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 Rehydration of Polymeric, Aqueous, Biphasic System 
Facilitates High Throughput Cell Exclusion Patterning 
for Cell Migration Studies 
 This paper describes a cell-exclusion patterning method facilitated by a 
polymeric aqueous two-phase system. The immersion aqueous phase (poly-
ethylene glycol) containing cells rehydrates a dried disk of the denser phase 
(dextran) on the substrate to form a dextran droplet. With the right properties 
of the phase-forming polymers, the rehydrating droplet remains immiscible 
with the immersion phase. Proper formulation of the two-phase system 
ensures that the interfacial tension between the rehydrating droplet and 
the surrounding aqueous phase prevents cells from crossing the interface 
so that cells only adhere to the regions of the substrate around the dextran 
phase droplet. Washing out the patterning two-phase reagents reveals a cell 
monolayer containing a well-defi ned circular gap that serves as the migration 
niche for cells of the monolayer. Migration of cells into the cell-excluded area 
is readily visualized and quantifi ed over time. A 96-well plate format of this 
“gap healing” migration assay demonstrates the ability to detect inhibition of 
cell migration by known cytoskeleton targeting agents. This straightforward 
method, which only requires a conventional liquid handler and readily pre-
pared polymer solutions, opens new opportunities for high throughput cell 
migration assays. 
  1. Introduction 

 Cell migration is a central physiologic process that choreographs 
developmental morphogenesis and regulates tissue homeos-
tasis throughout life. Deregulated cell movement is a hallmark 
of pathologic events including pulmonary diseases and cancer 
metastasis. Epithelial cells, which cover the surface of cavities 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhewileyonlinelibrary.com

 DOI: 10.1002/adfm.201002559 

    Dr. H.   Tavana  
Department of Biomedical Engineering
University of Akron
Akron, OH 44325 
   Dr. H.   Tavana ,    K.   Kaylan ,    Dr. T.   Bersano-Begey  
Department of Biomedical Engineering
University of Michigan
Ann Arbor, MI 48109 
   Dr. K. E.   Luker ,    Dr. G. D.   Luker  
Department of Radiology
University of Michigan
Ann Arbor, MI 48109 

   Dr. G. D.   Luker  
Department of Microb
University of Michigan
Ann Arbor, MI 48109 
   Dr. S.   Takayama  
Department of Macrom
University of Michigan
Ann Arbor, MI 48109–
Email: takayama@um
   Dr. S.   Takayama  
Division of Nano-Bio a
UNIST, Ulsan, Republi
and structures throughout the body, are 
particularly interesting because of the high 
rate of cancers with an epithelial origin; [  1  ]  
epithelial cells migrate either collectively 
or individually both in normal and patho-
logic conditions. [  2–6  ]  A useful and widely 
used type of in vitro assay for collective 
migration of epithelial and other types of 
cells is the “wound” healing assay. In the 
typical wound healing assay, a cell monol-
ayer is scratched or “wounded” to remove 
a stripe of cells and subsequent closure of 
the wound region is observed. [  7–9  ]  There 
are challenges for performing wound 
healing assays, however, in that the pro-
cedures can be complex due to the need 
for specialized tools to scratch the cell 
monolayer in high-throughput settings, 
the scratching tool damages both cells and 
the underlying substrate, and migration 
results can inherently be variable because 
the “wound” size (or width) depends not 
only on the scratching tool and procedures 
but also on how the cells happen to get 
scratched off. This makes the quantifi ca-
tion of the migration process complicated. To overcome such 
limitations, a number of alternative techniques to generate 
well-defi ned gaps within a cell monolayer have been devel-
oped. These include removal of a group of cells by a rotating 
soft silicon tip, [  10  ,  11  ]  electroporation, [  12  ]  use of microfabricated 
stencils, [  13  ]  mechanical confi nement within microfabricated 
channels, [  14  ]  and release of cells patterned on microcontact 
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    Figure  1 .     a) Dehydrated DEX fi lm rehydrates upon addition of the PEG 
phase; b) schematics of cell patterning due to rehydration of the DEX 
droplet and migration of cells into the gap; c) experimental images of cell-
excluded patterning and subsequent migration of MDA-MB-231 breast 
cancer cells in 96-well plate confi guration. Plus and diamond symbols 
correspond to sections of panels (a–c) (Single-plus symbol denotes the 
dried DEX state, double-plus symbol indicates rehydrated DEX drop, 
single-diamond symbol shows cell-excluded patterning state, and double-
diamond sign denotes the migrated state). Scale bar 1 mm in (c).  
printed substrates by electrically-triggered surface property 
changes. [  15  ,  16  ]  There are also commercialized migration assays 
that utilize silicon stoppers or dried hydrogels, stencils, or lasers 
to create an area empty of cells within a confl uent cell monol-
ayer. All these methods, however, still require using unconven-
tional tools or substrates, and many are diffi cult and expensive 
to adapt to a high throughput format. We note that migration 
of cells in these platforms is initiated by presence of a disconti-
nuity in the monolayer, distinguishing them from chemotactic 
migration stimulated by gradients of a chemokine. [  17  ]  

 To generate a scratch-free cell migration assay, we utilize an 
aqueous two-phase system (ATPS) consisting of polyethy lene 
glycol (PEG) and dextran (DEX) as the phase-forming poly-
mers. [  18  ]  In this method, a submicroliter droplet of the DEX 
phase is spotted and dried on the fl oor of standard microwells. 
When the PEG phase containing suspended cells is added to 
these wells, the dried DEX spot rehydrates to form an immis-
cible droplet. The PEG-DEX biphasic system interfacial tension 
excludes cells from adhering to the part of the substrate covered 
by the rehydrating drop. This generates a well-defi ned circular 
cell-excluded area within a cell monolayer without the need for 
any special equipment or procedures other than standard pipet-
ting equipment accessible at high throughput screening facili-
ties. After washing away the ATPS medium, the rate and degree 
to which cells fi ll up the available space provides a measure of 
cell migration in a manner similar to wound healing assays. 
We further demonstrate the ability to adapt the technology to a 
96-well plate format and show its effi cacy for investigating basic 
cell migration dynamics and screening of migration-inhibiting 
chemical compounds. This high throughput cell-exclusion pat-
terning creates migration niches without damaging cells and 
the substrate and offers new capabilities for the screening 
of libraries of potential cell motility regulating chemical 
compounds.  

  2. Results and Discussion 

  2.1. Principles of Cell-Exclusion Patterning and Cell Migration 
in this Assay 

 The migration assay is based on movement of cells from a 
confl uent monolayer into a circular cell-excluded area within 
the monolayer. To develop this assay, we utilize a novel phys-
ical phenomenon involving aqueous two-phase systems. 
A droplet of the denser aqueous phase, DEX, printed on a 
tissue culture dish is allowed to dehydrate and form a solid 
disk ( Figure    1  a, left). Subsequent addition of the immersion 
PEG phase to the culture dish causes the dried DEX spot to 
rehydrate within a few minutes and form a droplet segregated 
from the surrounding PEG phase (Figure  1 a, right). Once the 
dried droplet starts rehydrating, an interfacial tension is gen-
erated between the aqueous PEG phase and the rehydrating 
aqueous DEX phase. This liquid–liquid interfacial tension is 
largest at the initial stages of the rehydration process due to 
the high concentration of the DEX polymer in the rehydrating 
droplet and decreases as the process continues toward equi-
librium. When the PEG phase contains cells, the interfacial 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2920–2926
force at the boundary of the PEG and DEX phases shields 
cells from crossing the interface between the two aqueous 
phases such that cells can only settle down around the droplet 
(Figure  1 b). Once cells adhere to the surface of the culture 
dish, the two-phase media is gently washed out and replaced 
with regular media. The washing procedure does not damage 
adhered cells nor does it affect the shape of the gap region. 
This procedure generates a well-defi ned circular cell-excluded 
area within a lawn of adhered cells and incubation results in 
the migration of cells and eventual closure of the available 
space (Figure  1 c). An appropriate automated liquid handler 
with precise dispensing of submicroliter volumes of the DEX 
phase droplet onto the surface can generate consistent gap 
sizes.  

 We substantiated the importance of interfacial tension for 
this cell patterning procedure by comparing the effi cacy of two 
biphasic systems with a similar PEG concentration of 2.5% but 
different DEX concentrations of 3.2% and 6.4%. The interfacial 
tension of an ATPS is determined by the concentration of the 
phase forming polymers. We constituted a phase diagram com-
prising of this polymer pair and determined the initial and fi nal 
mbH & Co. KGaA, Weinheim 2921wileyonlinelibrary.com
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    Figure  2 .     The phase diagram of PEG35K-DEX500K and tie lines corre-
sponding to 2.5%PEG–6.4%DEX (AB) and 2.5%PEG–3.2%DEX (A ′ B ′ ) 
two-phase systems.  

    Figure  3 .     a) MDA-MB-231 cells at the migrating front show lamellipodial 
extensions in the direction of migration, b) actin and Hoechst (nucleus) 
staining of 231 cells at the migrating border shows expression of cortical 
actin. Scale bar 50  μ m.  

    Figure  4 .     a) Typical pre- and post-migration images of MDA-MB-231 cells 
used for image processing to determine cell-excluded area. The gray bor-
derline shows the gap region in each image, b) experimental and theoret-
ical speed profi les of cells migrating into gap regions of different sizes.  
compositions of both systems ( Figure    2  ). The composition of 
the former ATPS (2.5%PEG–3.2%DEX) is closer to the critical 
point and thus the interfacial tension of this phase system is 
closer to its minimum, which would correspond to the critical 
point of the two-phase system. By increasing the DEX phase 
concentration to 6.4%, the phase system is removed farther 
from the critical point and the interfacial tension increases. 
Since the interfacial tension of an ATPS is directly propor-
tional to the tie line length, [  19  ]  we measured the length of the 
tie lines (AB and A ′ B ′ ) for both ATPSs as TLL AB   =  15.5 (%w/w) 
and TLL A ′ B ′    =  11.5 (%w/w) and estimated that the ATPS with 
the higher DEX concentration of 6.4% results in higher inter-
facial tension throughout the rehydration process with a  ∼ 26% 
increase in the interfacial tension in the fully hydrated state. 
From our previous work of direct measurement of the inter facial 
tension of the 2.5%PEG–3.2%DEX ATPS (10  μ J m  − 2 ) [  20  ]  and 
the above tie line lengths, an interfacial tension of  ∼ 13  μ J m  − 2  
is expected for the 2.5%PEG–6.4%DEX ATPS. Figure SI-1 
(Supporting Information) compares the patterns obtained with 
both phase systems, confi rming the infl uence of interfacial ten-
sion on pattern formation. Extreme sensitivity of partitioning 
properties of cells to changes in the interfacial tension of 
aqueous biphasic systems is consistent with our previous work 
that demonstrated a change of  ∼ 28% in the interfacial tension 
(10  μ J m  − 2  to 14  μ J m  − 2 ) signifi cantly alters the fi delity of cel-
lular patterns printed using ATPS microprinting technology. [  20  ]  
The principle defi ned above is general and may be utilized with 
other polymeric two-phase systems. As a general rule of thumb, 
cell printing and patterning with ATPSs is very sensitive to the 
interfacial tension, and thus phase-forming polymer concentra-
tions. The concentration of polymers should be kept as low as 
possible to minimally perturb the original media composition 
and decrease the time required for cell adhesion, yet generate 
an optimum force at the interface between the two phases to 
segregate cells.  

 Migration of MDA-MB-231 cells into the empty circular 
gap did not start until cells had completely spread and cov-
ered small intercellular spaces. Monitoring cells over time post 
printing showed that the tight association of cells and the ini-
tiation of this process requires about 12 h. This is consistent 
with the fi nding that a threshold cell density is needed before 
© 2011 WILEY-VCH Verlag G22 wileyonlinelibrary.com
the cellular gap closure process starts. [  21  ]  At this point, cells 
present at the free edge experience pressure from the mono-
layer side. The presence of the circular cell-excluded disconti-
nuity within the epithelium creates a net force on the boundary 
cells to move in the path of least resistance into the free 
available space until it is fully occupied by migrating cells 
(Figure  1 c). At the migrating front, cells spread out and formed 
fairly broad lamellipodial protrusions in the direction of migra-
tion ( Figure    3  a) and showed clear staining for cortical actin fi la-
ments consistent with collective cell migration (Figure  3 b). [  13  ]  
We did not observe formation of spike-like fi lopodia, which 
cells extend to sense chemical gradients, [  22  ,  23  ]  or expression of 
stress fi bers that occurs during individual migration of trans-
formed cancer cells. [  24  ]    

  2.2. High Throughput Cell Migration and Image Capture 
and Analysis 

 We adapted this cell migration technology to a high throughput 
format by printing a single DEX droplet in each well of a 
96-microwell plate. Subsequent addition of cells suspended 
in the PEG phase generated parallel migration assays. 
 Figure    4  a shows typical images of cells before and after migra-
tion in one well of a 96-well plate. A major challenge with the 
use of high-content cell migration platforms is image analysis 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2920–2926
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and quantifi cation of a large number of experiments. We quan-
tifi ed cell migration by calculating the percentage of closure of 
the cell-excluded area over a given time period before the gap is 
completely closed, i.e., %area closure  =  [(A 1 -A 2 )/A 1 ] ∗ 100, where 
A 1  and A 2  denote the area of cell-excluded region at the begin-
ning and endpoint of an experiment confi ned within the red 
borderline in Figure  4 a. To perform unbiased measurements 
of area on a large number of images, we devised an automatic 
protocol to process images and measure the void area within 
each image not occupied by migrating cells (see Experimental 
section for details).   

  2.3. Dynamics of Cell Migration 

 We studied migration of MDA-MB-231 cells in microwell 
plates containing cell-excluded spots with three different dia-
meters of 1.6 mm, 0.8 mm, and 0.5 mm. Cell seeding density 
was adjusted to give equal number of cells per unit area, i.e. 
 ∼ 1400 cells mm  − 2 , in all three conditions. Imaging was carried 
out every 4–6 h until the initial gap was completely occupied by 
migrating cells. We observed a gap size-dependent closure rate 
of cell-excluded areas with the highest rate of cell migration into 
    Figure  5 .     a) Blebbistatin shows dose-dependent inhibition of motility of MDA-MB-231 breast 
cancer cells. The  p  values indicate t-test results of comparing each blebbistatin concentra-
tion with the control experiment of no blebbistatin treatment, b) cells at the migrating front, 
between two dashed circles, dissociated and elongated after treatment with blebbistatin 
(left panel) compared to the control condition of no blebbistatin treatment (right panel). Scale 
bar 250  μ m.  
the smallest gap and the slowest rate into the 
largest gap (Figure SI-2a). Speed of cells was 
calculated as the average distance traversed by 
cells (i.e. change in radius) between each two 
imaging time points. We found that the speed 
of cells continuously increases with time over 
the entire course of the migration process 
(Figure 4b). We also performed curve fi tting to 
the approximated radius data and found that 
radius decreases quadratically with time for 
all three cases (Figure SI-2b). Differentiating 
the resulting equations gave theoretical speed 
relations as a function of time. Plotting these 
equations in Figure  4 b shows that the experi-
mental data follow the theoretical curves and 
overall, cells seem to accelerate more in the 
cases with smaller gap sizes (0.5 and 0.8 mm). 
But within experimental error, we cannot dis-
tinguish between acceleration of cells in these 
three cases. Acceleration of cells with the clo-
sure time is consistent with previous reports 
based on both conventional wound healing 
assay and non-scratch migration assay [  13  ,  21  ]  
and may in part be due to the contribution 
of cell proliferation within the monolayer to 
support forward movement of the migrating 
front.  

  2.4. Effect of Blebbestatin on Cell Migration 

 The basic mechanism of cell motility is 
similar in many cases and involves pola-
rization of the cell body accompanied by 
continuous reorganization of actin cytoskel-
eton, integrin-mediated adhesion to the 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 2920–2926
underlying substrate, formation of membrane protrusions at 
the cell front, traction of cell body through actomyosin-mediated 
contraction, and disassembly of adhesion sites at the rear of 
the cell to enable cell translocation. As a test of our platform 
to assess cell migration, we treated cells with a potent inhibitor 
of machinery of cellular motility, blebbistatin. This compound 
interferes with rigid actomyosin cross-bridging and abates 
cell motility. [  25  ,  26  ]  MDA-MB-231 cells were treated with six dif-
ferent concentrations of blebbistatin ranging from 5–200  μ M 
for 18 h. Cells showed a dose-dependent response to bleb-
bistatin and their migration capacity decreased signifi cantly with 
increasing concentration of the inhibitor, especially at concen-
trations greater than 50  μ  M  ( Figure    5  a). With our experimental 
conditions, the data suggest an IC 50  value of 31.8  μ  M  (BioDataFit 
software). We also observed that cells at the free edge became 
more elongated and lost close associations after blebbistatin 
treatment (Figure  5 b), similar to previous reports. [  27  ]  This set of 
experiments confi rms that the biphasic cell-exclusion patterning 
provides a reliable cell migration platform for testing effects of 
compounds targeting cell motility. We also performed a statistical 
analysis to assess the quality of the migration assay and obtained 
a value of 0.62 for the Z ′  factor using data from the 200  μ  M  
blebbistatin test as the positive control and no blebbistatin 
mbH & Co. KGaA, Weinheim 2923wileyonlinelibrary.com
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    Figure  6 .     a) The effect of three different drugs, paclitaxel, nocodazole, 
and colchicine, on the migration of MDA-MB-231 breast cancer cells, 
b) experimental images of cells treated with four different concentrations 
of each compound.  
treatment as the negative control. [  28  ]  This value indicates the 
high quality and robustness of our cell-exclusion migration 
assay. The Z ′  factor is a measure of the potential robustness of 
high throughput screens where values in the range of 0.5–1.0 
are regarded as excellent assays. [  28  ]    

  2.5. Screening Multiple Inhibitors of Cell Migration 

 We simultaneously screened the effect of three different com-
pounds on the migration of MDA-MB-231 cells. We selected 
paclitaxel, colchicine, and nocodazole, each of which inter-
feres with cell proliferation and normal dynamic function of 
microtubules. Paclitaxel is a potent cancer chemotherapeutic 
agent that stabilizes microtubules and prevents their depo-
lymerization to tubulin monomers. [  29  ,  30  ]  Colchicine and noco-
dazole, on the other hand, inhibit polymerization of tubulin 
monomers to microtubules. [  31  ,  32  ]  Drugs were tested at four 
different orders of magnitude of concentration in the range of 
1–1000 n M . We treated cells with compounds for a 2 h period 
because it has been suggested that these agents can be effec-
tive even at short treatment times. Paclitaxel showed potency 
for inhibiting cell motility within the concentration range of 
10–100 n M  ( Figure    6  a, 6b-top row), in agreement with existing 
evidence that paclitaxel arrests microtubule dynamics in tumor 
cells at such low concentrations. [  30  ]  Colchicine reduced cell 
motility in a dose-dependent manner, [  33  ]  especially above 100 n M  
(Figure  6 a, 6b-bottom row). This also supports previous reports 
that showed colchicine at 100 n M  inhibits migration of dif-
ferent cell types. [  29  ,  30  ,  34  ]  Nocodazole was the least potent among 
these three drugs and reduced migration by less than 20% only 
(Figure  6 a, 6b-middle row). Our data agrees with other reports 
that show that this compound does not effectively inhibit cell 
migration at this concentration range [  35  ]  and that higher con-
centrations are required to reduce cell motility. [  36  ]  We note that 
our conclusions are based on a short 2 h drug treatment within 
a 30 h migration analysis period. Longer drug incubation times 
will likely alter the effi cient concentration range of the drugs. 
Importantly, this test demonstrates the suitability of our plat-
form for high throughput simultaneous screening of multiple 
drug candidates to identify potent cell migration inhibiting 
agents for different dosages and treatment times.   

  2.6. Versatility and Flexibility of the Method 

 To demonstrate generality of our method for use with different 
cell types, we tested two other cancer cell lines in addition to the 
breast cancer cells (MDA-MB-231): A549 lung cancer cells and 
PC3 prostate cancer cells. The results in  Figure    7  a show that 
within 30 h of incubation, 231 cells migrated much faster than 
the other two cell lines and occupied 80% of the available space. 
Both A549 and PC-3 cells showed similar reduced migratory 
behavior closing about 25% of the cell-excluded gap within this 
timeframe. Although the incubation time needs to be adjusted 
to allow completion of migration of the slower moving cells, this 
experiment demonstrates the broad applicability of our method 
to multiple cell types. In addition, we demonstrated the capa-
bility of increasing the throughput of experiments by creating 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
four cell-excluded regions within a single well of a 96-well 
format microplate (Figure 7b). Such multiple cell-exclusion pat-
terning may effi ciently enhance statistical confi dence of assays. 
It also demonstrates the fl exibility and versatility of the rehydra-
tion-mediated cell-exclusion patterning procedure.

      3. Conclusions 

 We describe local rehydration of dried biocompatible poly-
meric aqueous media and utilize this phenomenon to develop 
a new no-scratch cell-gap healing assay. The interfacial tension 
of an optimized aqueous two-phase system formulation helps 
create circular cell-excluded regions surrounded by a confl uent 
cell layer. Over time, cells migrate into the available free sur-
face and occupy it. The procedure allows anyone with access 
to conventional liquid handlers to set up high throughput 
“wound closure” type assays without any additional equipment 
or specialized plates. Using a 96-well plate format, we validated 
the capability of this assay to study cell migration inhibitors 
using an actomyosin-inhibiting compound that reduced cell 
migration in a dose-dependent manner. We further screened the 
effect of three microtubule-targeting drugs on cell motility and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2920–2926
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    Figure  7 .     a) Comparison between migration of MDA-MB-231 breast cancer, A549 lung cancer, 
and PC-3 prostate cancer cells during similar experimental timeframe, b) multiplexing cell-
exclusion areas by printing four DEX droplets in each well of a 96-well plate and a representa-
tive image of cell migration into one of the four gaps. Scale bar 500  μ m in (a), 800  μ m in 
(b-left panel), 200  μ m in (b-right panels).  
determined concentration ranges to effectively reduce migration 
of cancer cells. This scratch-free aqueous biphasic cell migra-
tion technique is simple to perform and robustly applicable to 
multi ple different cell types, requires only standard pipetting 
tools, and opens new possibilities for high throughput evalu-
ation of drug candidates. We also note that aqueous biphasic 
system rehydration-mediated particle exclusion is a novel con-
cept for the use of polymer materials and may be useful for 
micropatterning beyond cells.  

  4. Experimental Section 
  Phase Diagram Formation : Stock solutions of PEG (20% w/w, Mw:35K, 

Fluka) and (20% w/w DEX, Mw:500K, Pharmacosmos) were prepared 
in dH20. In 10 mL conical fl asks, 19 ATPSs of differing compositions 
ranging from PEG (0.56% w/w)–DEX (19% w/w) to PEG (16% w/w)–DEX 
(0.94% w/w) were prepared using the stock phase solutions. The weight 
of each conical fl ask with the ATPS was recorded. Each ATPS was titrated 
drop-wise with dH20 until a single phase was obtained. The conical was 
centrifuged (2000g, 3 min) to ensure formation of a single phase. The 
fi nal weight of the conical with the one-phase system was recorded and 
used to calculate the weight of diluent added for one-phase formation. 
The binodal was determined through plotting the fi nal composition of 
each system. A relationship derived by Merchuk et al. was fi tted to the 
data using a non-linear least squares regression. [  37  ]  

  Printing of Cell-Excluding DEX Droplets in 96-Well Plates : Solutions of 
the DEX phase (6.4% w/w, Mw:500K) were prepared in culture media 
and kept at 4  ° C until use. The tip magazine of an automated liquid 
handler (CyBi-Well, CyBio) was loaded with 96 sterile pipette tips 
(25  μ L, CyBio). A defi ned volume (75  μ L) of the DEX solution was 
pipetted into each well of a 96-well microplate (Corning), which 
was then placed on the stage of the liquid handler. To load pipette tips 
with the DEX solution, the stage was slowly raised until the pipette 
tips were slightly inside the DEX solution. The DEX solution (10  μ L) 
was aspirated into the tips at a rate of 5  μ L s  − 1 . The loaded tips were 
brought within the proximity (200  μ m) of the bottom of the wells of an 
empty microplate and a small amount (0.8  μ L) of the DEX solution was 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2011, 21, 2920–2926
dispensed onto the surface at a rate of 0.5  μ L s  − 1  
to form circular droplets. The microplate was kept 
in a culture hood for at least 24 h to allow the 
droplets to dry. Images of the dried droplets were 
captured using a bright-fi eld microscope (Nikon, 
TS-200). The Feret diameters of the droplets were 
determined using the “Analyze Particles” function 
of ImageJ (NIH). Droplets whose Feret diameters 
were not within  ∼ 1% of the desired mean diameter 
were excluded from use in the assay. The entire 
printing and drying process was performed in a 
sterile culture hood. 

  Cell Culture : Three different human cancer 
cell lines were used: MDA-MB-231 breast cancer 
cells (ATCC) were cultured in DMEM medium 
supplemented with heat-inactivated fetal bovine 
serum (10% HI-FBS, Invitrogen), glutamine 
(1%, Invitrogen), and antibiotic (1%, Invitrogen). 
A549 lung cancer cells (ATCC) were cultured in 
F-12K medium (ATCC) supplemented with HI-FBS 
(10%) and antibiotic (1%). PC-3 prostate cancer 
cells were cultured in DMEM supplemented with 
HI-FBS (10%) and antibiotic (1%). Cells were 
maintained in a cell culture incubator (37  ° C, 5% 
CO 2 , 95% humidity). When at desired confl uence, 
cells were washed with PBS and Hank’s-based 
enzyme-free cell dissociation buffer was added to 
the fl ask. Cells were incubated (30 min) and then 
collected and suspended in complete growth medium. After centrifuging 
down (5 min, 1000 rpm, 4  ° C), cells were resuspended in an appropriate 
volume of the culture medium to give a density of 2  ×  10 6  cells/ml. 

  Cell-Exclusion Patterning Using the Two-Phase Media : Aqueous 
solution of the PEG phase (5.0% w/w, Mw:35K) was prepared in 
culture media and kept at 4  ° C until use. This solution was added 
to the cell suspension at a 1:1 (v/v) ratio to give a fi nal PEG phase 
concentration of 2.5%. Prior to this step, cell suspension density was 
adjusted by addition of culture media to result in a fi nal density of 
4.5  ×  10 4  MDA-MB-231 cells, 4.0  ×  10 4  A549 cells, and 4.5  ×  10 4  PC-3 
cells after addition of the PEG-containing media. These cell densities 
were selected from preliminary experiments that evaluated the number 
of cells required to form a confl uent monolayer per unit surface area. 
A defi ned volume (80  μ L) of the resulting solution was added to each 
well of a 96-well plate, which was incubated for 12 h (37  ° C, 5% CO 2 , 
95% humidity). Then, the two-phase media was washed out and 
replaced with regular culture media. This was set as the time zero of 
the migration experiment. 

  High Throughput Automated Image Analysis of Cell Migration : To 
determine A 1  and A 2 , cells were stained with a fl uorescent dye and 
imaged at a magnifi cation of 2.8X. In order to perform unbiased 
measurements of area on a large number of images, we devised an 
automatic protocol to process images and measure the void area 
within each image not occupied by migrating cells. Using the scripting 
language of ImageJ, [  38  ]  each image was loaded (Figure SI-3–1) and 
its background was removed (Figure SI-3–2). Then all empty regions 
within the image were determined using thresholding (Figure SI-3–3). 
Subsequently, a set of despeckling, dilating and eroding steps was used 
to remove artifacts of thresholding and further correct the images by 
eliminating regions and objects that were too small compared to the 
size of a cell (Figure SI-3–4). This resulted in a single open area in 
the middle of the image with a precise contour of the edge formed by 
the migrating cells. To account for the small number of cells already 
inside this area, we subtracted them from the total area. Overlaying 
the resulting image (shown with a red border line in SI-3–5) with the 
original unprocessed image confi rms correct identifi cation of the border 
of migrating cells and the accuracy of this image processing procedure. 
This procedure was performed automatically for all images resulting in 
the corresponding area data. After ensuring that the size of cell-excluded 
area was consistent throughout a plate for a given printed DEX droplet 
heim 2925wileyonlinelibrary.com
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diameter, we only stained and imaged cells at the end time point of the 
experiment to save user time. 

  Treatment of Cells with Blebbistatin and Anti-Cancer Drugs : After allowing 
MDA-MB-231 cells to spread and form a confl uent monolayer around 
the cell-excluded gaps, we treated them with ( ± )-blebbistatin at different 
concentrations in the range 5–200  μ  M  or anti-cancer drugs paclitaxel, 
colchicine, and nocodazole in the concentration range of 1–1000 n M . 
Cells were incubated in the presence of blebbistatin (18 h), washed with 
PBS once, and regular culture medium was added. Incubation continued 
for another 12 h before imaging. To study the effect of anti-cancer drugs, 
cells were incubated with each drug (2 h), washed with PBS, and then 
supplied with culture medium. Imaging was performed after 30 h of 
incubation. Experiments were set in 30 replicates. All reagents were 
purchased from Sigma. 

  Cellular Staining : After migration experiments were complete, cells 
were stained with Calcein AM (5  μ M) and the plates were incubated 
at 37  ° C for 30 min. The dye solution was gently removed and culture 
medium was added to wells. We stained MDA-MB-231 cells for actin 
fi laments. First, cells were fi xed in a paraformaldehyde solution (4.0%) 
for 10 min. After washing cells with PBS, they were permeabilized with 
Triton X-100 (0.1%) solution in PBS for 5 min. To reduce non-specifi c 
binding, cells were treated with a BSA solution (1.0%) as the blocking 
reagent for 30 min. Cells were incubated with Alexa Fluor 594-conjugated 
Phalloidin (165 n M ) for 20 min. Finally, cells were washed three times 
with PBS before imaging using an inverted fl uorescence microscope 
(Nikon, TE300).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

   Acknowledgements  
 Financial support for this research was provided by the National Institute 
of Health (CA136829; HL-084370, CA136553, and P50CA093990), Coulter 
Foundation, and the UM-CCG-LSI-Thermo Fisher Scientifi c Pilot Project.  

   Received: December 3, 2010 
Published online: May 24, 2011 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
  [ 10 ]     Y.   Kam  ,   C.   Guess  ,   L.   Estrada  ,   B.   Weidow  ,   V.   Quaranta  ,  BMC Cancer  
 2008 ,  8 ,  198 .    

  [ 11 ]     S.   Watanabe  ,   M.   Hirose  ,   X. E.   Wang  ,   K.   Maehiro  ,   T.   Murai  , 
  O.   Kobayashi  ,   H.   Mikami  ,   K.   Otaka  ,   A.   Miyazaki  ,   N.   Sato  ,  J. Clin. 
Gastroenterol.   1995 ,  21 ,  S40 .    

  [ 12 ]     C. R.   Keese  ,   J.   Wegener  ,   S. R.   Walker  ,   I.   Giaever  ,  Proc. Natl. Acad. Sci. 
USA   2003 ,  101 ,  1554 .    

  [ 13 ]     M.   Poujade  ,   E.   Grasland-Mongrain  ,   A.   Hertzog  ,   J.   Jouanneau  , 
  P.   Chavrier  ,   B.   Ladoux  ,   A.   Buguin  ,   P. P.   Silberzan  ,  Proc. Natl. Acad. 
Sci. USA   2007 ,  104 ,  15988 .    

  [ 14 ]     D.   Irima  ,   M.   Toner  ,  Integ. Biol.   2009 ,  1 ,  506 .    
  [ 15 ]     X.   Jiang  ,   R.   Ferrigno  ,   M.   Mrksich  ,   G. M.   Whitesides  ,  J. Am. Chem. 

Soc.   2003 ,  125 ,  2366 .    
  [ 16 ]     W. S.   Yeo  ,   M. N.   Yousaf  ,   M.   Mrksich  ,  J. Am. Chem. Soc.   2003 ,  125 , 

 14994 .    
  [ 17 ]     N.   Bhattacharjee  ,   N.   Li  ,   T. M.   Keenan  ,   A.   Folch  ,  Integ. Biol.   2010 ,  2 , 

 669 .    
  [ 18 ]     H.   Tavana  ,   A.   Jovic  ,   B.   Mosadegh  ,   Q. Y.   Lee  ,   X.   Liu  ,   K. E.   Luker  , 

  G. D.   Luker  ,   S. J.   Weiss  ,   S.   Takayama  ,  Natute Mater.   2009 ,  8 , 
 736 .    

  [ 19 ]     S.   Bamberger  ,   G. V. F.   Seaman  ,   K. A.   Sharp  ,   D. E.   Brooks  ,  J. Colloid 
Interface Sci.   1984 ,  99 ,  194 .    

  [ 20 ]     H.   Tavana  ,   B.   Mosadegh  ,   S.   Takayama  ,  Adv. Mater.   2010 ,  22 , 
 2628 .    

  [ 21 ]     P.   Rosen  ,   D. S.   Misfeldt  ,  Proc. Natl. Acad. Sci. USA   1980 ,  77 ,  4760 .    
  [ 22 ]     S.   Kaur  ,   G. V.   Samant  ,   K.   Pramanik  ,   P. W.   Loscombe  ,   M. L.   Pendrak  , 

  D. D.   Roberts  ,   R.   Ramchandran  ,  BMC Cell Biol.   2008 ,  9 ,  61 .    
  [ 23 ]     K.   Szczur  ,   H.   Xu  ,   S.   Atkinson  ,   Y.   Zheng  ,   M.-D.   Filippi  ,  Blood   2006 , 

 108 ,  4205 .    
  [ 24 ]     D. S.   Micalizzi  ,   S. M.   Farabaugh  ,   H. L.   Ford  ,  J. Mammary Gland Biol. 

Neoplasia   2010 ,  15 ,  117 .    
  [ 25 ]     M.   Kovacs  ,   J.   Toth  ,   C.   Hetenyi  ,   A.   Malnasi-Csizmadia  ,   J. R.   Sellers  , 

 J. Biol. Chem.   2004 ,  279 ,  35557 .    
  [ 26 ]     M.   Watanabe  ,   M.   Yumoto  ,   H.   Tanaka  ,   H. H.   Wang  ,   T.   Katayama  , 

  S.   Yoshiyama  ,   J.   Black  ,   S. E.   Thatcher  ,   K.   Kohama  ,  Am. J. Physiol. Cell 
Physiol.   2010 ,  298 ,  C1118 .    

  [ 27 ]     W. M.   Petroll  ,   L.   Ma  ,   A.   Kim  ,   L.   Ly  ,   M.   Vishwanath  ,  J. Cell Physiol.  
 2008 ,  217 ,  162 .    

  [ 28 ]     J.-H.   Zhang  ,   T. D. Y.   Chung  ,   K. R.   Oldenburg  ,  J. Biomol. Scr.   1999 ,  4 , 
 67 .    

  [ 29 ]     P. B.   Schiff  ,   S. B.   Horwitz  ,  Proc. Natl. Acad. Sci. USA   1980 ,  77 ,  1561 .    
  [ 30 ]     A.-M.   C. Yvon  ,   P.   Wadsworth  ,   M. A.   Jordan  ,  Mol. Biol. Cell   1999 ,  10 , 

 947 .    
  [ 31 ]     B. N.   Cronstein  ,   Y.   Molad  ,   J.   Reibman  ,   E.   Balakhane  ,   R. I.   Levin  , 

  G.   Weissmann  ,  Clin. Invest.   1995 ,  96 ,  994 .    
  [ 32 ]     K.   Mythreye  ,   G. C.   Blobe  ,  Proc. Natl. Acad. Sci. USA   2009 ,  106 , 

 8221 .    
  [ 33 ]     T.-A.   Tran  ,   L.   Gillet  ,   S.   Roger  ,   P.   Besson  ,   E.   White  ,   J.-Y.   Le Guennec  , 

 Biochem. Biophys. Res. Comm.   2009 ,  379 ,  304 .    
  [ 34 ]     M.   Lemor  ,   B.   M. de BustrGlaser  ,  Arch. Ophthamol.   1986 ,  104 , 

 1223 .    
  [ 35 ]     H.   Umeshima  ,   T.   Hirano  ,   M.   Kengaku  ,  Proc. Natl. Acad. Sci. USA  

 2007 ,  104 ,  16182 .    
  [ 36 ]     S.   Naffar-Abu-Amara  ,   T.   Shay  ,   M.   Galun  ,   N.   Cohen  ,   S. J.   Isakoff  , 

  Z.   Kam  ,   B.   Geiger  ,  PLoSone   2008 ,  3 ,  e1457 .    
  [ 37 ]     J. C.   Merchuk  ,   B. A.   Andrews  ,   J. A.   Asenjo  ,  J. Chromat. B   1998 ,  711 , 

 285 .    
  [ 38 ]     M. D.   Abramoff  ,   P. J.   Magelhaes  ,   S. J.   Ram  ,  Biophoton. Inter.   2004 , 

 11 ,  36 .   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 2920–2926




