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中文摘要 

體外測試模型能夠協助研究者了解癌症轉移的發展過程同時能夠幫助釐清化

療藥物是否具有治癒癌症的效果。此篇論文提出了一個微流晶片能夠用來在體外

模擬觀察三維的癌症細胞轉移過程以及用做化療藥物的篩選。本實驗使用了兩種

不同類型的人類乳癌細胞(MCF7，MDA-MB-231)，並且進一步將癌細胞培養呈球形

以求更接近癌症在體內的真實形體來進行實驗,利用癌症細胞外皮生長因子的趨

向性來達到癌症轉移的現象。 

此微流晶片包含了三層流道，最上層是兩條平行的流道用以置放癌細胞及上

皮生長因子，下層的流道則佈滿了 collagen用以模擬人體內的細胞外間質，而在

中間則以一層薄膜隔開，同時薄膜上有數個小洞用以作為細胞轉移及物質擴散的

通道。 

結果顯示，三維的球型癌細胞比二維平層型的癌症細胞具備了較高的轉移能

力，且同時對上皮生長因子的趨向性也較敏感，在轉移的方向上是順著較高濃度

的上皮生長因子的方向轉移，而二維的轉移則是偏向隨機行無方向性的方式轉移。 

而在觀察癌症轉移的同時，此晶片亦可同時進行三維的癌症化療藥物測試，以求

能夠篩選出能夠治療癌症且同時能夠抑制癌症轉移的化療藥物，期望未來臨床上

能夠提供醫師進行癌症化療時用藥的參考。 

 

 

關鍵字：癌症轉移，球形癌細胞，藥物篩選，微流晶片，體外模型 
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ABSTRACT 
 

In vitro studies of the complex tumor microenvironment facilitate understanding of 

tumor progression and even drug efficacy. In this study, 3D tumor metastasis and 

associated anti-cancer drug screening were studied in a microfluidic chip. The 

metastatic process was modeled by cells extravasate from spheroids composed of breast 

cancer cell lines (MCF7 and MDA-MB-231). These cells then migrated in response to 

EGF chemotaxi gradient with and without the influence of anti-cancer drugs.  

The chip consists of two parallel top channels and a bottom channel sandwiching a 

perforated membrane patterned with micro holes. Solution exchange was driven by the 

pressure gradient caused by different liquid surface level.  

The migration ability of tumor spheroid had been compared to the parental single 

cell and results showed that tumor spheroid had an upregulated EGFR expression and a 

higher invasive ability than parental cells. Also, an anti-cancer drug, paclitaxel, was 

introduced to do the drug test on tumor spheroids. The results showed that the IC50 

value of tumor spheroid is larger than parental cell, suggesting that tumor spheroid 

acquire better drug resistance than parental cells. Furthermore, paclitaxel can also be 

served as an anti-migratory drug so we can obtain the inhibition of cancer metastasis 

result at the same time. This device enables study of 3D and 2D cell metastases and 

associated drug screening on tumor spheroid and might be useful for clinical study of 

personalized therapy. 

 

 

Keywords: Metastasis, Cancer spheroid, Drug screening, Microfluidic chip, In vitro 

model 
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1. Introduction 

Inhibit cancer metastasis is one of the targets in curing cancer and has great effect 

on the survival of patients. Roughly 90% of cancer death is related to cancer 

metastasis1,2. Metastasis is a complex multi-step process; at the early stage of cancer 

metastasis, single cell will migrate from primary tumors to the blood vessel, then 

entering the circulatory system and then transport to other distant organs3.  

Clinically, tumors are often treated with anti-cancer drugs as a major form of 

treatments, for example, paclitaxel is used for breast cancer, carboplatin for lung cancer, 

and doxorubicin for lymphoma, etc. However, some reports have showed that when 

metastases occur, tumor cells will have the resistance to those anti-cancer drugs4. Hence, 

inhibition of cell migration might be an important goal of anti-drug treatment.     

Over the past years, the research of anti-cancer drug screening and cancer cells 

migration are conducting separately and most anti-cancer drug screening assays is 

performed on cells grown as monolayer on glass or plastic platform or some surface 

coated with extracellular matrix (ECM). However, increasing evidence supports that 

three-dimensional (3D) tissue culture can exhibit the microenvironment more realistic 

and also obtain the more accurate corresponding of celluar morphology, cell-cell 

interaction, and reaction to chemical substances5,6. Some research group has also 

confirmed that 3D cultured cancer cells present the resistant to some anti-cancer drugs, 
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which are used to have great effect on two-dimensional (2D) cultured cancer cells7-11. 

One common method utilized for anti-drug testing is the in vivo models, which might 

suffered from uneasy observation, high cost, moreover, even the animal models would 

not always present the same response to drug effect as in human body. Therefore, 3D in 

vitro model have emerged as a valuable tool to mimic the true microenvironment in 

vivo and further, to aquire more reliable result before going to animal testing. 

With realization of the importance of the metastasis, scientists have developed 

many types of in vitro model to study the cell migration assay. For example, in vitro 

wound-healing assay12,13, cell exclusion zone assay14,15, microcarrier bead assay 6,16 

, and transwell migration assay17,18. Among these assays, the transwell migration assay 

is the most common using for study the metastasis, and it is also called Boyden chamber 

assay19. The assay is composed of two medium containing chamber separated by a 

membrane with pores, and the cells would migrate through those pores from the upper 

chamber to the bottom chamber which containing some attractant. The advantages of 

this assay are its expediency of use, and the complex experimental facility is not 

necessary, however, it still exist some challenges. For instance, it is an endpoint assay, 

which means different cell types will have different processing time; and others like 

how to maintain the attractant’s gradient between two chambers, the detection is 

difficult cause the cells are migrate in vertical direction20-22. 
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Herein, this paper presents a microfluidic chip that can study tumor cells 

migration/invasion in vitro as well as anti-cancer drugs’ effect on both tumor spheroid 

and inhibition of tumor metastasis. The chip is suitable for spheroids, one of the best 

models for 3D cultures, which are spherical clusters of cells formed by self-assembly, 

and may attain more reliable result before the clinical treatment23-25. The chip is 

composed of three independent PDMS layer bonding together, to mimic the 

microenvironment of tumor live in-vivo, base membrane, stroma tissue, and blood 

vessel respectively. In addition, a stable concentration of drug and EGF is maintained 

by evaporation driven pump. To address the drawbacks mentioned above, we design a 

horizontal-migrating chip which is allowed to real-time measurement of single cell, and 

also simplifying the detection process.  
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2. Material and method 

 

2.1  Design concept of the microfluidic device 

In this work, we designed a microfluidic device, shown in Fig. 1, to conduct the 

anti-cancer drugs screening on spherical clusters of tumor cells, and the inhibition of the 

tumor metastasis.  

 

    The chip was composed by three single PDMS layer using O2 plasma (CUTE-MP, 

Femto Science, Korea) bonding together. Top layer had two parallel channels to model 

the microenvironment in vivo and the human blood vessel; the bottom layer was a 

channel coated with collagen I to model the stroma tissue26, and the middle layer was a 

10um membrane with 50μm diameter micro-holes which were used for trapping cells 

and exchanging solutions. Tumor spheroids were loading in one of top channels and 

trapped by micro-holes and reagents like EGF or anti-cancer drugs were loading to 

another channel. Reagents would diffuse to tumor-loaded channel via bottom channel so 

that generating a concentration gradient within the bottom channel and once tumor cells 

sensed the gradient, migration and invasion would occur. The top two channels were 

parallel so cells would migrate in horizontal direction which facilitating the observation 

process. 
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In order to make the chip tubeless so that simplified the experimental procedure, a 

evaporation-driven pump (EDP) was used in chip to replace the traditional pump, and 

the EDP would be described below. 
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Figure 1 (a) Schematics of our design. Our device is made of three single chips, the 

upper chip, the membrane in the middle, and the bottom chip. The upper chip has two 

channels, channel 1 is for loading primary tumor cell and channel 2 is for simulating 
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blood vessel by loading EGF. The bottom channel is coated with collagen for simulating 

stroma tissue. There are some small pillars in bottom to help the collagen coating. The 

membrane has some microholes so the substances can exchange through these 

micro-holes. The channels’ inlet and outlet are placed a plastic well as a reservoir. (b) 

The prototype of the chip, one of top channels is for loading tumor spheroid, another is 

for loading chemoattractant (EGF) and drugs. The spheroid-loading channel has two 

kind of pattern used for determine the different size of tumor spheroid. Diameter of 

larger pattern is 350μm and small pattern is 150μm.(c) The side view of the microfluidic 

chip. 
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2.2 Evaporation-driven pump 

    Herein, for the purpose of maintaining a stable concentration gradient in migration 

zone from cell-loaded channel to blood vessel-simulated channel, we added a piece of 

lens paper (1 cm x 2cm) in top channels’ outlets, papers were exposed to UV light 

overnight and full immersed in culture medium prior to locating to top channels’ outlets, 

to increase the evaporation rate so that created a continuous flow inlet to outlet. Via 

refreshing the solutions in top channels, the concentration gradient in migration zone 

could be maintained stably for long term experiment. Simulation of a 3D 

time-dependtnt transport of species using commercial software (COMSOL Multiphysics 

3.5) was conducted to facilitate the estimation of the EGF/drugs diffusion in bottom 

channel and 0.5 mM FITC–Dextran (FD4, Sigma) was used to visualize the operation of 

evaporation-driven pump. The equation C s = C 0 e− t/τ were used to calculate the 

EGF/drugs concentration in the observation zone27, and τ was defined as the source time 

parameter:  

τ= (Vshgel )/(Davg Ac), where Vs was the volume of solution in the source, hgel was the 

height of the gel in the port, Davg was average diffusivity of the factor in solution and 

gel, and Ac was the limiting cross-sectional area at the channel entrance. 
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2.3  Chip Fabrication 

    Fabrication of the device was made of photolithography, soft lithography, O2 

plasma treatment and collagen coating. First, photoresist (SU-8 2050, Microchem Corp) 

was spin coated on a glass slide to define the microchannel pattern with desired 

thickness. The master was completed after developing and drying process.  

    After the fabrication of master was finished, the each layer of device was formed 

by PDMS casting. Top and bottom channel were using A:B = 1:10 and membrane  was 

using A:B = 1:15. Liquid PDMS was poured onto the master, while the membrane was 

using the spin-coater to spin coat the PDMS since its thickness was only 10μm, and 

then dried at 70℃ for 1 hour to form the microchannel. Then they were treated with O2 

plasma and bonded together to form a closed microfluidic channel. 

    Type I collagen(100μg/ml, BD Biosciences) was first introduced into bottom and 

incubated at 37℃ for 1 hour, and then more concentrated collagen(0.75mg/ml) was 

introduced into bottom and incubated at 37℃ to form gel in the bottom channel. 

 

2.4  Cell lines 

    Human breast adenocarcinoma cells, MCF7 and MDA-MD-231, were incubated in 

a culture dish (704001, NEST) at 37℃, 5% CO 2. The culture medium were Dulbecco’s 

modified eagle medium with nutrient mixture F12 (DMEM/F12) (12400, GIBCO) for 
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MCF7 cell lines and Leibovitz L-15 medium (41300, GIBCO) for MDA-MB-231 cell 

lines respectively. Both of them were added with 10% fetal bovine serum (FBS) (SV304, 

Hyclone) and 1% penicillin/streptomycin (15140, GIBCO). 

 

2.5  Spheroid culture 

    Triblock copolymers (Pluronic F108) were prepared for spheroid culture. First, 

6-cm-diameter culture dishes were exposed to UV light overnight then coated with 1% 

F108 for 1 h at room temperature. After washing with PBS twice, human cancer cell 

lines were seeded by 2 × 105 cells with culture medium and incubated in 5% CO2 

incubator at 37°C. The cells were cultured for 5 to 7 days to formed spheroids and then 

sieved via a 70-μm cell strainer (352340, BD, Franklin Lakes, New Jersey, USA) to 

yield spheroids larger than 70μm in diameter before loading to the chip. Each 

generation was designated by the week of cell cultures. 

 

2.6  Chemosensitivity assay 

    The tumor spheroids were treated with Paclitaxel or Cisplatin (Bristol-Myers 

Squibb, Park Avenue, NY, USA) after being trapped onto micro-holes. Concentration of 

1, 10, and 100μg/ml were chosen for the drug treatment experiments. To study the effect 

of the anti-cancer drugs, the area of each individual tumor spheroid spreading on 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&ved=0CFAQFjAD&url=http%3A%2F%2Fwww.biowest.net%2Fproducts%2Fcell-culture-media%2Fleibovitz-l-15-medium%2F&ei=aDS1UcCPF8yrlQXm9oGYAQ&usg=AFQjCNGwU3Vh5zvWKBuXX_T6w1RkasPtng&sig2=q5juI0WeYlA3uvjTGAdZug
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substrate was measured every 24 hours and normalized against that of untreated cells. 

 

2.7  Evaluation of tumor spheroid size 

    The size of the 3D tumor spheroids was calculated by measuring their diameters 

using an imaging software (ImageJ, 1.42q). Since some spheroids were oval-shaped, the 

mean diameter ( l ) of cell spheroids was determined by the following equation: 

( ) 2/1bal ×= , in which a  and b  represent two orthogonal diameters of the 

spheroids28. 

 

2.8  Experiment procedure  

    The chip was exposed to UV light overnight and then loading ethanol to channels 

to make a sterile environment. After washing with PBS twice, the bottom channel was 

coated with collagen described above and one of top channel was coated with F108 to 

avoid cell adhering. Then tumor spheroids were loaded into the F108-coated channel 

and the other top channel loading with chemokines (EGF) and anti-cancer drugs 

(cisplatin, paclitaxel). All loading process were driven by the gravitation, by loading 

different liquid volume in inlet and outlet’s well, the well contained more liquid would 

be forced to flow to the other well and complete the substances exchanging in channels. 
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3. RESULTS AND DISCUSSION 
 

3.1 Characterization of evaporation-driven pump and the 

concentration gradient generator 

 

    Evaporation-driven pump (EDP) is characterized to ensure the ability to generate a 

suitable concentration gradient. The main working concept of the EDP is based on 

adding a piece of paper to a well to increase the liquid surface of the well so that the 

different evaporation rate between two wells will make a difference of liquid level to 

drive the flow. Therefore, the area of the paper is a key factor to generate a stable 

EGF/drug concentration during perfusion. The flow rate caused by the EDP should be 

equal to the diffusion of the solute, (diffusion coefficient of EGF in medium is 6×10-11 m 

2 /s29) or the concentration in channel will reach an equilibrium which will influence the 

cell migration direction. So the flow rate caused by different size of papers has been 

verified to ensure the ability of generating a stable concentration gradient from EDP.  

 

Figure 2 shows the simulation of the region for EGF/drugs diffusion in the bottom 

channel. Figure 2a presents the bright-field image and green fluorescent image during 

the operation of the EDP. The region within the dash box is the migration zone in the 

bottom channel. Characterization of the concentration gradient profile with or without 
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using the EDP for a long term perfusion is shown in Fig. 2b. With EDP, the normalized 

concentration is linear with distance away from the channel loading with tumor 

spheroids; without EDP, the normalized concentration is more unpredictable than that of 

with EDP in the forward region between 200-600μm. Computation result is also shown 

as the solid black line in the figures. The source is replenished every 24 hours and is 

performed by adding solution to each well to avoid drying up the channels and a long 

term observation had been recorded. Figure 2c shows a long term observation of EDP. 

The EDP can maintain a stable linear concentration gradient for 147hr, which is much 

longer than the whole experiment time.    
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a 

 

 

 

 

 

 

 

 

b                               c 

 

Figure 2 Evaporation-driven pump for stable solute diffusion. (a)The bright-field (BF) 

images and fluorescent (FITC) images demonstrate the operation of EDP. (b) 

Characterization of the concentration gradient profile with or without using the ED for 

a long term perfusion. (c) A non-linear concentration gradient was found without the 

EDP, whereas a stable linear concentration gradient was acquired with the EDP 
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3.2  In vitro microfluidic chemotaxis assay of 3D spheroids  

 

    We have developed a device enable tracking the migratory cells from MCF7 (Fig 

3a) and MDA-MB-231 (Fig 3b) so that we can quantify the ability of cell migration 

using both the cell migration rate and the numbers of migratory cells. The effect of 

different EGF concentration and different size of tumor spheroid have been verified.  

 a 

Figure 3 The chip is enable the tracking of migratory cells. We observe the cells      

(a) MCF7 (b) MDA-MB-231 every 24hr and record the condition of migratory cells 

including the distance and numbers of migratory cells. 
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3.2.1  Monolayer v.s. spheroid cells migration assay 

 

   The experiment was performed under the same EGF concentration (50ng/ml) into 

the EGF channel. The cell counts and the migration rate were measured to represent the 

ability of migration ability of cancers. Figure 4a shows the numbers of cells migrate 

from spheroids and monolayer for both MCF7 and MDA-MB-231. Apparently, 

spheroids have larger cell counts, about 5~8 times, than monolayer cells in both MCF7 

and MDA-MB-231. Figure 4b is the migration rate of cells migrating from spheroids 

and monolayer for both MCF7 and MDA-MB-231. The cells migrate from spheroids 

transported about 5 times faster than those from the monolayer. Based on the results, it 

may suggest that spheroids have better performance than monolayer cells in cancer 

migration indicating that the spheroid cells acquired an upregulated EGFR expression 

and a higher invasive ability than cells with a monolayer.  

   Migration rates of spheroids for the two cell lines (MCF7 and MDA-MB-231) 

which are two different typically types cancer cells (MCF7 for luminal and 

MDA-MB-231 for normal) are also compared the ability of cell migration. MCF7 and 

MDA-MB-231 are both human breast cancer cells but has different morphology where 

MDA-MB-231 is more mesenchymal like than MCF7. The average migration rate of all 

four tests is almost the same for each day which indicate that the concentration gradient 
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in the bottom channel is very stable so the disturbance caused by exchanging solution 

every 24hr is negligible. During cancer invasion and metastasis, epithelial-mesenchymal 

transition (EMT) plays a crucial role so MDA-MB-231 is expected to have greater 

invasive ability. The results (Fig 4) show that the migration rate of MDA-MB-231 

spheroids (about 160μm/ day) is much faster MCF7 (about 50 μm/ day) and the total 

numbers of cells migrate from MDA-MB-231 spheroids (51) is also larger MCF7 (32) 

under the same environment condition which conforming our expectation, furthermore, 

the migratory cells from MCF7 acquired fibroblast-like mesenchymal morphology 

compared to 2D culture which might suggest that these cells have undergone the EMT 

process. 
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a 
 MCF7 MDA-MB-231 

 
Cell count 

(Monolayer) 

Cell count 

(Spheroid) 

Cell count 

(Monolayer) 

Cell count 

(Spheroid) 

Day 1 2 10 5 15 
Day 2 3 17 9 26 
Day 3 3 28 9 38 
Day 4 4 32 10 51 

b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Comparison of monolayer and spheroid migration assay. (a) The migratory 

cell numbers observed in bottom channel. Each pattern has covered by cells so the 

initial cell numbers is almost the same for each pattern. (b) The average migration rate 

of parental and spheroid. Data (n=3) were means ± standard deviations (SD). 
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3.2.2  Effect of different EGF concentration on tumor cell migration 

 

    Recent studies have demonstrated that EMT may be induced in cellular spheroids 

by some substances like epidermal growth factor (EGF). Since EGF is thought to be a 

governing parameter in tumor cell migration, we test two concentrations (50ng/ml and 

20ng/ml) to verify the effect of EGF concentration on tumor metastasis. The culture 

medium is mixed with two concentrations of EGF and loading to the top channels, and 

the medium without EGF is served as control experiment. 

 

    Figure 5a shows the cell numbers migrating from spheroids to bottom channel. 

After one day EGF loading to the top channel we can observe cell migration and only 

very few cells migrate to bottom channel without loading EGF compare to the other two 

conditions, indicating that the cells migrate because of the stimulation of the EGF 

instead of falling down into bottom channel because of effect of gravitation. Total 

numbers of migratory cells of higher EGF concentration (50ng/ml) condition is almost 

twice the lower EGF concentration (20ng/ml condition), showing a good correlation to 

the EGF concentration.  
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Figure 5b shows the migration rate under treating with different EGF concentration. 

The average migration rate is almost the same for each day proving a stable 

concentration gradient contained in the migration zone and a viable micro-environment 

for cell migration. Moreover, the stable average migration rate might indicating that the 

cells in the bottom are all in good condition during the whole process suggesting that 

this device contain a suitable environment for cell culture. This is allowed for some 

slowly-migrated cell types and has a potential of sorting or long term culturing the cells 

acquired the metastasis ability or cancer-stem-like cells’ properties.  

Herein, based on the results (Fig. 5), we have shown that the higher EGF 

concentration will lead better cancer migration performance in both MCF7 and 

MDA-MB-231. Meanwhile, the experiment verifies the migration ability of 

MDA-MB-231, including migratory cell counts and migration rate, is better than MCF7 

which corresponding to the cell properties. 

 

 

 

 

 

 

 

 



21 
 

a 
 MCF7 MDA-MB-231 

 
Cell count   

(EGF: 0ng/ml) 

Cell count  

(EGF: 20ng/ml) 

Cell count 

(EGF:50ng/ml) 

Cell count 

(EGF: 0ng/ml) 

Cell count  

(EGF: 20ng/ml) 

Cell count 

(EGF:50ng/ml) 

Day 1 2 5 10 5 7 15 
Day 2 3 8 17 9 13 26 
Day 3 3 12 28 9 19 38 
Day 4 4 13 32 9 26 51 

b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 The Effect of different EGF concentration on tumor cell migration. 

(a) The numbers of migratory cell under different concentration gradient (0, 20, 

50ng/ml EGF). (b) The average migration rate of three conditions. Data (n=3) were 

means ± standard deviations (SD). 
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3.2.3  Effect of different spheroid size on tumor cell migration 

 

    The tumor spheroids are classified by the mean diameter ( l ) which is determined 

by the following equation: ( ) 2/1bal ×= , where a  and b  represent two orthogonal 

diameters of the spheroids. The mean diameter of loading spheroids is 106 ± 25 μm, so 

we consider the diameter smaller than 131μm small spheroid, and the others are large 

spheroids. In addition to calculate the mean diameter, the spheroids will spread and 

cover the whole pattern after trapping on the pattern about 2hr, so the spheroids size can 

also be determined by the pattern size.  

 

The experiment were performed under the same EGF concentration (50ng/ml) 

introducing into the EGF channel. Figure 6a shows the MCF7 and MDA-MB-231’s 

migratory cell numbers of different size of spheroids. Total numbers of migratory cells 

of larger size spheroids is about twice to small size spheroids both MCF7 and 

MDA-MB-231. This is corresponding to the spheroids spreading area on pattern where 

the large pattern’s area is twice to the small pattern. So the migratory cells numbers is 

directly related to the local cancer cell quantity. Figure 6b presents the average 

migration rate of different size spheroids. The migration rate is almost the same for 

different size spheroids both MCF7 and MDA-MB-231 
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According to the results (Fig. 6), it seems the spheroid’s size doesn’t influence the 

migration rate but only the numbers of migratory cells, suggesting that the migration 

ability is not so related to the size of the tumors, which indicates that tumor cells might 

acquire the metastasis ability in early stage even during the formation of primary tumors 

as some research reported28,30,31.  
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a 
 MCF7 MDA-MB-231 

 

Cell count 

(Large 

spheroid) 

Cell count     

(Small 

spheroid) 

Cell count  

(Large 

spheroid) 

Cell count     

(Small 

spheroid) 

Day 1 7 4 9 6 
Day 2 12 5 16 10 
Day 3 19 9 25 13 
Day 4 23 9 31 20 

b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Effect of different spheroid size on tumor cell migration 

(a) Migratory cell numbers of different size spheroids observed in bottom channel.  

(b) The average migration rate of different size of spheroids. Data (n=3) were means ± 

standard deviations (SD). 
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3.3  Anti-cancer drug screening 

 

3.3.1  Morphology of cells 

 

    The morphology of cells during 24 hour drug perfusion is shown in Fig. 7 (a. 

MCF7, b. MDA-MB-231). After being trapped onto the micro-holes pattern, the tumor 

spheroids will attach to the substrate and then grow to the surrounding areas coated with 

collagen. The cells without drug treatment can cover the whole micro-pattern in two 

days and up to 6 times the initial area in three days. But the spreading area is limited by 

the pattern size because only patterns are coated with collagen and the outer region of 

the patterns are not, so cells can’t attach on it. The cell proliferation is also found in 

lower concentrations of drug (1 μg/ml, 10μg/ml). But the growing area is almost stop 

growing after drug introduce into the device. And a significant decrease in cell 

spreading area, due to some dead cells detaching from the substrate, were found in 

highest concentrations.  
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a                                 b 

 

 

Figure 7 Morphology of (a) MCF7 and (b) MDA-MD-231 during 24 hour drug 

perfusion. Tumor spheroids without or with low concentration drug treatment will 

attach to the substrate and then grow to the surrounding areas coated with collagen.  
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3.3.2  Drug toxicity profiles in the chip 

 

    Cell viability after drug treatment is one of the indexes of cytotoxicity. Viability of 

MCF-7 MMTS was examined after being treated with paclitaxel for 24hr, 48hr, and 

72hr, and after 72hr, live cells and dead cells were indicated by a green dye (calthin AM) 

and red dye (propidium iodide). 

 

    Medium was mixed with different concentrations of drug and 50ng/ml EGF then 

introducing into the device to conduct experiment. Reduction in tumor size is one of the 

positive effects from an anti-cancer drug. Herein, we measured the diameter of tumor 

spheroid after treated with drugs at 1, 10, 100μg/ml for 24hr, 48hr, and 72hr shown in 

Fig. 8. The growth curve is similar to the cells culture in the culture dish in monolayer 

forms. Relative cell viability was normalized against the untreated spheroids. The 

spheroids trapped on large pattern without drug treatment can grow dramatically after 

72hr, whereas, the size of spheroids treated with 100μg/ml drug was reduced with the 

expansion of exposure time and the increasing of drug concentration. The cell 

proliferation is also found in lower concentrations of drug (1μg/ml, 10μg/ml). But the 

growing area is almost stop growing after drug introduce into the device.  
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Drug toxicity profiles of paclitaxel in tumor spheroid in the chip and the monolayer 

cells examined by MTT assays after 24hr are presented in Fig. 9. Relative cell viability 

was normalized against the untreated spheroids. The results show that both MCF7 (Fig. 

9a) and MDA-MB-231 (Fig. 9b) spheroids have more resistant than monolayer cells to 

paclitaxel. It may prove that the malignant of cancer cells in 2D dramatically diminish 

and the effects of chemotherapeutic drugs or selective inhibitors employed on cell-cell 

communication like EMT is also reduced, whereas the behavior of cells cultured in 3D 

will respond more closely to in vivo condition 32-36.  
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Figure 8 Effect of paclitaxel treatment on the area of spheroids attached on the 

channel. The diameter of the (a) MCF-7 and (b) MDA-MB-231 spheroid reduced with 

an increase in exposure time (24, 48, or 72hr) and concentration (1, 10, or 100 ug/ml) 

of paclitaxel. The viability is normalized against the spheroid spreading area at Day 0. 

Data (n=3) were means ± standard deviations (SD). 
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Figure 9 Drug toxicity profiles of Paclitaxel in (a) MCF7 and (b) MDA-MB-231 

spheroid in the chip and the parental cells examined by MTT assays. The viability is 

normalized against the spheroid spreading area at Day 0. Data (n=3) were means ± 

standard deviations (SD). 
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4. Conclusion 

    In summary, this work presented a microfluidic chip that can study the in vitro 3D 

tumor migration and the anti-cancer drug screening at the same chip. The chip is 

suitable for real time observation instead of endpoint assay and work as a tubeless 

system to facilitate the experimental process. We also demonstrate the potential of the 

chip for long term culture of the cells acquired metastasis ability which might be 

cancer-stem-like cells. In the future, the chip can be co-cultured like endothelial cell in 

EGF channel to better mimic blood vessel so that we can study the integrated metastasis 

process of tumor cell. Thus, the present device provides a viable approach to realize 

long term organotypic cultures that represents suitable tumor microenvironment, and 

may facilitate personalized drug testing. 

 

 

 

 

 

 

 

 

 

 



32 
 

Appendix  

Biomimetic nano-cilia generate multicellular tumor spheroids 

 
Figure 10a presents the methodology of 3D multicellular spheroid cultures that rely 

on engineered nano-cilia and cell-cell interactions, which is based on the steric 

repulsion of cell-to-substrate adhesion and subsequent locomotion and self-aggregation 

of cells into a tumor spheroid. In this study, we adopted triblock copolymer monolayer – 

Pluronic F108 – to as a candidate of such the biomimetic nano-cilia. Pluronic F108 is 

known for its nontoxicity and biocompatibility for a wide range of cellular study. It has 

two separated hydrophilic PEO chain lengths of 128 monomer units and a hydrophobic 

PPO chain length of 54 units, and the fully extending PEO chain length in solution 

would be approximately 45 nm, thereby it may be easily adjusted to typical cell culture 

platforms and micro-scale technology without interfering the microscopy observation. 

In addition, we have recently demonstrated that the Pluronic copolymers may be applied 

for the deterministic 2D/3D cell patterning by microfluidics. However, the combination 

of biomimetic nano cilia-mediated repulsion, locomotion, and self-aggregation to 

achieve 3D spheroid cultures and the subsequent phenotypic/genotypic characteristics 

from the resulted spheroids have not yet been systematically studied.  

To first evaluate and then confirm the feasibility of triblock copolymers – coated 

on conventional polystyrene (PS) dishes/plates – for spheroid cultures, we applied 

several methodology, including multiple cell lines testing for spheroid generation, 

contact-angle measurement, protein repulsion, immunofluorescence detection, and 

long-term viability testing (Figures 10b and c, Figure 11). Figure 10b presents the 
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contact angle images (top panel) and the proposed schematics of the chain alignment 

(bottom panel). The hydrophobic PPO chains were bound onto the PS surface due to 

hydrophobic-hydrophobic interaction, and then the flexible and hydrophilic PEO chains 

were swung freely (with a beating frequency of approximately 10 GHz) in the hydrated 

layer of solutions, suggesting that this resulted in a decreased contact angle of 64° 

comparing to native PS of 77 ° . MCF7 breast cancer cells cultured in Pluronic 

copolymers (1% F108) formed multicellular spheroids, similar to those found in 

mammospheres except no supplementary mitogen used in this study, whereas cells 

cultured on traditional tissue culture dishes formed typical 2D monolayers (Figure 10c). 

In addition, we prepared Pluronic F108 of different concentrations coated onto PS 

dishes and then determined that 1% F108 was the optimal polymer for multicellular 

aggregate cultures and steric repulsion of hydrophobic molecules/proteins (Figure 11).    

Notably, results from Figure 2b indicate that PS’s hydrophobic nature tends to 

absorb small hydrophobic molecules in culture medium and might decrease the water 

contact angle as well as lower polymer coating (0.01% and 0.1% F108). In contrast, 1% 

F108-coated PS wound efficiently prevent the absorption of molecules and proteins, 

thereby it has the capacity for 3D spheroid cultures to diminish cell-to-substrate 

adhesion. Similar to MCF7 and SKOV3 cells, human pancreatic cancer cell line (Panc 

02.03B) and two human colorectal cancer cell lines (DLD-1 and SW480) all formed 
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multicellular spheroids in 1% F108 as well. The biomimetic nano-cilia by Pluronic 

F108 thus have potential to achieve modeling of tumor spheroids in vitro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

 
Figure 10 3D spheroid cultured with triblock-copolymer (nano-cilia)-based 

locomotion. a, Illustrations showing the configuration of the triblock copolymers 

(nano-cilia) system utilized for 3D multicellular spheroid cultures, in which x and y 

indicate the monomer units. Through the hydrophobic-hydrophobic interaction, the 

hydrophobic PPO chains will bind onto the PS surface and then beat the hydrophilic 

PEO chains freely in medium, thereby diminishing the cell-to-substrate adhesion and 

directing cell-cell interactions to organize a cellular spheroid. b, DI water drop with 

blue dye on PS surface before and after treatment with copolymers (1% Pluronic F108). 

A contact angle change of 13° was observed. c, Morphology of MCF7 cells cultured in 

conventional 2D monolayers and 3D spheroids as shown by phase contrast (top panel) 

and immunofluorescence (bottom panel; cell adhesion molecule stained with EpCAM, 

nuclear with Hoechst) images. Scale bar, 100 µm. 
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Figure 11 Characteristics of triblock copolymers in steric repulsion. (a) SKOV3 

monolayer was cultured in collagen gel (100 µg/ml)-coated PS surface (control), 

whereas multicellular aggregates were generated after one day culture in triblock 

copolymers of different concentrations (experiment). Scale bar, 100 µm. (b) Comparison 

of contact angles on native and copolymer-coated PS surfaces. Colors in blue and red 

represent the surfaces without any treatment and by dipping in cell culture medium for 1 

h, respectively. Contact angles were measured by dripping of a 1 µL droplet of DI water 

on the PS surfaces. The data are presented as mean ± SD from three independent 

experiments (*** p < 0.001). 
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Experimental methods to study tumor cell migration 

 

Micropipette assay: a pipette is placed in the vicinity of the cell and a chemoattractant 

solution is injected into the culture medium establishing a growth-factor gradient.  

 

Boyden (or Trans-well) chamber : cells are seeded in suspension in the top chamber 

and migrate through the porous filter in response to a chemokine gradient, which is 

established by the different culture medium concentrations in the top and bottom 

chambers.  

 

Micropatterning: cells are seeded on patterns of different geometry, size and surface 

coatings and their migration characteristics are monitored.  

 

Durotaxis: cells are seeded on a substrate of variable stiffness and respond by changing 

traction forces, cell spread area, and migration direction.  

 

Wound healing: a ‘‘wound’’ is formed on a confluent tumor monolayer, and the wound 

closure dynamics are monitored.  
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3D ECM: cells are seeded inside the 3D ECM and migrate depending on the ECM 

architecture (stiffness, pore size, and ligand concentration); ECM fibers are outlined 

with black curved lines.  

 

Microfluidics: cytokine gradients can be established in a 3D matrix by flowing different 

chemokine concentration solutions in the left and right microchannels; Interstitial flow 

can be established by adjusting the hydrostatic pressure in the left and right 

microchannels; streamlines are indicated with dark magenta lines. Micropipette, Boyden 

chamber and microfluidics assays enable control of biochemical gradients. Durotaxis, 

3D ECM and microfluidics assays enable control of biophysical forces (ECM stiffness 

and interstitial flow). Wound healing and micropatterning assay enable control of 

intercellular distances, whereas only micropatterning assays enable 

control of substrate topography. The schematics of each method are showed in Fig. 12, 

and the advantages/limitations of each method are summarized in Table 1. 
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Figure 12 Experimental methods for investigating factors that influence 

tumor cell migration. 
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Table 1 Comparison of in vitro experimental approaches to study tumor cell migration 
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