels is smaller than the preset parameter O, Rtotal is

smaller than Rmax , and at the same time the random number P1

is less than Pgrow, the cell would grow, otherwise the cell would

migrate. The parameter Pgrow controlled the growth rate of each

cell and is set to 0.2 for our control group. During growing, Rtotal

is increased, while the ratio Rcell/Rsense keeps the same. The

grown cell will evaluate 9 updated options, and then will choose

the least overlapped direction to migrate. For migration, the cell

first decides whether to walk randomly or migrate with

preference, by comparing (1-P2) with Prandom. Prandom represents

the probability for a cell to do completely random walk. When

Prandom = 1, all particles will move randomly, while Prandom = 0

means each individual particle will evaluate its next moving

direction and choose a preferred one. In our simulations, Prandom

is set to be 0.2. With this setting, the migration curve is very

similar to those with Prandom = 0, indicating that the cells’

motion is not purely random walk.25 In our simulations, if (1-P2)

is less than Prandom, the cell would choose to walk randomly.

Otherwise, the cell would have to make another decision: if there

are options where the overlapping pixels are fewer than T, the

cell will choose one of these options randomly; otherwise, the cell

would choose the minimal overlapping option. Parameter O is

set to control a cell’s sensitivity to the crowdedness of its

surrounding area. A small O would inhibit the growth of the cell

Fig. 1 Blank-fill assay. (a) The image processing procedure. 1) A raw phase contrast microscopic image captured by CCD camera; 2–3) The procedure

of scanning the raw image to get the binary image. The areas without cells are marked white and the area with cells are marked black; 4) The biggest

connected region kept in the binary image; 5) The biggest connected region with holes filled; 6) The centroid (yellow cross) is determined from the blank

(cyan); 7) The cropped image centered on the centroid of the blank region in the first original picture; 8) Non-filled blank region recognized by image

processing at the beginning time point; 9) Non-filled blank region recognized by image processing at the ending time point. (Scale bars = 200 mm) (b)

Trajectories of single migrating cells clearly show cells’ inward movement once the button valve is released (button diameter = 550 mm). (c) Numerically

simulated cell trajectories during the migration. (d) Cell migration can be tracked at the single-cell resolution. The tracked cells are also marked in (b).

(e) The particle model simulates the single-cell migration. The single particles, marked in (c), are indicated as green spots with arrows. The migration

speed of single cells, calculated from the experimental data (f) and from the simulation results (g). Blue and red represented the speed of cells on the edge

of the blank or in the area further away from the blank, respectively.
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and make blank areas fill more slowly. Parameter T is used to

distinguish one option from the others when several overlapped

areas are comparable in multiple options. With a smaller T, the

cell would make a smarter choice at each step so the blank area

will be occupied faster. The migration curves with different

preset parameters are shown in Fig. S4a.{
Even using an identical set of parameters, the simulation is

stochastic based on our particle model. To test the robustness of

the simulation, we performed fifty repeats of the simulation with

the same parameters (Fig. S4b{). We found that the variation

was small in the beginning and became gradually larger through

the simulation process for the accumulation of randomness.

Within the relatively short experimental time required for the

blank-fill assay, this simulation is still effective to fit the

experimental data.

We set a region of 1950 6 1350 pixel bitmap to match our

experiment. Each pixel in the simulation represents one pixel in

the experimental images. The cell density for all simulations is

obtained from the experiments. A circular area in the center of

the region is marked as unreachable to simulate the actuated

button valve. The particles are randomly seeded into the

accessible area in the region and are spread out evenly. Later,

we remove the marked area and the particles start migrating. We

calculate the area of the non-filled blank region at each step of

the simulation, until the blank is smaller than that of the

corresponding experiment. We fit the experimental migration

curves by adjusting the parameters, and record the total steps

required for each simulation. Then the total time of experiment is

divided by the step number, which indicates the time for each

simulation step. Since the step size of the simulation is constant,

the time for each step reflect the averaging migration speed of

single particles.

The numerical simulations were performed in MATLAB. The

seeding function and button size calculation were written in

MATLAB, while cell migration function was written in C,

running in parallel through CUDA (nVIDIA, Santa Clara, CA,

US) on a GT200b GPU. Each cell was assigned to a thread on

the GPU.

To compare with our blank-fill assay, we also simulated the

wound healing process in the conventional scratch assay (Fig.

S5{). The width of the scratch, representing the wound, was set

to be equal to the diameter of our button valve (550 mm). We

simulated the wound healing process using the parameters that

have been used in our blank-fill assay simulation. We simulated

two different cases, one with the same cell density and size as our

chip experiment, another with bigger cell and lower density, as

what we measured in the scratch assay.

Results and discussion

Blank-fill chip working principle

It is critical to resolve the subtle difference of cell’s migration

speed under different treatments, and to verify or score the

migration regulatory genes in living cells. However, conventional

scratch assay often produce data with less-than-desired accuracy.

To evaluate the epigenetic regulation of HUVECs’ migration, we

have developed an integrated microfluidic chip called the

‘‘blank-fill chip’’ (Fig. 2), which is inspired by ‘‘MITOMI

chips’’.22 The original design has been used for capturing the

intermolecular interactions with large dynamic range while our

modified version is aimed at creating uniform and highly parallel

blank regions among the cell monolayer. These blanks,

generated through modified pneumatic ‘‘button valves’’, are

used to emulate wounds (Fig. 2a).

Unlike the common pneumatic control valves in microfluidic

chips,20,21 the size of the button valve is slightly smaller than the

flow channels. Under zero external pressure, a button valve

remains flat (Fig. 2c,d). When pressure is applied, the valve is

deflected downwards to block part of the bottom surface of the

flow channel (Fig. 2e,f, and Movie 1{), creating a ‘‘blank’’ area,

which the liquid inside the flow channel cannot access, thus

ensuring that cells cannot enter during seeding. After the cells

fully attach the surface and grow to confluence, the button valves

can then be released to allow the cells to migrate into the blank

(Fig. 2a), and an automated optical microscope records time-

lapse images of cell motion.

Scratch assay

Conventionally, scratch assay is widely used to measure the cells’

motility by calculating the speed of gap closing within a cell

monolayer. However, the edge of the gap, usually generated by

scratching the cell monolayer with a pipette tip, is rough

(Fig. 2g). This makes the gap measurement and data analysis

unreliable, subjective, and often irreproducible. The width of the

gap is controlled by the physical size and shape of the pipette tip,

and the force applied to make the scratch. The typical width in

previous reports varies from a few hundred of micrometers to a

few millimetres. Recently researchers start studying migration by

creating a blank among cell monolayer and observing the cell

moving into the blank. The blanks could be created by releasing

self-assembly monolayers,16 by polymeric phase-transition,11 or

by mechanically blocking certain areas in the well plates.12 These

approaches have generated migration data with higher accuracy

than scratch assays. However, some of these methods require

surface pretreatment or patterning16 which may conflict with

certain cell culture conditions, and some still require long time to

observe the migration and these long time experiment, conflating

the effect of migration and proliferation.11 We have set our

button’s diameter to be 550 mm to create multiple identical

wounds for each experimental condition. The size of the button

fits HUVECs’ averaging migration speed, allowing the whole

blank-filling process to be finished in a few hours.

Typically, a scratch assay uses the percentage of the gap-width

reduction at certain time points to represent the migration speed.

Although the wounding of the scratch assay is intuitively simple

and requires minimal setup, damages to the cells at the edge of

the wound complicate the data analysis. Furthermore, as

migration proceeds, the edge of the scratch roughens and

becomes irregular, making it even more difficult to track the

moving front (Fig. S1 and Movie 2{).

We tested the epigenetic regulation of HUVECs by knocking

down HDAC7 through RNA interference, and observed the

change of migration speed using conventional scratch assays. We

also knocked down two other genes, Homeobox A9 (HoxA9)

and aquaporin-1 (AQP-1), as comparisons because the silencing

of these two genes has been reported to negatively regulate

HUVEC motility as well.24,25 It has been reported that HDAC7
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controls PDGF-B expression and thus activates PDGFR/PI3K/

Akt pathway,8 and HoxA9 gene, which is directly related to

HDAC7, encodes a transcription factor, which regulates EphB4

receptor expression and then also activates PI3K/Akt/MMP

pathway.24 Aquaporin-1, which encodes a water channel protein

that may facilitate the rapid turnover of cell membrane

protrusions at the leading edge,25 has not shown any direct

relationship with HDAC7. We transfected specific siRNAs to

down-regulate the expression of those genes by .70% and

recorded those cells’ migration.

As expected, the edge of the scratch is not straight and during

the migration the edges become even more irregular (Fig. 3a).

We followed the conventional way to manually analyze each set

of experiments at 50 different spots along the length of the gap.

The result was highly subjective and depended critically on the

end point of each experiment (Fig. S1{). This result is marked in

Fig. 3c as solid circles. We have developed our image-processing

algorithm to differentiate the cell edges and the wound gap, and

to obtain a statistical assessment of the gap width distribution.

We found that the noisiness of the scratch generation and the

inherent irreproducibility of the scratch assay led to quantita-

tively unreliable measurements. The histograms in Fig. 3b show

the gap width distribution along the scratched wounds at 0 h and

5 h. The dispersion of the gap width made it difficult to

accurately determine the migration speed. If we take the mean

width of the gap to calculate the migration (presented as bars in

Fig. 3c), and compared with the manually obtained results, not

only the final values of the migration speed are different by using

different methods, the relative speed difference between samples

is also not consistent.

Single-cell migration analysis

Phase contrast microscopic images of each blank are taken every

6 min and stored. The cell-covered area and blank of each image

are separated and calculated with our own image-processing

program (Fig. 1a) to obtain the area vs. time migration curves

and to calculate motility. Dynamically observed under the

microscope, we can track the motion of every cell in the field of

view. We illustrate a few trajectories of cell migration in

Fig. 1b,d. While each cell’s initial direction appears random,

as a population, the cells migrate inwards to fill the blank

(Movie 3{).

To describe the migration dynamics more quantitatively, we

model the microscopic process with a ‘‘particle’’ model (Fig.

S2{). Each cell is regarded as a solid particle with an

incompressible hard core and a partially compressible soft

shell.23 A cell’s shell is allowed to overlap with another shell or

core, while two cores cannot collide. We found that this model is

a simple but effective way to simulate single-cell motion. We

picked a few single cells around the blank region and traced their

trajectories during blank-fill (Fig. 1c,e). The cells around the

edge of the blank have longer travelling paths and larger

Fig. 2 The blank-fill chip. (a) The work-flow of the assay (items not to scale). Step 1: Suspended cells are loaded into the culture-channels while the

button valves are pressurized. When the buttons are actuated, the lower membrane of the button valve will expand and then partially block the surface

of the culture channels. Step 2: The cells then adhered to the surface and grow inside of the micro-channels to confluence. Step 3: When the button valve

is released the blank is created among the cell layer. Step 4: The cells migrate into the blank after the release of the button valves. We capture the time-

lapse images of the migration process for each button valve and use these images to calculate the migration speed. (b) An actual blank-fill chip (scale

bar 5 mm). This chip has 64 button valves that can handle 8 groups of experiments with 8 repeats in parallel. To indicate the multi-layer architecture of

the chip, the button valves are filled with green and red dyes, and the cell-culture channels are filled with blue dye. (c) and (d) are top-view and side-view

close-ups of the valves without pressurization; (e) and (f) are the cases of the valves actuated under the hydraulic pressure (scale bar = 200 mm). (g)

Schematic illustration of wounds generated by scratch-assay and the blank-fill assay. The blank generated by pneumatic button valves is more

controllable and uniform.
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displacement than the cells that stay further away from the

blank. Through frame-by-frame cell location tracking, we can

calculate the cell moving speed and direction at the single-cell

level. We randomly chose 40 cells for analysis, 32 from the edge

of the blank and 8 from the area further away from the blank.

The statistics of single-cell motion are summarized in Fig. 1f,g,

showing that when we consider each group of cells as a whole,

the single-step motions are omnidirectional and the cells sitting

at the blank edge move much faster than the others. This result

indicates that the cells around the wound are the major players

of migration and lead the wound healing process, and analysis of

their motion will faithfully unveil the cell autonomous mobility.

Although this single-cell resolution method is effective to obtain

the individual cell’s migration speed, a simpler expression of the

collective migration is still valuable to quantitatively evaluate the

wound healing process.

Blank-fill assay of HUVEC migration

A few hypotheses have been proposed to explain the migration

behaviour caused by different shapes of the cell patterns and the

edge effects.26,27 To verify whether different shapes of the blank

trigger different migration phenotypes along the filling process,

we designed a chip with three different shapes of button valves.

We did not observe any obvious intercellular mechanical shear

effect, which might occur when the cells were too crowded,28

affecting their autonomous motion. We found that although the

initial areas are the same, circular blanks filled more slowly than

the other shapes (Fig. 4a). We speculate that this is because the

migration process is controlled by the perimeter of the blank

region, namely, the population of cells on the edge of the blank

region. Therefore, a simple dynamical process can be used to

describe migration in the blank-fill chip. The average migration

process is controlled by the population of cells on the perimeter

of the blank region and can thus be modeled as:

dA

dt
~ka0A

1
2 (1)

where A is the blank area, a0 is a normalization coefficient, and k

is the non-dimensional migration speed. By fitting the experi-

mental data to our particle model and to eqn (1), we extract a

single parameter (k) to represent the cell’s motility, providing an

objective and highly quantitative assessment. The initial-shape-

dependent k value indicates that identical blanks are necessary to

perform the reliable comparison in parallel. With our blank-fill

device, the blanks are created with great accuracy. Moreover,

this miniature device provides a unique solution to separate cell

Fig. 3 The scratch assay of HUVEC migration. (a) Each of the overall pictures of the whole scratch around 15 mm is stitched from 50 microscopic

images. The red-marked area is the scratch determined by automatic image processing while the black lines are drawn manually to indicate the frontiers

of cells. The gap width is reduced through cell migration. (b) RNAi of HDAC7, HoxA9, and AQP-1 with conventional scratch assay. Knocking down

of these three genes effectively slows down the migration speed of HUVECs. The distribution of gap width through the whole scratch is dispersive,

causing difficulty to obtain the frontier of the cells accurately. (c) Motility calculated from conventional scratch assays. Migration can be quantified

using the percentage of the reduction of the scratch gap. Knocking down HDAC7, HoxA9 or AQP-1 will slow down the migration speed, which is

confirmed both by manual measurement and automatic image processing. However, two methods give inconsistent motility measurement.
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migration and proliferation, both of which contribute to the

wound closing process.

In conventional migration assays, which typically last more

than 12 h, it is common to inhibit proliferation by decreasing

serum concentration10 or by applying drugs, such as Mitomycin

C (MMC).29 Both practices put cells into unnatural conditions,

which could lead to misleading assessments of cell motility.

Serum is crucial for cell sustainment and proliferation. We

compare four experiments with different concentrations of fetal

bovine serum (FBS) on a single chip. Fig. 4b shows time-lapse

Fig. 4 Migration curves are plotted through image analysis of blank-filling process. The remaining area of the blank is calculated by automatically

analyzing each time-lapse image of each button valve. (a) The shape of the button slightly affects the migration curve fitting and the k value reflects the

shape dependence. We use both numerical simulation and eqn (1) to fit the experimental data. (b) Reducing the concentration of FBS in culture

medium slows down the HUVECs’ migration speed (scale bar 200 mm). The relative ratio of the blank area during migration is noted in each panel. (c)

The experimental migration curves are plotted as open symbols with error bars representing variation from multiple replicates within a single culture

channel. The solid and dash lines are fitting results by using eqn (1) and numerical simulations, respectively. (d) Migration curves of HUVECs with and

without proliferation inhibitor Mitomycin C. The open symbols represent the calculated area of blank at different time points during the migration. The

solid lines are counted proliferation rate and for each condition, the variation from 8 groups of experiment is represented by a color blanket. (e) The

migration curves show that EGF facilitates migration while CytoD inhibits cell motion. (f) With microfluidic control, the culture condition can be

swiftly changed in situ and cell migration swiftly responds to the microenvironmental changes. (g) Fitting the on-chip migration curves by eqn (1) gives

the non-dimensional migration speed k of each curve. (h) Taking the area reduction of the blank at t = 4 h as the indicator, we can obtain quantitatively

reproducible results of migration with higher accuracy. (i) The proliferation rate of HUVECs with HDAC7 RNAi.
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images of the blank (in cyan). Fig. 4c shows that both numerical

simulation and eqn (1) fit well the experimental data and that the

lower the serum concentration, the slower the cells migrate.

These results demonstrate that the low levels of serum in

conventional assays might lead to incorrect assessments of the

migration speed. By using circular button valves with diameters

of 550 mm, which are small enough to observe the cell migration

within 5 h, we avoid the need to suppress proliferation and can,

for the first time, investigate quantitatively the effects of MMC

(Fig. 4d, Movie 5{) and serum concentrations on cell migration.

Two experiments, with and without proliferation inhibitor

Mitomycin C in the culture medium, are performed in parallel.

The division events inside the field of view are counted in both

cases. Cell division is rare at the beginning of the blank filling

process, only 8% for the control group, indicating that division is

negligible during the early period of experiment.

Our blank-fill chip is highly controllable and flexible. It has

been reported that epidermal growth factor (EGF) can stimulate

HUVEC migration,30 while Cytochalasin D (CD), which binds

to actin,31 directly inhibits cell migration. Through the micro-

fluidic control of our blank-fill chips, stimuli can be applied

in situ accurately, precisely, and dynamically. We found that

compared with normal culture medium, CD (1 mg ml21)

significantly hindered cell migration, while EGF (10 ng ml21)

boosted motility (Fig. 4e). The solution in our blank-fill chip can

be changed rapidly through the use of integrated valves. Fig. 4f

shows that after a prompt change in the microenvironment at

50 min into the experiment, the migration curves immediately

separated. When EGF concentration (100 ng ml21) was further

increased, cells migrated even faster (k = 1.38, Fig. 4f) than what

we had observed in the previous experiment (k = 1.22 for

10 ng ml21 EGF, Fig. 4e).

The capability of differentiating subtle changes in migration

speeds makes blank-fill chips ideal to study epigenetic regulatory

on cell motility. The result obtained from this chip-based assay is

shown in Fig. 4g. Similar to the result from conventional

approach, all three RNAi experiments on-chip lead to the

decrease of migration speed, while the global view of the whole

dynamic process provides more accurate assessment through

analyzing the entire migration curves. The speed of migration

under each condition can be automatically extracted precisely

and reliably. Both numerical simulation and eqn (1) have been

applied to obtain the motility of cells and the comparison of

these two approaches is listed in Table 1. The motility fitted

through numerical simulation is the migration speed of every

single cell, calculated at each time step, while the motility fitted

through the analytical equation represents the collective migra-

tion speed of a group of cells. We found that the results derived

from these two methods well match each other, except that the

single-cell motility simulation using the particle model does not

depend on the initial shape. With the design of identical circular

shape blanks, the fitted k values can also depict the average

migration speed of individual cells.

We also implement the end-point analysis for our data

obtained on-chip (Fig. 4h) to evaluate the performance of our

method through comparison with previous result from the

experiment in well plates (Fig. 3c). There are two major

improvements. Firstly, the determination of the migration speed

is more quantitative with much smaller errors. Secondly, the

relative effectiveness of the speed reduction has been estimated

with higher confidence level. Epigenetic regulation of migration

through HDAC7 silencing is not as direct as the down-stream

interference such as HoxA9 or AQP-1. We also found that the

reduction of migration speed through HDAC7 knock down is

not as affect as silencing the HoxA9 or AQP-1. This difference

was not able to be unveiled using scratch-assay because the data

is not completely objective. The cell division, which may also be

altered through RNAi during the long-term healing process, may

also slightly affect the result. The accurate control and precise

observation at the single-cell level are able to provide new insight

of the epigenetic regulation to cell migration. With our blank-fill

device, we also check the proliferation rate of HUVECs with

HDAC7 knocked down. Although previous studies have

suggested that HDAC7 RNAi will not affect cell growth,8 we

clearly observe the increase of proliferation rate compared to the

control group (Fig. 4i).

Conclusions

We quantitatively investigate the epigenetic regulation of

HUVECs through a precisely controllable microfluidic blank-

fill chip. This method offers high-throughput and reproducible

way to observe cells’ collective and individual migration with

single-cell resolution. We develop a particle model to simulate

the single-cell migration behaviour, as well as a simple analytical

expression to fit the migration curves and extract the motility.

Blank-fill chips can generate identical wounds without harms to

the cells. Besides the advantages of little consumption and robust

control, this method shortens the experimental time, thus

reducing the effects of division, and represents significant

improvements over conventional scratch assay and other

wound-healing assays. RNAi of HDAC7 slows down the

HUVEC migration, but slightly facilitates the division.

Compared to conventional scratch-assay, our quantitative

assessment is of much less error, clearly differentiating the

strength of the reduction of migration speed between different

RNAi targets. We believe this method can also be seamlessly

applied to many other cells other than HUVECs. Excepting the

limitation that the circular shaped lesion may not reflect a

natural wound, this highly quantitative method, based on

automatic operation through precisely controllable microfluidic

devices and model-based data analysis, is parallel and highly

Table 1 The motility calculated from numerical and analytical methods

Numerical Analytical

Circle* 1.00 1.00
Button shape Square 0.96 1.07

Triangle 0.96 1.12
Control* 1.00 1.00

Stimulation CytoD — 0.19
EGF 1.70 1.22
20%* 1.00 1.00

FBS concentration 10% 0.81 0.69
5% 0.44 0.36
Control* 1.00 1.00

RNAi HDAC7 0.86 0.75
HoxA9 0.67 0.61
AQP-1 0.58 0.50

* Experimental group used for normalization.
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scalable, and thus holds great potential to be used as large-scale

migration assays in the laboratory and for drug and functional

gene screenings.
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Fig. S1. We show a typical scratch on a layer of HUVECs and the “healing” process 
with time, using the conventional scratch assay. In the experiment we need to pick 50 
spots along the scratch and then measure the remaining width of the gap. We show 
zoomed pictures of three spots at 0 h, 5 h, and 12 h after the scratch generation, 
demonstrating the dispersive distribution of the gap width along cell migration.
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Fig. S2. A numerical method has been developed to simulate the cell motion. We 
evaluate 9 different moving options for each individual cell at each step, and then 
choose one option to avoid collision. For each direction, the cells will have certain 
possibility to grow when migrating, as we have observed in the experiments.
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Fig. S3. The flow chart of numerical simulation. The detailed description is in the 
Supplementary Methods. 
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Fig. S4. Simulation of blank-filling through the particle model. (A) The effect of 
different parameters for simulation. All black lines are generated from simulations 
with the same set of parameters (Pgrow = 0.8, Prandom = 0.2, O = 900, T = 300), labeled 
as “control” group. Color lines (solid and dashed) represent simulation results with 
different parameters. For each subgroup, one parameter is changed while keeping the 
other three the same of the control group. (B) The stochastic effect of numerical 
simulation is demonstrated by fifty independent runs using same parameters. The blue 
blanket represents the result of fifty simulation runs and the red blanket shows the 
experimental result.  
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Fig. S5. Simulation of the scratch assay (550 μm gap) using particle model, showing 
that the wound gap (cyan) becomes irregular during the migration.
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Code #1 ( 
 
 
SI Movie 1.  
 

 
 
The button valves are actuated by pneumatic pressure. This movie shows two 
individually controlled groups of button valves driven sequentially. The buttons are 
filled with red or green dyes while the culture channels are filled with blue dye. 
During the actuation, the liquid inside the culture channel but beneath the buttons will 
be pushed away; hence the buttons will turn into red or green. 
 
 
 
 
 
SI Movie 2.  
 

 
 
The microscopic view of a wound generated by scratch assay at different time points 
during the experiments. With cell migration, the irregularity of the wound edge is 
creased, causing difficulty to measure the gap width. 
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SI Movie 3.  
 

 
 
The blank-filling process around a button. The video is generated from a series of 
phase contrast microscopic images. The positions of a few cells around the edge of 
the blank are identified in each image and the trajectories of these cells are marked in 
the video. 
 
 
 
 
 
 
SI Movie 4.  
 

 
 
The simulated blank-filling process. During the simulation, each cell will choose its 
moving direction, or grow, based on a particle model described in the supplementary 
methods. The positions of a few cells around the edge of the blank are identified in 
each image and the trajectories of these cells are marked in the video. 
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SI Movie 5.  
 
 

 
 
 
The blank-filling process of HUVECs with and without MMC treatment. Each cell-
dividing event within the field of view has been identified and counted. MMC will 
inhibit cell proliferation, hence less cell dividing events are recorded. We use this 
method to quantitatively measure the proliferation rate of HUVECs on-chip and 
notice that with normal culture condition the proliferation will not make significant 
contribution to the blank-filling with a short experimental time. 
 
 
 
 
 
 
SI Movie 6.  
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Time-lapse videos of HUVECs on a single chip with different FBS concentration 
show that the cell motility is affected by the serum concentration.  
 
 
 
SI Movie 7.  
 
 

 
 
The simulated time-lapse images of cell migration with different motility. These 
videos are used to fit the experimental data for calculate the cell migration speed of 
single cells. 
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Supporting codes for image processing (Matlab script) 
 
%	  the	  code	  of	  “calcuArea	  .m”	  
%	  calcuArea.m	  calculate	  the	  areas	  of	  blank	  units	  in	  NUM	  time-‐lapse	  images.	  
%	  A	  median	  filter	  is	  applied	  to	  the	  picture	  N	  times.	  
%	  THRESH	  is	  the	  threshold	  for	  the	  variance	  of	  the	  intensity	  to	  differentiate	  cell	  
unit	  from	  blank	  unit.	  
%	  SIZE×SIZE	  pixel	  sections	  are	  cropped	  from	  the	  original	  time-‐lapse	  images	  for	  
image	  processing.	  
clc;	  
clear;	  
%%	  
N=2;	  THRESH=16;	  NUM=5;	  SIZE=900;	  
inPic=imread([int2str(1),'.jpg']);	  	  	  	  	  	  	  	  	  	  	  	  	  	  %	  load	  the	  first	  image	  of	  each	  picture	  
series.	  
for	  k=1:N	  
	  	  	  	  inPic=medfilt2(inPic);	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  %	  apply	  an	  median	  filter	  to	  the	  picture	  N	  times	  
end	  	  	  	  
[Centroid,bwPic]=gray2bwPic(inPic,	  THRESH);	  	  	  %	  transform	  a	  grayscale	  image	  
to	  a	  binary	  image	  	  	  
showPic(:,:,1)=inPic;	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  %	  display	  the	  picture	  to	  adjust	  THRESH	  
showPic(:,:,2)=inPic+uint8(bwPic*255);	  
showPic(:,:,3)=inPic+uint8(bwPic*255);	  
imshow(showPic);	  
hold	  on;	  
plot(Centroid(1),Centroid(2),'*')	  
clear	  showPic;	  
	  
%%	  
for	  picNum=1:NUM	  
	  	  	  inPic=imread([int2str(picNum),'.jpg']);	  

inPic=imcrop(inPic,[Centroid(1)-‐SIZE/2,Centroid(2)-‐SIZE/2,SIZE-‐1,SIZE-‐1]);	  	  	  	  	  	  	  	  
%	  crop	  SIZE*SIZE	  pixel	  sections	  from	  the	  original	  time-‐

lapse	  images	  	  
	  	  	  [serialCentroid,bwPic]=gray2bwPic(inPic,	  THRESH);	  	  
	  	  	  buttonArea(picNum)=sum(sum(bwPic));	  
	  	  	  showPic(:,:,1)=inPic;	  
	  	  	  showPic(:,:,2)=inPic+uint8(bwPic*255);	  
	  	  	  showPic(:,:,3)=inPic+uint8(bwPic*255);	  
	  	  	  imwrite(showPic,[int2str(picNum),'.processed.jpg']);	  
end	  
xlswrite(['buttonArea.xls'],[buttonArea]);	  
	  
%	  the	  code	  of	  “gray2bwPic	  .m”	  
%	  gray2bwPic.m	  is	  a	  son	  function	  of	  calcuArea.m	  to	  transform	  a	  grayscale	  image	  
to	  a	  binary	  image	  and	  calculate	  the	  centroid	  of	  the	  blank	  region.	  
function	  [Centroid,bwPic]=	  gray2bwPic	  (inPic,	  threshold)	  
for	  i	  =	  1:size(inPic,2)/10	  
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	  	  	  for	  j	  =	  1:size(inPic,1)/10	  
	  	  	  	  	  	  	  h_index	  =	  (i-‐1)*10+1;	  	  
	  	  	  	  	  	  	  l_index	  =	  (j-‐1)*10+1;	  
	  	  	  	  	  	  	  subPic	  =	  double(imcrop(inPic,[h_index,l_index,9,9]));	  	  %	  divide	  an	  original	  
image	  into	  10×10	  pixel	  units	  
	  	  	  	  	  	  	  tmp	  =	  reshape(subPic,10*10,1);	  
	  	  	  	  	  	  	  Variance	  =	  var(tmp);	  	  	  	  	  	  	  	  	  	  	  	  	  %	  calculate	  the	  intensity	  variance	  for	  each	  unit	  
	  	  	  	  	  	  	  if	  Variance	  <	  threshold	  	  	  	  	  	  	  	  	  	  	  %	  use	  the	  threshold	  to	  determine	  the	  unit	  
belongs	  to	  cell	  region	  or	  blank	  region	  
	  	  	  	  	  	  	  	  	  	  	  	  inPic(l_index:l_index+9,h_index:h_index+9)	  =	  1;	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  else	  	  	  

inPic(l_index:l_index+9,h_index:h_index+9)	  =	  0;	  
	  	  	  	  	  	  	  end	  
	  	  	  end	  
end	  
bigArea	  =	  bwareaopen(inPic,6000,4);	  	  	  	  	  	  %	  pick	  the	  biggest	  connected	  region	  and	  
fill	  all	  the	  speckles	  inside	  this	  region	  as	  the	  blank	  area	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
bigArea	  =	  imfill(bigArea,'holes');	  
bigArea	  =	  bwlabel(bigArea);	  
picStat	  =	  regionprops(bigArea,'Area','Centroid');	  
for	  k	  =	  1:max(max(bigArea))	  
	  	  	  conArea(k,1)	  =	  picStat(k,1).Area;	  
end	  
bigAreaIndex	  =	  find(conArea==max(conArea));	  
Centroid	  =	  picStat(bigAreaIndex,1).Centroid;	  
bwPic	  =	  bigArea	  ==	  bigAreaIndex;	  
	  
Note:	  The	  input	  should	  be	  an	  image	  series	  containing	  NUM	  images	  with	  the	  name	  
‘1.jpg’,	  ‘2.jpg’,	  …’NUM.jpg’.	  The	  output	  are	  the	  processed	  square	  images	  cut	  from	  
the	  original	  images	  with	  blank	  regions	  labeled	  in	  cyan	  and	  a	  excel	  file	  with	  the	  
corresponding	  blank	  region	  areas.	  For	  example,	  if	  the	  input	  is	  1.jpg,	  the	  output	  
will	  be	  1.processed.jpg	  and	  buttonArea.xls	  containing	  the	  blank	  area	  ‘249600’. 
	  

	  
1.jpg	  
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