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Abstract

Hypoxia is a critical microenvironment in tumor pathogenesis. There is a close relationship 

between hypoxia, tumor metastasis and poor prognosis. Hypoxia has been shown to induce 

epithelial-mesenchymal transition and high levels of lactic acid production, through which cancer 

cells gain migratory capability. Here, we present a high-throughput microfluidic platform with a 

controlled oxygen environment to specifically monitor mesenchymal migration under hypoxic 

conditions. We found that, combined with a slightly alkaline microenvironment, such a platform 

can help to improve the efficiency of antimetastatic drugs. We also use this platform to study 

primary and rare cells from mice and demonstrate the correlation between on-chip results and in 

vivo outcome. This device may provide a new opportunity for biologists and clinicians to better 

perform assays that evaluate cancer cell behaviors related to metastasis.

Introduction

Cancer mortality is mainly caused by the spread of cancer cells within the host in a process 

called metastasis 1. Cell metastasis involves a multistep cascade process starting with local 

invasion, of the lymphatic or vascular system, survival in the systemic circulation, and then 

colonization of the metastatic site2. Increasing evidence has shown that activated 

mesenchymal migration is a key process of the metastatic cascade and cancer cells usually 

gain migratory capability through epithelial to mesenchymal transition (EMT)3. Therefore, 

insights into mesenchymal migration and blocking of this process should aid in the 

prevention of cancer metastasis, improve prognosis, and lead to more effective cancer 

treatments. Additionally, much evidence has suggested that cell migration is a social 
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behavior related to cell numbers in culture4. Characterization of mesenchymal-mode 

migration and quantitation of cell migratory capability in relation to cell numbers may 

provide a powerful tool to more accurately study cell invasiveness and metastasis.

Hypoxia is a condition in which the body or a region of the body is deprived of adequate 

oxygen supply and is a critical microenvironment in tumor pathogenesis5. Tumor metastasis 

occurs in a series of distinct steps that include tumor cell invasion, intravasation, 

extravasation, and proliferation6. There is a close relationship between hypoxia and tumor 

metastasis and then poor prognosis. Several mechanisms have been proposed to explain how 

hypoxia might lead to a poor prognosis in the clinical settings, none of which are mutually 

exclusive. For example, hypoxia induces EMT via activation of Snail by hypoxia-inducible 

factor-1α (HIF-1α) in hepatocellular carcinoma; it also stimulates migration and increases 

the metastatic ability of breast cancer cells7. The low pH of hypoxic tumors as a result of 

high levels of lactic acid can promote tumor cell invasion by destruction of adjacent non-

cancerous tissue8. These studies indicate that hypoxia may increase metastatic potential via 

the induction of EMT and activated mesenchymal migration. The validation of this 

unconfirmed theory to explain metastasis requires a powerful platform to aid in analysis. 

The ideal assay to study tumor cell migration under hypoxic conditions would allow for 

precise control of the oxygen content, real-time monitoring, discrimination of the cell 

morphological mode, and require only a small number of cells. To meet these challenges, a 

high throughput mesenchymal-mode migration assay (M-Chip, containing 3120 

microchambers, Figure 1A) has been recently developed in our laboratory for antimetastatic 

drug screening 9. Combining microfluidic and imaging techniques along with statistical 

evaluation, we studied how varying oxygen partial pressure (pO2) from 21% (ambient) to 

1% (hypoxia) influences mesenchymal-mode migration at different cell densities10. Using 

the M-Chip, we demonstrated that the migration velocity and percentage of migrating cells 

was increased in a hypoxic microenvironment. The more numbers of cells were cultured in 

the microchamber, the higher percentage of cells migrated. We then found that this 

phenomenon was related to the acidic extracellular pH in the microchambers. Increasing the 

cell numbers will lead to lower PH values. The acidic extracellular pH promotes 

mesenchymal-mode migration. We also used the M-Chip to screen antimetastatic drugs and 

study the migratory capacity of primary cells. The M-Chip and its cell assay capability may 

provide a new avenue for biologists to better deliver cell metastatic assay and drug selection.

Results and Discussion

We used multilayer soft lithography to design a polydimethylsiloxane (PDMS) microfluidic 

device featuring 3120 microchambers, each with a volume of 2.4 nL. The details of the 

fabrication process can be found in our previous work9. The PDMS microfluidic device has 

been widely used for cell-culture applications and provides high gas permeability for the 

efficient exchange of oxygen and carbon dioxide5a, 11. Each microchamber has an upper 

compartment that serves as a chemoattractant reservoir; a second reservoir, connected to 

upper compartment by 10 parallel migration microchannels, serves as a cell culture reservoir 

(Figure 1B). The dimension of these channels was optimized to 10×10×400 μm (W×H×L), 

mimic the capillaries and pores of tissue or vasculature that allow tumor cell migration. The 

chemoattractant gradient established in these microchannels can be maintained for as long as 
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4h under our experimental conditions. Carefully replacing the medium at 3 h intervals 

maintains a chemoattractant gradient during the 6 h experiments 9. The only migratory 

manner for the tumor cells to pass through these microchannels was mesenchymal-mode 

migration. Before loading cells, the channels of the M-Chip were gently flushed with 70% 

(vol/vol) ethanol for sterilization, followed by deionized water and PBS. A 50 μg/ml 

Basement Membrane Extracts (BME) solution was loaded into the chip and incubated 

overnight at 4° C for physisorption. BME coated chambers and microchannels can be used 

to mimic in vivo-like microenvironment. Cells are loaded from an upstream inlet into the M-

Chip and distributed randomly among the microchambers. Controlling the cell loading 

density ensures that most of the microchambers contain 1–30 cells.

After cell loading, the microchip is placed into the microscope equipped with the cell culture 

chamber, in which the O2 environment can be controlled. An O2 sensor (0.1% accuracy) 

measured the level and equilibration rate of the pO2 (Figure S1). We chose to work with the 

highly metastatic SUM-159 cell line. For this cell line, we collected cell migration data at 

21% and 1% pO2 and assayed ~1000 microchambers under each condition. After imaging 

and statistical evaluation, scatter plots of cell migration data were compared under the 

different O2 conditions. Figure 1C and S2 shows the optical images of SUM-159 cells 

migrating across channels after 6 h in a hypoxic environment. The migration distance of 

each cell was tracked using the center of the nucleus (or the cell center if the nucleus could 

not be seen clearly) as the tracking point. The total distance migrated and percentage of 

migrated cells in each chamber was calculated and compared to the data collected in a 

normal O2 environment. At all cell densities, the migration distance of SUM-159 cells, as 

well as the percentage of migrated cells, in 1% pO2 was greater than that in 21% pO2 

(Figure 1D). For example, at lower cell density (1–5 cells/chamber) the percentage of 

migrating SUM-159 cells in 1% pO2 was greater than 2-fold of the percentage migrating in 

21% pO2. In chambers with a higher cell density (>26–30 cells/chamber), the percentage of 

migrating cells was about 1.5 times higher than that found under normal conditions (Figure 

1D). The migration velocity for individual cells migrating in the channel was calculated 

using the distance migrated in 6h. The average migration velocity was calculated either for a 

whole chamber or for multiple chambers loaded with the same number of cells. We found 

the velocity of the single cell migration has followed the normal distribution and has no 

significant difference with varying cell density. Either in the single cell chamber or in the 

high cell density chamber, the velocity of cell migration is close. The velocity is mainly 

determined by the cell types in our system. The average migration velocity of SUM-159 

cells (in the channel) at 1% pO2 was 19.3 μm/h (S.D. =5.24 μm/h) and the average velocity 

of SUM-159 cells at 21% pO2 was approximately 15.4 μm/h (S.D. =5.77 μm/h).

An important consequence of hypoxic conditions is the switch to glycolytic metabolism and 

increased lactic acid production12, a condition that cannot be controlled in the 

microchamber. To circumvent this issue, we first measured the pH of cell culture medium 

under conditions of increasing cell density after 8h in both 21% and 1% pO2. The selection 

of cell densities corresponded to the cell numbers in a microchamber. As shown in Figure 

2A, increasing cell density resulted in decreased pH under both O2 environments. Compared 

to normal conditions at any cell density, the pH of the culture medium in hypoxic conditions 

was lower. Similar conclusions can be extended to the M-Chip. In order to prove that the 
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acidic extracellular pH influences mesenchymal-mode cell migration, we cultured the cells 

and loaded them into the chip with medium at different pHs (pH= 6.2, 7.2, and 8.2). At all 

cell densities, the migration distance of SUM-159 cells under slightly acidic conditions was 

greater than that in a neutral or slightly alkaline environment. Migration distance under 

neutral conditions was greater than in a slightly alkaline environment (Figure 2B). We also 

studied cell migration velocity under these three medium conditions. The average velocity of 

SUM-159 cells in acidic medium was approximately 21.4 μm/h (SD=6.37 μm/h), faster than 

in neutral medium (14.6 μm/h, S.D. =4.64 μm/h) and in alkaline medium (13.2 μm/h, S.D. 

=4.41 μm/h). The average migration velocity at different cell densities did not show an 

appreciable difference. We also studied the percentage of migrating cells under these 

conditions. At a lower cell density (1–10 cells/chamber) the percentage of migrating cells in 

acidic medium was about 2-fold greater than that in neutral or slightly alkaline medium. At 

higher cell density, the percentage of migrating cells in acidic medium was only slightly 

higher than that in neutral medium, but still about 2-fold greater than that in slightly alkaline 

medium. Similar results were also observed by another breast cancer cell line SUM-149, 

which was shown in Figure S3. These results indicate that an acidic extracellular pH 

promotes mesenchymal-mode migration that depends both on a greater percentage of 

migrating cells and a higher velocity per cell. These results also indicate that one of the 

reasons hypoxia increases the migratory capacity of breast cancer cells is an acidic 

environment, even in the absence of lactic acid.

We next examined the effect of an acidic extracellular pH on cell polarizability and 

morphology, using circularity of cell morphology to quantitate. To measure the effects of 

acidic pH over longer times, we seeded SUM-159 cells on fibronectin-coated polystyrene 

dishes and allowed them to adhere for 24 hours before changing the media to pH 6.2, 7.2, or 

8.2. Six hours after the pH change, many cells at pH 6.2 had developed an elongated 

morphology and longer protrusions, while the cells cultured in medium at pH 8.2 exhibited 

cobblestone-like morphology. The morphology was quantified by calculating cell 

circularity, which ranges from 0–1. Circularity close to 1 indicates that the cell has a 

rounded morphology, while circularity close to 0 indicates an elongated or dendritic 

morphology 13. Consistent with observations from images, the mean cell circularity was 

significantly lower at pH 6.2 than at pH 7.2 or 8.2 (Figure S4, S5). We also found the mean 

cell circularity under conditions of hypoxia was similar to that found at pH 6.2. Such 

morphology is more conducive to mesenchymal-mode migration, distinguished by elongated 

cell morphology with cell polarity (Figure S6). In our device, increasing the cell numbers 

will rise up lactic acid production and lead to lower PH values in the microchamber. The 

mean cell circularity at acidic microenvironment is lower than the one at normal condition. 

The cancer cells in higher cell density will prefer to exhibit elongated morphology and 

longer protrusions. Such morphology favors mesenchymal-mode migration.

Hypoxia increases lactic acid production and results in an acidic extracellular pH; therefore, 

neutralization of the acidic microenvironment may inhibit mesenchymal-mode migration. 

We first cultured the cells in slightly alkaline medium with 1% pO2 and then introduced the 

cells into the M-Chip, keeping the medium slightly alkaline. After 6 h, the images were 

collected and data was analyzed. At all cell densities, the migration distance of SUM-159 

cells at neutral pH was greater than in a slightly alkaline environment (Figure 3A). The 
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average velocity of SUM-159 cells at pH 8.2 was approximately 17.4 μm/h (SD=3.37 μm/h), 

which is slightly slower that at pH 7.4 (SD=19.3 μm/h). Similar to the normal O2 

microenvironment, the percentage of migrating cells was lower in slightly alkaline medium 

than at pH 7.4 at any of the cell densities tested. These results indicated that neutralization of 

an acid microenvironment reduced both migratory velocity and percentage of migrating 

cells. Combined with the appropriate antimetastatic drug, an alkaline microenvironment may 

aid in the inhibition of mesenchymal-mode migration. Therefore, we tested three small-

molecule compounds that inhibit specific chemokines and growth factors related to hypoxia 

and breast-cancer metastasis. The migratory velocity and percentage of migrating cells 

treated with these inhibitors was plotted in Table 1 and Figure 4. HIF-1α is a pivotal 

transcriptional factor in the cellular response to hypoxia14. In our platform, the HIF-1α 

inhibitor 2-MeOE2 reduced both velocity and percentage of migrating cells; in an alkaline 

medium, the velocity and percentage of migrating cells were further reduced. We also 

treated SUM-159 cells with linifanib (colony stimulating factor 1 receptor, CSF-1R 

inhibitor) or the drug 227013 (C-C chemokine receptor type 4, CCR4 inhibitor), both of 

which inhibited cell migration and the percentage of migration-competent cells in the M-

Chip. Similar to 2-MeOE2, in an alkaline medium, the velocity and percentage of migrating 

cells was further reduced. Our screening results are consistent with the findings of other 

research groups showing that inhibition of HIF-1α reduces the migratory potential of tumor 

cells. However, our device allows more accurate and higher-throughput screening of 

migration-inhibiting drugs under hypoxic conditions and in controlled medium.

Another important advantage of the M-Chip is the need for only a small sample size and the 

ability to study different cell types in one experiment. (The device can use <10000 cells; in 

such cases, we use only one or two of twenty groups of channels by applying cells directly 

from the outlet access holes.) This allows detection and analysis of the metastatic potential 

of primary or rare cells. It has been reported that, in many cases, the tumor interior and 

periphery respond differently to chemotherapy15. The needle biopsy method utilizes a small 

needle to aspirate cells from the tumor and is more cost effective and less invasive than open 

biopsy, requiring only sedation and local anesthetic. However, needle biopsy may not give 

enough tissue for a standard diagnosis. Using needle biopsy methods we can collect cancer 

cells from different layers of a solid tumor, from the periphery to the interior (Figure 5A-C). 

In vivo, directional movement of cancer cells develops at distances typically 100–150 μm 

beyond the diffusion capacity of chemokines and oxygen from blood vessels. In Figure S7 

we show that the tumor periphery contains many tiny blood vessels, however, the tumor 

interior has fewer blood vessels suggesting that cells located inside the tumor may tolerate a 

low oxygen environment. We loaded cells derived from different positions within the tumor 

into the M-Chip and observed the cell migration. We first studied cell viability and showed 

that cells collected from peripheral (external) or middle (midway between the periphery and 

the center) positions grew well. However, a small portion of cells obtained from the internal 

portion of the tumor died in the M-Chip (Figure 5D). At all cell densities tested, the 

migration distance of SUM-159 cells from the middle portion of the tumor was greater than 

cells from the periphery or the interior part of the tumor (Figure 5E). The average velocity of 

SUM-159 cells from the middle was approximately 18.4 μm/h (SD=4.17 μm/h), slightly, but 

not significantly, faster than from the periphery, (17.9 μm/h, SD=3.91 μm/h). However, the 
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average velocity of cells from the interior of the tumor was slower (15.4 μm/h, SD=2.88 

μm/h). We also studied the percentage of migrating cells collected from the three positions. 

At all cell densities tested, the percentage of migrating cells from the middle position was 

only slightly higher than that from peripheral tumor, but about 2-fold greater than that from 

the central tumor interior (Figure 5F). This could be due to the fact that the cell viability was 

lower in the interior than at the peripheral or middle positions. We next examined the cell 

morphology and migration mode of the cells obtained from the different positions within the 

tumor. The cells derived from peripheral and middle tumor generated many protrusions in 

the M-Chip microchambers; most cells exhibited mesenchymal-mode migration (Figure S8-

S10) and spread very well in the M-Chip. On the other hand, cells from the tumor interior 

generated fewer protrusions and did not spread well in the M-Chip, morphology not 

conducive to mesenchymal-mode migration. These results may explain why the cells from 

the tumor interior travelled less distance than other cells.

Tumor cell migration is conventionally understood as the migration and invasion of 

individual cells or cell clusters that detach from the primary tumor. However, cancer 

therapeutics targeting adhesion receptors or proteases to inhibit cell migration and metastasis 

have yet to demonstrate effectiveness in clinical trials. Invasion mechanisms of cancer cells 

are still unclear; factors such as hypoxia, angiogenesis, and cell reprogramming may be 

involved, allowing cells to maintain migratory properties via morphological and functional 

de-differentiation. For example, the mode of invasion may transition from mesenchymal 

movement to amoeboid movement16. Therefore, the implementation of an effective assay to 

quantify and evaluate the migratory capacities of cancer cells may significantly aid in the 

development of novel cancer therapeutics. Compared to traditional techniques, our method 

provides more desirable features including real-time monitoring, effective discrimination of 

migration modes, fine controlled gradients, and the minimal requirement of sample cells. In 

this study, we verified the utility of the M-Chip for studying cancer metastasis by 

performing real-time mesenchymal-mode migration assays using breast cancer cell lines. By 

calculating and analyzing the percentage and velocity of migrating cells in each 

microchamber, we quantified the migratory capacity of breast cancer cells over a wide range 

of cell densities that may correspond to different stages of malignancy. The small sample 

size used with the M-Chip allows analysis of the metastatic potential of primary or rare 

cells. By using inhibitors of receptor signaling related to hypoxia and breast cancer 

metastasis, we found that a slightly alkaline microenvironment can help to improve the 

efficiency of antimetastatic drugs, which may provide a more effective method to reduce 

cell invasion and metastasis. For example: increasing fruits and vegetables in an alkaline 

diet blocks lactic acid releasing from cancer cells. Using the M-Chip, we can adjust the 

microenvironment easily, such as oxygen content, PH value and controlled gradient. This 

device provides a high-throughput platform for biologists and clinicians to better perform 

assays that evaluate cancer cell behaviors related to metastasis.
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Experimental

Materials and reagents

Silicon wafers (4-inch) were purchased from Corning Inc. (Corning, NY). SPR-220, SU-8 

2015 photoresist, and SU-8 developer were purchased from MicroChem Corp. (Newton, 

MA). MF-CD26 was obtained from Rohm and Haas Electronic Materials (Marlborough, 

MA). Polydimethylsiloxane (PDMS RTV615) was obtained from Momentive Performance 

Materials (Waterford, NY). Ham’s F12 medium and fetal bovine serum (FBS) was obtained 

from Invitrogen (Grand Island, NY). Basement Membrane Extract (BME) was obtained 

from Trevigen (Gaithersburg, MD). Phosphate-buffered saline (PBS; 0.1 M, pH 7.4) was 

obtained from Lonza Inc. (Allendale, NJ). All M-Chip devices were designed as computer 

graphics using AutoCAD software and then printed out as 10-μm–resolution chrome masks 

by Photo Science Inc. (Torrance, CA). The SUM-159 cell line was obtained from Asterand 

(Detroit, MI). Linifanib and 2-MeOE2 were obtained from Selleckchem (Houston, TX). 

Drug 227013 was obtained from EMD Millipore (Darmstadt, Germany).

Photolithography

Microstructure patterns were first designed with AutoCAD software and fabricated using 

standard photolithography and molding processes, as shown in Figure S1. To create the 

master for the flow layer, the silicon wafer was first spin-coated with a layer of SPR-220 

photoresist and then baked at 95°C for 5 min. The photomask and silicon wafer were aligned 

and exposed to ultraviolet light for 30 s. The silicon wafer was developed by immersing in 

SPR developer solution (MF-CD26) for 3–5 min to dissolve the exposed areas. The wafer 

was thoroughly rinsed with Millipore water and dried with nitrogen gas. The silicon masters 

were baked at 115°C for 15 min and treated with an anti-adhesive agent, 

trimethylchlorosilane (TMCS), via vapor reaction for 1 h. The master for the control layer 

was prepared by spin coating SU-8 2015 negative photoresist onto a silicon wafer and 

crosslinking with UV for 180 s. Subsequently, the designed pattern was developed using 

SU-8 developer (Microchem Corp, Newton, MA) and cleaned with isopropyl alcohol and 

nitrogen gas. The silicon masters were baked at 150°C for 30 min and treated with the anti-

adhesive agent TMCS via vapor reaction for 4 h. The SPR 220 mold was ~10 μm in height 

after rounded by a thermal treatment. The SU-8 mold was ~30 μm in height.

Fabrication of Migration Chip

The M-Chip is composed of two layers. The flow layer was fabricated by spin-casting the 

pre-polymer of GE RTV 615 PDMS part A and part B (20:1) onto a SPR 220 mold at 1500 

rpm for 30 s and then curing at 80°C for 45 min. The control layer was fabricated by casting 

the pre-polymer of GE RTV 615 PDMS part A and part B (10:1) onto a SU-8 mold and 

curing at 80°C for 45 min. The control layer was carefully aligned and placed onto the flow 

layer, followed by a thermal bonding step at 80° C for 60 min. This PDMS slab was cut and 

peeled off the mold and bonded onto a glass slide (as shown in Figures S1).The channels of 

the M-Chip were gently flushed with 70% (vol/vol) ethanol for sterilization followed by 

deionized water and, finally, with PBS. A 50 μg/ml BME solution was loaded into the chip 

and incubated overnight at 4°C for physisorption. During the BME incubation period, all 

valves were closed and the areas under the valves remained uncoated, reducing the chance 
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of cell loading and adhesion in these areas. Prior to each experiment, BME solution was 

replaced by cell culture medium and the device was warmed to 37°C in the incubator.

Cell Culture and Treatment

SUM-159 cells were cultured at 37°C in an atmosphere of 5% CO2 in Ham’s F12 medium 

with 10% FBS, insulin (5 μg/ml), and hydrocortisone (1 μg/ml). Cells were harvested by 

treatment with 0.25% trypsin-EDTA. After centrifugation, cells were resuspended in FBS-

free medium at a final concentration of 1×106 cells/ml. Before screening small-molecule 

inhibitors, the SUM-159 cells were treated with inhibitors for 12 h.

After centrifugation, cells were resuspended in FBS-free medium at a final concentration of 

1×106 cells/ml. First, with the cell valve closed and the medium valve open, the cells were 

loaded in the device from the main inlets by the application of pressure via syringes. The 

flow is directed from the inlets to the outlets through the main chambers. Cells are too large 

to easily flow through the transverse micro-channels. The cell loading pressure was 3 psi 

and the pressure of control valves was 15-20 psi. Approximately 100 μl or less of the cell 

suspension was gently introduced into the chip to seed the cells in close proximity to the 

channels. Even with fewer than 10,000 cells, the cell migration assay can be performed in 

the M-Chip. We typically use only part of the device for assays of small samples. In such 

cases, we use one or two of the twenty groups of channels by applying cells from the access 

holes individually. The cell loading pressure was 0.5 psi and the pressure of the control 

valve was 15–20 psi.

During the small-molecule inhibitor screening, SUM-159 cells were treated with the 

inhibitors for 12 h. The treated cells were harvested by applying 0.25% trypsin-EDTA and 

centrifugation. The cells were then re-suspended in FBS-free medium at a final 

concentration of 1×106 cells/ml.

Whole Chip Imaging

Imaging was performed using a high-resolution camera connected to an inverted optical 

microscope (X81, Olympus, Tokyo, Japan) equipped with a cell culture chamber and 

objectives of 10×, 20×, and 40× magnification. During the experiment, the temperature of 

the cell culture chamber was maintained at 37°C. Time-lapse images of the cell migration 

process were captured, and the cell migration paths were plotted. Velocity of migration of 

individual cells was quantified by measuring the linear migration distance over time. Total 

migrated and unmigrated cells were counted and expressed as two fractions. It takes 10 min 

to take images of the entire chip (10×, bright field, 0.1s/frame, 2058 frames). To get higher 

resolution images and more detail regarding cell migration, the 20× or 40× objectives should 

be used for time-lapsed images, which require 30min to 1h for the entire chip.

Data collection and analysis

In our typical 6-h on-chip migration experiments, images of the entire device were taken 

every 2 h using a fluorescence microscope with stitching function. The images for the entire 

device at 0 h and 6 h were overlapped and cell movement was tracked by reading cells’ 

initial and final positions of cell nuclei. We were able to see the cell nuclei in microscopic 
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images. In very rare circumstances, if the images were not sufficiently clear, we measured 

the distance by averaging the head-to-head and tail-to-tail distances in place of the inter-

nuclear distance. Migration distance can thus be quantitated. The migration velocity 

(distance/time) of individual cells was calculated using the distance migrated at 6 h. The 

average migration velocity is the average value for a whole chamber or for multiple 

chambers with the same number of loaded cells. The percentage of migrating cells in each 

individual chamber was measured to evaluate the migratory capability. We used average 

migration velocity, percentage of cells migrating, and total migration distance to evaluate 

the migratory capacity of different cancer cells. We used the total migration distance to 

mimic the capacity of neoplastic cells to enter lymphatic and blood vessels for dissemination 

into the circulation. The total migration distance depends on both the migration velocity and 

percentage of migrating cells. Increases in velocity and percentage of migrating cells 

increase the total migration distance.

Tumor cell isolation from mouse tumor xenograft

All animal protocols and studies were approved by the Institutional Animal Care and Use 

Committee at Houston Methodist Research Institute. Orthotopic models from SUM-159 cell 

lines were established for these studies. Tumor models were established in Athymic nude 

mice (Charles River Laboratories, Wilmington, MA) by one-time injection of tumor cells/

Matrigel 1:1 mixture into the mammary fat pad region. A volume of 100 μl of the cell 

suspension (1×107 cells/mL) was injected. When the volume of tumor reached 

approximately 1000 mm3, tumor-bearing mice were sacrificed and tumor was collected. The 

tumor tissue was digested with collagenase type 3 (2 mg/ml, Worthington Biochemical, 

Lakewood, NJ) for 1 h at 37 °C. The harvested cell suspension was filtered through a 40–μm 

nylon cell strainer (BD Biosciences), centrifuged at 200 × g for 5 min, and then re-

suspended in PBS. After centrifugation, cells were suspended in DMEM supplemented with 

no FBS. Obtained tumor cells were loaded into microfluidic chip following the same 

procedure described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Hypoxia cell culture and imaging system, M-Chip design, and representative data. (A) This 

design permits incubation of the cells within controlled pO2 environments, followed by 

quantitative assays of mesenchymal-mode cell migration (migration velocity and 

percentage) from quantized cell populations. (B) Bright-field micrograph of several micro-

chambers shows the chemotaxis gradient. (C) Optical micrographs of a SUM-159 tumor cell 

migrating across the channels taken at 6 h intervals. Scale bar: 200μm. (D) Migratory 

potential of cells derived from SUM-159 cell lines in a 1% O2 environment. The columns 

represent the average value of percentages, which follow a Gaussian distribution. Error bars 

represent the standard deviation of replicates (n=40 chambers). All results were measured at 

6th hour of the on-chip culture.
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Fig. 2. 
(A) Measuring the PH value in the micro-chambers at different cell numbers at 21% and 1% 

O2 environments, in the 1% O2 environments, the PH value of the medium is lower than 

21% O2 environments. (B, C) Comparison of the migration distances and percentages of 

migrating SUM-159 cells at different pH in a 21% O2 environments. Data in the bar graph 

were analyzed in the same condition as Figure 1D.
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Fig. 3. 
Comparison of migration distance and percent migrating cells of SUM-159 cells at different 

pH in a 1% O2 environment. Data in the bar graph were analyzed in the same condition as 

Figure 1D.
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Fig. 4. 
Screening small molecule inhibitors of mesenchymal-mode migration at 1% pO2: the 

percentage of migrated cells inhibited by the small-molecule compounds. The points 

represent the average value of the percent migrated cells, which follows a Gaussian 

distribution. Error bars represent the standard deviation of replicates (n=40 chambers).

Zhang et al. Page 15

Integr Biol (Camb). Author manuscript; available in PMC 2016 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Comparison of migratory capacity of tumor cells dissociated from the peripheral (external), 

middle (between the periphery and the center of the tumor) and internal portions of the 

tumor. (A, B) Images of nude mice with tumors and excised tumor. (C) Images of carcinoma 

specimens collected by puncture needle. (D) The viability of cancer cells collected from 

external, middle and internal positions of the tumor. (E, F) Comparison of the migration 

distances and percentages of migrating cells collected from different depths of tumor. Data 

in the bar graph were analyzed in the same condition as Figure 1D.
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Table 1

Migration velocity of SUM-159 cells treated with the inhibitors. Velocity unit is μm/h.

Inhibitors Normoxia Hypoxia Linifanib 2-MeOE2 227013

Velocity
(pH=7.4)

15.4 19.3 15.4 15.1 17.1

Velocity
(pH=8.2)

14.6 13.6 10.8 11.4 12.1
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