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 High-Throughput, Miniaturized Clonogenic Analysis of a 
Limiting Dilution Assay on a Micropillar/Microwell Chip 
with Brain Tumor Cells  

   Dong Woo    Lee     ,   *        Yeon-Sook    Choi     ,        Yun Jee    Seo     ,        Moo-Yeal    Lee     ,        Sang Youl    Jeon     ,    
    Bosung    Ku     ,       and        Do-Hyun    Nam   *

  1.     Introduction 

 Cancer stem cells (CSCs) are found within some solid tumors. 

CSCs generally constitute a small population of solid tumor 

cells, but manifest distinct properties such as self-renewal, 

proliferation, and multi-lineage differentiation as well as the 

ability to initiate new tumors. [ 1 ]  CSCs are attributed to tumor 

progression, angiogenesis, metastasis, and contribute to resist-

ance to radiotherapy and chemotherapy. [ 2 ]  The majority of 

current cancer therapy aims at killing the bulk of tumor cells, 

however, it is frequently the case that CSCs surviving the 

treatment can acquire drug resistance, ultimately leading to 

the patient failing cancer treatment. 

 Thus, a new therapeutic strategy has emerged that focuses 

on identifying and targeting CSCs, based on an under-

standing of genetics, epigenetics and biochemical pathways. [ 3 ]  DOI: 10.1002/smll.201401074

 The limiting dilution assay (LDA) is a clonogenic drug effi cacy test designed to 
determine a value for drug effi cacy based on an all-or-none (positive or negative) 
response within replicates. It also attempts to calculate minimum cell numbers for cells 
to form colony in each drugged conditions, wherein a large value implies high drug 
effi cacy (as a large number of extant cells are required to start a colony). However, 
traditional LDAs are time-consuming to set up, often requiring many replicates for 
statistical analysis, and manual colony identifi cation under a microscope to determine 
a positive or negative response is tedious and is susceptible to human error. To 
address these issues, a high-throughput miniaturized LDA assay is developed using 
a micropillar/microwell chip platform using an automatic colony identifi cation 
method. Three glioblastoma multiforme (GBM) brain tumor isolates (448T, 464T, 
and 775T) are used to test this new assay, using the c-Met kinase inhibitors SU11274 
and PHA665752 as the target drugs. The results show that the minimum cell number 
of 775T is larger than that of the other two cell types (SU11274 and PHA665752) in 
both the sampled drugs, a result that is in good agreement with the results of previous 
conventional experiments using 96 well plates. 
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One of the most important characteristics 

of CSCs is their ability to form colonies 

while maintaining self-renewal and tumor 

initiation properties. [ 4 ]  Therefore, testing 

the clonogenic ability of CSCs is a critical 

criterion for evaluating the effi cacy of 

anti-proliferation cancer therapies. 

 Limiting dilution assays (LDAs) 

measure colony formation at different cell 

seeding densities. LDAs have been widely 

used to study the effectiveness of thera-

peutic drugs on the survival and prolif-

eration of CSCs as well as other types of 

tumor cells. [ 5,6 ]  In the LDA assay, colony 

formation is considered to be a repre-

sentative characteristic for live, prolifer-

ating cells. A cell that is unable to divide 

and produce a large number of progeny is 

considered “dead” although it may retain 

its ability to synthesize proteins and DNA 

or go through one or two mitoses. [ 7 ]  In an 

LDA, cancer cells are seeded at different 

concentrations in the wells of 24-, 48-, or 

96-well plates for suspended 3D cultures 

or 3D cultures in extracellular matrices or 

hydrogels such as collagen, Matrigel, alginate, etc. The colony 

numbers in each well are plotted against cell seeding density 

for a given drug exposure. LDAs have been used to measure 

colony formation for stem/progenitor cells [ 8–10 ]  as well as 

for quantifying bacteria, [ 11 ]  immunocompetent cells, [ 12 ]  stem 

cells, [ 13 ]  primary cells, [ 14 ]  and cell lines. [ 15,16 ]  

 To obtain statistically meaningful results from LDAs, a 

large number of replicates are seeded at different cell seeding 

densities (typically 12 replicates of wells per each cell seeding 

density) and all-or-none (positive or negative) responses of 

each well in well plates are determined by measuring cells to 

form at least one colony (positive) or no colony (negative). [ 10 ]  

The percentage of no-response wells (% negative response), 

is used as a key parameter for determining drug effi cacy. 

Thus, the greater the percentage of negative response colo-

nies, the better the drug effi cacy is. Conventional LDAs are 

performed in 48- or 96-well plates with many replicates. [ 10,16 ]  

This often results in time-consuming setups and requires rel-

atively large quantities of cell samples deposited using a 3D 

seeding protocol. In addition, identifying colonies in the well 

plates under a microscope is tedious, labor intensive, and is 

prone to signifi cant human error. 

 To address these problems, a high-throughput, miniatur-

ized LDA ( Figure    1  ) protocol was developed by combining 

a micropillar/microwell chip platform and an automatic 

colony identifying method. Well-established, high-throughput 

screens that use monolayers of adherent cell lines [ 17 ]  are not 

suitable to the 3D cell culture used in LDA. Among the many 

available 3D cell culture platforms, [ 18–22 ]  the micropillar/

microwell chip platform [ 19,20 ]  may be ideal to support rapid 

setup of LDA assays as it is possible to easily cycle through 

many different media or drugs.  

 Our LDA assay was performed on miniaturized 3D cul-

tures with three different types of glioblastoma multiforme 

(GBM) clinical isolates (448T, 464T, and 775T), all encap-

sulated in alginate spots on the chip platform as shown in 

 Figure    2  A. Automated colony identifi cation (Figure  2 E) 

was performed to calculate the percentage of colonies dis-

playing negative responses at different cell seeding densi-

ties for wells containing either SU11274 or PHA665752. 

The% negative responses were plotted as a function of cell 

seeding density, and minimum cell numbers for colonization 

were calculated and compared with those from conventional 

96-well plates.   

  2.     Results and Discussion 

  2.1.     Calculating the Number of Individual Cells Seeded on the 
Micropillar Chip 

 Prior to performing the LDA on the chip, S +  Chip Scanner 

(Samsung Electro-Mechanics Co., Ltd.) was tested to see if 

it can accurately calculate the size and the number of indi-

vidual cells seeded on the micropillar from the scanned 

images. Six cell suspensions in alginate containing 5 × 10 4 , 

1 × 10 5 , 2 × 10 5 , 4 × 10 5 , 1 × 10 6 , and 2 × 10 6  cells per milli-

liter were prepared, and dispensed onto the micropillar chip 

within six blocks using 30-nL aliquots (6 × 14 spot arrays in 

Supplementary Figure 3), thus 1.5, 3, 6, 12, 30, and 60 cells 

per spot were seeded, theoretically. To visualize live cells, live 

cells are stained with green using Calcein AM dye (4 mM 

stock from Invitrogen). Total green fl uorescence intensity 

from a single spot as well as green fl uorescence intensities 

from individual cell particles was extracted from the scanned 

images, and the total green intensity and counted cell number 

in a spot were plotted as a function of the theoretical number 

of cells seeded. Single cell size is also measued in S+ Chip 
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 Figure 1.    Micropillar/microwell chip platform for the limiting dilution assay (LDA): A) Image 
of a micropillar chip and an illustration of a microwell chip for miniaturized 3D cell cultures 
(inset). B) The layout of the micropillar/microwell chip for a LDA on the chip. For the LDA on the 
chip, six different concentrations of GBM cells were seeded fi rst on the micropillar and then 
sandwiched with the microwell chip containing six drug solutions.
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Scanner. The area of a single 464T cell at day 0 was 340 µm 2  

(Supplementary Figure 3A). 

 For the experiment involving 464T cells (Supplementary 

Figure 3), 30 nL of live 464T cells at different seeding densi-

ties were dispensed within 6 blocks on the micropillar chip, 

and the entire micropillar chip was stained within 4 hours 

of dispensing to minimize cell growth. Green fl uorescence 

intensities of live 464T cells (Supplementary Figure 3B) and 

numbers of 464T cells were measured using the S+ Chip 

Scanner (Supplementary Figure 3C) and found to be linearly 

proportional to the number of cells seeded. Interestingly, the 

number of cells measured by fl uorescence was found to be 

slightly higher than the number of cells seeded, although the 

standard deviation of the measured cell number is within 

20%. This discrepancy is presumably due to dispensing 

errors at low seeding densities, or non-uniform distribu-

tion of cells in alginate suspension. When a few cells (i.e. 

1.5 cells per spot) were dispensed onto the micropillar chip, 

the number of cells observed in the scanned images showed 

a high degree of variation due to heterogeneous distribu-

tion of cells in suspension. The average percentage of spots 

with no cells was less than 20% at 1.5 cell seeding per spot. 

This phenomenon was also observed when seeding cells in 

the 96-well plate. Therefore, we found it to be necessary to 

use as many replicates as possible at different cell seeding 

levels and test drug conditions to enhance the accuracy of 

the LDA. 

 In the present work, 14 replicates of cell spots per chip at 

each condition were adopted with duplicate chips, thus a total 

of 28 replicates were tested per condition. Unlike the 96-well 

plate platform, the present chip platform was able to pro-

vide high numbers of replicates in a high-throughput fashion, 

which is one of main advantages of the chip platform.  

  2.2.     Performing a Limiting Dilution Assay (LDA) on the Chip 
Platform 

 The LDA we developed was performed to determine the 

GBM cell response to PHA665752 and SU11274. Briefl y, 

various concentrations of the GBM cells (1.5, 3, 6, 12, 30, and 

60 cells per micropillar) were exposed to PHA665752 and 

SU11274 for up to 8 days or 16 days, to be followed by cell 

staining and chip scanning. Unlike conventional LDAs in 

96-well plates where the formation of cell colonies in each 

well was measured under a microscope to determine the neg-

ative response of the well, we obtained fl uorescence scanned 

images of cells from the micropillar chip and automatically 

analyzed the size of colonies in order to distinguish posi-

tive and negative responses among cell spots (Figure  2 E and 

 Figure    3  ). The S+ Chip Scanner is able to automatically rec-

ognize colonies, and calculate and compare sizes of colonies 

within a single spot on a chip. Figure  3 B (a spot without drug 

treatment) and Figure  3 C (a spot with 10 M SU11274 drug 
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 Figure 2.    The experimental procedures for the limiting dilution assay (LDA): A) Dispensing GBM cells in alginate on the top of PLL/BaCl 2  bottom 
layers on the micropillars, B) Immersing GBM cells into the microwells containing the growth medium to maintain high cell viability, C) Dispensing 
drugs into the microwells and exposing GBM cells to drugs by sandwiching two chips together, D) Staining cells with calcein AM and scanning the 
micropillar chip for data analysis, and E) Identifi cation of individual colonies from the scanned images.
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treatment) display changes in colony size due to the presence 

of inhibitor.  

 Even in the same spot, there are many different sizes of 

colonies, as shown in Figure  3 B and C. The threshold size for 

the assay is held to be size of the largest colony in the spot. 

For example, Figure  3 B shows 6 colonies in a spot and the size 

of the largest colony in the spot is 1800 µm 2 , while Figure  3 C 

shows 5 colonies in a spot and the size of the largest colony 

in the spot is 460 µm 2 . Thus, the visualized spots in Figure  3 B 

and Figure  3 C represent 1800 µm 2  and 460 µm 2 , respectively. 

The drug treated spot (Figure  3 C) displays a small value of 

size, meaning that a colony is not formed in these conditions. 

 The threshold sizes for colony formation are different 

depending on the cell type. The single cell sizes of 464T, 

448T patient derived GBM cells are about 343 ± 76 µm 2  and 

386 ± 109 µm 2 , while that of 775T patient derived GBM cell 

has about 100 ± 33 µm 2 . Thus, the threshold size of 464T or 

448T cells is 1500 µm 2  while that of 775T cell is 400 µm 2 , 

approximately four times larger than the size of a single cell. 

For example, a single 464T cell at day 0 showed 340 µm 2  size, 

which grew into a colony of 1800 µm 2  size at no drug condi-

tion, whereas a colony exposed to 10 µM SU11274 showed 

only 460 µm 2 , indicating that cells are affected by the drug 

(Figure  3 ). 

 To accurately count the number and 

size of cell colonies formed in alginate 

spots with S +  Chip Scanner, the micro-

pillar chip was dried. One problem we 

had noticed initially was that cell colo-

nies in the alginate spots tend to overlap 

when dried, leading to them being recog-

nized as a large single colony rather than 

several individual colonies and leading to 

signifi cant error during counting as shown 

in Supplementary Figure 4A and Sup-

plementary Figure 4B. This problem was 

aggravated when higher cell seeding was 

applied. 

 To alleviate this problem, an advanced 

method for extracting the colony size was 

developed. Under the assumption that 

colonies are circular, the edge curvature of 

colonies was examined and one or several 

extraction circles in red were placed on 

the images of colonies depending on their 

curvature (Supplementary Figure 4C). The 

green intensities below 50 (8 bit green 

code among RGB code: 0 ∼ 255) obtained 

from the extraction circles were consid-

ered as “dead cells or a single cell” and 

thus discarded. As a result, many extrac-

tion circles were generated depending 

on the number and the curvature shape 

of colonies in the spot, and we were able 

to accurately detect overlapped colo-

nies by placing multiple extraction circles 

(Supplementary Figure 4). With this new 

method for detecting overlapping colo-

nies, we were able to minimize the error 

within 5% up to 30 cell seeding per spot. 

We compare this to the error of our initial approach based on 

threshold intensity alone (90%) (Supplementary Figure 5). 

If the surface area of the micropillar increased (currently 

440 × 10 3  µm 2 ) it would be possible to accurately quantitate 

colony numbers at cell seeding densities much higher than 

the current 30 per micropillar. 

 To evaluate the effi cacy of PHA665752 and SU11274 

at inhibiting c-Met kinase, a semi-logarithmic graph of our 

new LDA protocol at different concentrations of a drug was 

obtained by plotting the frequency of negative response as 

a function of the number of cells seeded in each spot. The 

log of the frequency of negative response spots was plotted 

( Figure    4  ). In the semi-logarithmic graph of the LDA, the 

slopes of linearly fi tted curves represent the effi cacy of the 

tested drugs at various test concentrations. If a drug is effec-

tive on the GBM cells, the frequency of negative response 

spots increased at a specifi c seeding density, thus reducing the 

slop of the linearly fi tted curve and eventually increasing the 

x-axis intercept, which represents the minimum seeding cell 

number required to form a colony in the spot (i.e., the fre-

quency of negative response spots is zero).  

 We compared various x-axis intercepts ( Table    1  ) obtained 

from drug-exposed GBM cells to control cells (no drug 
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 Figure 3.    The scanned image: A) Cell spots at six different seeding densities after drug 
exposure for 8 days for the limiting dilution assay (LDA), B) The magnifi ed image of a single 
spot of the 6 cell seeding and no drug condition, C) The magnifi ed image of a single spot of 
the 6 cell seeding and SU11274 10 µM drug condition.
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exposure). As a comparison, conventional LDA was per-

formed in 96-well plates with the GBM cells cultured in sus-

pension, which formed 3D aggregates. In all cases, the 775T 

cells were more responsive to PHA665752 and SU11274 as 

compared to the 448T and 464T cells, a result expected based 

on their c-Met gene expression [ 5 ]  (Supplementary Figure 6). 

Thus, the trend of drug responses for both the chip and the 

96-well plate was very similar for 775T cells and in a good 

agreement with their gene expression levels.  

 Interestingly, LDA results showed that the 464T cells were 

more resistant to PHA665752 and SU11274 on the micro-

pillar/microwell chip than those tested in the 96-well plate. 

At 1 µM of PHA665752 and 2 µM of SU11274, the micro-

pillar/microwell chip displayed a steeper slope in the semi-

logarithmic graph of the LDA (Figure  4 C and Figure  4 G) 

and smaller x-axis intercepts (Table  1 ) than those from the 

96-well plate. This fi nding is presumably a result of differ-

ences between cell morphology and gene expression due to 
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 Figure 4.    Cell morphology and semi-logarithmic graph on different platforms (micropillar/microwell chip vs. 96-well plate): A) 3D cells grown in a 
suspension in the micropillar/microwell chip at 30 cells seeding/spot. The semi-logarithmic graphs of the limiting dilution assay (LDA) performed at 
different concentrations of drugs in micropillar/microwell chip with B) 448T cells, C) 464T cells, and D) 775T cells. E) 3D cells grown in suspension 
in 96-well plate at a density of 30 cells seeding/well. The semi-logarithmic graphs of the LDA performed at different concentrations of drugs in 
96-well plate with F) 448T cells, G) 464T cells, and H) 775T cells.

  Table 1.    X-axis intercepts from the limiting dilution assay (LDA), representing minimum cell numbers required to form a colony at different levels 
of drug exposure as tested on both the micropillar/microwell chip and the 96-well plate.  

Patient-
derived cells

Micropillar/microwell Chip 96 Well Plate

Control SU11274 PHA665752 Control SU11274 PHA665752

1 µM 2 µM 5 µM 0.5 µM 1 µM 5 µM 2 µM 1 µM

448T 20 – 210 580 – 110 4600 20 110 100

464T 20 – 40 110 – 32 500 10 600 330

775T 80 530  2170 – 743  4410 – 20  2,270  21,470 
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differences in cellular environment between the two different 

assays. As shown in Figure  4 A and Figure  4 E, unlike the cell 

aggregates suspending in the 96-well plates, the cells on the 

micropillar/microwell chip interacted with the alginate matrix 

and formed voluminous 3D structures, possibly leading to 

differences in morphology and cellular physiology.   

  3.     Conclusion 

 An on-chip LDA was demonstrated on the micropillar/micro-

well chip platform with 3D cultured GBM cells in alginate. 

As a proof of concept, three different types of GBM cells 

isolated from patients were cultured on the chip and tested 

with two c-Met kinase inhibitors (SU11274, PHA665752). 

Compared to conventional LDAs performed in 48- or 96-well 

plates, the new miniaturized protocol enabled rapid auto-

mated colony identifi cation, and required extremely small 

sample volume, both fi ndings of potential clinical importance. 

The results of the on-chip LDA for 775T cells showed good 

correlation in comparison with those from the conventional 

96-well plate. Our assay employs alginate as a matrix to 

reduce cost, but the protocol is suffi ciently fl exible to incor-

porate other media, such as Matrigel and collagen, as well.  

  4.     Experimental Section 

  Patient-derived Tumor Cell Cultures : GBM specimens were 
obtained from three patients undergoing surgery at the Samsung 
Medical Center (Seoul, Korea). The procedures for isolating cells 
are explained in detail in our previous work. [ 5 ]  All samples were 
collected with written informed consent under a protocol approved 
by the Institutional Review Board of the Samsung Medical Center. 
Within an hour of surgical resection, the tumor was mechani-
cally and enzymatically dissociated into single cells. Dissociated 
GBM patient-derived cells were grown in neurobasal media with 
glutamine (2 mM, Invitrogen), penicillin (100 units/mL, Gibco), 
streptomycin (100 mg/mL, Gibco), N2 and B27 supplements (0.5× 
each; Invitrogen) and human recombinant bFGF and EGF (20 ng/
mL each; R&D Systems). 

  Micropillar and Microwell Chip Manufacturing : Previous 
methods for the fabrication of micropillar chips such as silicon 
etching [ 23 ]  and polymer molding [ 24 ]  were used for production at the 
prototype level. However, they are not suitable for mass produc-
tion. In this study, a plastic injection molding method, using an 
injection molder (SODIC PLUSTECH Inc.), was used for mass manu-
facturing the micropillar/microwell chips. The plastic injection 
molding method is a robust and fl exible system for mammalian 
cell culture. The total size of both micropillar and microwell chips 
was 75 mm × 25 mm, which was similar to the conventional micro-
scopic glass slides, as illustrated in Figure  1 . The micropillar chip 
had 532 micropillars that were made of poly(styrene- co -maleic 
anhydride) (PS-MA). The diameter of each micropillar was 0.75 mm 
and pillar-to-pillar distance was 1.5 mm. The total chip thickness 
was 2 mm and the height of micropillar was 1.5 mm. PS-MA is a 
adhesion layer, which covalently bonds with PLL (poly- l -lysine) and 
ionically bonds to the alginate spot. The microwell chip also has 

532 complementary microwells. The diameter of each microwell 
was 1.2 mm and well-to-well distance was 1.5 mm. Because the 
microwell is larger than the micropillar, the gap between micro-
pillar and microwell makes space available for the immersion of 
the micropillar into 0.8∼1 µL of media without spilling over. 

  Development of the S+ Microarray Spotter and S+ Scanner : 
The S+ microarray spotter (Samsung Electro-Mechanics Co., Ltd., 
see Supplementary Figure 1) dispenses alginate/cell mixtures as 
well as 30–950 nl of media (within 20% volume accuracy). For 
high speed dispensing, the S+ microarray spotter has six tips 
that move at velocity of 20 mm/s, which makes the spotting time 
approximately 1 min for one chip (532 shots). The S+ scanner also 
captures a fl uorescence image from both the micropillar chip and 
the microwell chip. Moreover, the S+ scanner contains a mercury 
lamp (Olympus, U-RFL-T) as its light source in addition to a GFP 
fi lter with wavelengths of 470 nm and 535 nm for excitation and 
emission targeting, respectively, of the calcein AM dye. The image 
magnifi cation is 40×, with a real-time autofocus function, which is 
adopted for capturing fi ne images. The size of each pixel is 2.2 µm 
and the total image size is 1600 × 1200 pixels. Moreover, with the 
analysis software of the S+ scanner, the intensity of fl uorescence, 
cell number, and cell size can be analyzed within 3 min. 

  3D Cell Cultures on the Micropillar/microwell Chip Platform : A 
0.5% alginate mixture containing GBM cells was dispensed onto 
the micropillars for a three dimensional cell-culture. The surface 
of the micropillars was made of PS-MA is coating with PLL (Poly-
 l -lysine, Sigma-Aldrich) and 0.05 M BaCl 2 . The presence of PLL 
increases adhesion of alginate on the micropillar surface. Amine 
groups of PLL are covalently attached to the maleic anhydride 
group on the PS-MA micropillar and PLL having positive charge 
also attached to negatively charged alginate by ionic interaction. 
During the coating process, 60 nl of PLL (0.01% wt/vol) was dis-
pensed onto the tip of the micropillar, which was then placed in 
a humid incubation chamber (Supplementary Figure 2A) for 1 h to 
prevent evaporation and to ensure covalent adsorption of PLL on 
the PS-MA surface. After 1 h, micropillar chip was dried at room 
temperature for 3 h. Finally, 60 nL of BaCl 2  (Sigma-Aldrich) at a 
concentration of 0.05 M was dispensed onto the PLL-coated micro-
pillar, and the chip was then dried overnight at room temperature. 

 For culturing GBM cells in alginate spots on the chip, 30 nL of 
a cell-alginate mixture was dispensed onto the PLL/BaCl 2 -coated 
micropillar chip (Figure  2 A). During the dispensing of the cell-alg-
inate mixture, the micropillar chip was placed on a chilling slide 
deck at 12 °C to retard the evaporation of water in the spots. The 
mixture of GBM cells in low-viscosity alginate (Sigma-Aldrich) was 
prepared by mixing 300 µL of the cell suspensions in the culture 
medium (at 6 different cellular concentrations) with 100 µL of 3% 
alginate in distilled water and 200 µL of the culture medium such 
that the fi nal alginate concentration was 0.5% (wt/vol). The dif-
ferent concentrations of GBM cells (5 × 10 4 , 1 × 10 5 , 2 × 10 5 , 4 
× 10 5 , 1 × 10 6 , and 2 × 10 6  cells per milliliter) were seeded in the 
30-nL alginate spots in 6 blocks (6 × 14 cell spots) on the micro-
pillar chip as shown in Supplementary Figure 3. Thus, the number 
of the cells in the spots within 6 blocks was 1.5, 3, 6, 12, 30, and 
60, respectively. The cross-sectional area of the micropillar chip 
was 440 × 10 3  µm 2 , which is approximately a 100 times smaller 
than that of the 96-well. Compared to number of cells seeded 
(1–200 cells) per 96 well for the conventional LDA (the number of 
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cells seeded on the micropillar is low (1–60 cells). After approxi-
mately 2 min of gelation, the cell spots on the 532 micropillars 
were stamped (or “immersed”) in 950 nL of culture medium in the 
complementary 532 microwells as shown in Figure  2 B. To prevent 
evaporation during culture in the CO 2  incubator (Sheldon Mfg., 
Inc.) at 37 °C, the stamped chips were placed in a gas-permeable 
incubation chamber (Supplementary Figure 2A). After 24 h of 
culture for stabilizing cells, drugs were exposed by replacing the 
microwell chips containing drugs (Figure  2 C). 

  Drugs in the Microwell Chip Exposed on the Micropillar Chip : 
The exposure of the GBM cells to the drugs was performed in a 
high throughput manner by dispensing therapeutic drugs into 
the microwell chip and then stamping the chip with the primary 
GBM cells (Figure  2 C). As shown in Figure  1 B, 6 different concen-
trations of GBM cells on a single micropillar chip were exposed 5 
concentrations of a drug (or 5 different drugs) plus 1 no-drug con-
trol in a single microwell chip. Therefore, 36 different combinations 
were tested on a single chip with 14 replicates per condition. To 
validate on-chip LDAs, SU11274 and PHA665752, both of which 
inhibit c-Met kinase were dispensed into the microwell chip at 
three different concentrations. Drug stock solutions were prepared 
by dissolving the drugs in dimethyl sulfoxide (DMSO). Drug con-
centrations in DMSO must be two hundred-fold higher than the 
desired drug concentrations in the growth media for DMSO con-
centration of less than 0.5% in the growth media. In case of the 
control (no drug), 100% DMSO was used. To make up the fi nal 
volume to 300 µL in the 96-well plate, 1.5 µL of the concentrated 
drug solutions were added to 298.5 µL of culture medium. The 
fi nal concentrations of PHA665752 were 0.25, 0.5, 1, 5, 10 µM 
and those of SU11274 were 0.5, 1, 2, 5, 10 µM. Nine hundred 
and fi fty nanoliters of the drug solution was dispensed into the 
microwell chip using the microarray spotter. After taking out the 
pre-incubated micropillar chip containing the cells from the gas-
permeable chamber, the microwell chip with the culture medium 
was removed and discarded, and then the micropillar chip was 
stamped on top of the new microwell chip (which contained the 
drug solutions) by aligning the edges of the chips (Figure  2 C). The 
stamped chips were placed in the gas-permeable chamber with 
20 mL of sterile distilled water to prevent evaporation during incu-
bation, and then incubated for up to 8 days (448T, 464T GBM 
cells) or 16 days (775T GBM cell) in the CO 2  incubator at 37 °C for 
the LDAs. The 775T GBM cells grew slower than the 448T and 464T 
cells so that they were cultured for 16 days to form colonies. 

  Viable Cell Staining and Chip Scanning : After drug exposure, 
viable cells were stained for testing cell viability. The calcein AM 
dye, which can be transported through the cellular membrane 
and emit a green fl uorescence from living cells, was used for the 
staining of viable GBM cells. The micropillar chip was washed twice 
by immersing micropillars with cell spots in a dip-well staining 
plate (Supplementary Figure 2B) containing 5 mL washing buffer for 
5 min each. The washing buffer is 140 mM NaCl with 20 mM CaCl 2 . 
CaCl 2  prevent degradation of alginate spots during washing. The 
dip-well staining plate has a height of 5 mm and a 60 mm × 21 mm 
reservoir, which can contain 5 mL of liquid. In a staining dye solu-
tion, 1.0 µL of calcein AM (4 mM stock from Invitrogen) was added 
to 2 mL of the washing buffer. The 2-mL staining dye solution was 
dispensed into a shallow-well staining plate and then the micro-
pillar chip was placed on the top of the shallow-well staining plate 

(Supplementary Figure 2B). The shallow-well staining plate has 
2 mm height and a 60 mm × 21 mm reservoir. The cells were 
stained in the dark for 45 min at room temperature. Next, the 
micropillar chip was washed twice by immersing micropillars with 
cell spots in a dip-well staining plate containing 5 mL washing 
buffer for 15 min each. This wash process is to remove excess dye 
in the alginate spots. The washed micropillar chips were dried in 
the dark at room temperature for at least 2 h. In scanning process 
in Figure  2 D, the S +  Chip Scanner (Samsung Electro- with a mer-
cury light source captured images to produce a whole image of the 
micropillar chip. The images were saved as single Tiff images for 
analyzing the green fl uorescence intensity extraction or size meas-
urement of the cells. 

  Colony Identifi cation in Cellular Microarrays on the Chip : From 
the scanned images of the cell spots on the micropillar chip, the 
green fl uorescence intensities were quantifi ed with 256 levels 
(∼0–255), which is an 8-bit green code among RGB code. Based 
on the quantifi ed images of the cell spots, the number of colo-
nies and the size of each colony in the cell spots (Figure  2 E) were 
analyzed using the S +  Chip Scanner. After image acquisition with 
the S+ Chip Scanner, fl uorescence images of colonies from the 
3D cultured GBM cells on the chip were adjusted to reduce noise 
and optimize the signal, the area of colonies were then separated 
from the background by setting a threshold such as green inten-
sity below 50 (8 bit green code: ∼0–255). Unlike conventional cell 
monolayer cultures, 3D cultured colonies in alginate on the chip 
were scattered within the 3D alginate spots and overlapped when 
alginate spots were dried for scanning. When two colonies over-
lapped (Supplementary Figure 4A & 4B), they were misidentifi ed 
as a large single colony. Thus, the segmentation to separate indi-
vidual colonies was critical for accurate fl uorescence extraction 
from a single colony. As all colonies were circular in shape, indi-
vidual colonies were identifi ed by placing circles on the contours of 
colonies, and then the fl uorescence intensity of each colony within 
the area of the circle was extracted (Supplementary Figure 4C). 
By counting the number of circles and calculating their areas, the 
number of colonies and their sizes were determined automatically.  
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