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Abstract 

High-Throughput Single-Cell RT-qPCR  
in a Volume-Adjustable Microwell Array 

JAEKYUNG KOH 

DEPARTMENT OF ELECTRICAL ENGINEERING AND 
COMPUTER SCIENCE 

COLLEGE OF ENGINEERING 

SEOUL NATIONAL UNIVERSITY 

Single-cell analysis provides unprecedented information on biology and 

medicine. To analyze gene expression levels of individual cells, various methods 

have been developed and utilized: reverse transcription polymerase chain reaction 

(RT-PCR), mRNA hybridization, RNA sequencing. Among them, RT-PCR has been 

widely used for its specificity, sensitivity and dynamic range. Recent developments 

in miniaturized system have enabled high-throughput analysis, reduction of reagent 

cost, increase sensitivity in these gene quantification methods, by virtue of small 

reaction volume. Such techniques have been applied to RT-qPCR platforms with 

integration of microfluidic single-cell manipulation part. Yet, complex structures of 
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these platforms requires high-cost fabrication and limited throughput. 

This thesis proposes and demonstrates volume-adjustable microwell-based 

single-cell RT-qPCR platform. In this platform, single-cells are isolated in 

microwells of 25 μm diameter, and diluted by assembly with microwells of 250 μm 

diameter, in order to minimize PCR inhibition by cell lysate. This way, more than 80% 

of microwells have single-cells while only less than 1% of microwells have multiple 

cells, overcoming the limitation by the Poisson distribution. Moreover, this platform 

is free from PCR inhibition by cell lysate, which has been a common inhibition 

factor in microwell-based PCR. Real-time measurement of fluorescent signal from 

this microwell PCR chip enables single-cell gene quantification. In addition, the 

platform reveals the bimodal Myc gene expression among single-cells in HL-60 cell 

line, by performing multiplex single-cell RT-qPCR. The author envisions that this 

low-cost, high-throughput platform will contribute to an innovative medical and 

biological research for personalized medicine. 
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Chapter 1 

 

Introduction 

This sections introduces the reason why single-cell analysis is important as well as 

conventional analysis methods. Due to technical limitations of previous analysis 

platforms, it is necessary to develop a new studying platform. 

 

1.1 Single-cell Analysis 

The cell is the basic building block of life, and understanding the heterogeneity of 

the individual cells provides unprecedented information on studying complex 

biological systems [1]. For example, only a portion of cancer cells or cancer stem 

cells (CSCs) have critical role in generating cancerous tissues. If a drug targets and 

kills cancer stem cells, cancer would shrink and degenerate. On the other hand, a 
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drug that kills tumor cells except stem cells, cancer would have an ability to 

generate new cells and grow back [2], [3]. Another example is circulating tumor 

cells (CTCs), cells that have shed into the vasculature from a primary tumor and 

circulate in the bloodstream. CTCs have been reported to contain important 

information for cancer prognosis and survival rates for patients with metastatic 

breast cancer [4], [5].  

 

 

Figure 1.1 Heterogeneity in cancer cells: among heterogeneous cells in cancer tissue, 

cancer stem cells (CSCs) are believed to play a critical role in tumorigenesis [2]. It is 

very important to isolate CSCs from other types of cells for CSC study. 

 

If gene expression of populations of cells are studied, it would not be possible 

to distinguish two cases: overall cells express medium level of the gene or only a 

few cells express high level of the gene while rest of cells express no gene. For this 
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reason, analysis with population cells would ignore the information from CSCs or 

CTCs, because only a few number of CSCs or CTCs exist in a cancer tissue or in a 

blood sample, respectively. Therefore, it is important to isolate cells of interests and 

study their gene expression. 

 

 

Figure 1.2 gene expression analysis of population cells and single cells [6]. At a 

certain population average, it is not possible to distinguish two cases: overall cells 

express medium level of the gene or only a few cells express high level of the gene 

while rest of cells express no gene. 

 

1.2 Conventional Single-Cell Study Methods 

To analyze gene expression levels of individual cells, various methods have been 

developed and utilized: reverse transcription polymerase chain reaction (RT-PCR) 

[7], [8], mRNA hybridization [9], RNA sequencing [10]–[12]. Among them, RT-

PCR has been widely used for its specificity, sensitivity and dynamic range, and 
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includes digital PCR (dPCR) for counting the number of target molecules and 

quantitative PCR (qPCR) for relative gene expression comparison.  

 

 

Figure 1.3 Conventional single-cell gene expression analysis method: (a) single-cell 

isolation by pipetting, (b) single-cell PCR in 20 μL of tubes. Single-cell isolation 

process has been time-consuming and labor-intensive. Also, throughput of single-

cell PCR has been constrained to the number of slots in PCR machine, and required 

high reagent cost. 

 

However, conventional PCR methods has been limited by low throughput and 

high cost. Typically, mouth-pipette has been applied to trap single-cells from cell 

suspension as shown in Figure 1.3. However, this manipulation process is labor-

intensive and time-consuming. Moreover, the number of cells to be isolated would 

be limited. Isolated single-cells are moved into 20 μL of PCR tubes and 

thermocycled to amplify genes. Therefore, the throughput of single-cell PCR is 

limited by the number of tubes that thermocycling machine can handle. This means 

from 48 to 96 of cells can be analyzed at once. 
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1.3 Miniaturized Technologies 

Recent developments in miniaturized system have enabled high-throughput analysis, 

reduction of reagent cost, increased sensitivity in these gene quantification methods, 

by virtue of small reaction volume. Such techniques have been applied to dPCR 

platforms [13]–[17] and qPCR platforms [18]. Moreover, microfluidic single-cell 

manipulation part is integrated with gene quantification platforms [19]–[21]. Yet, 

complex structures of these platforms require high-cost fabrication and limited 

throughput. 

 

 
Figure 1.4 Miniaturized and parallelized single-cell RT-PCR by Hansen group at 

University of British Columbia [20]. The platform enabled high-throughput analysis, 

reduction of reagent cost, increased sensitivity in these gene quantification. However, 
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due to its multilayer structure and peripheral fluid controller, fabrication cost is high 

and throughput is limited. 

Microwell-based single-cell PCR has been introduced [22]. Microwell has 

relative advantages in cost and throughput, due to its simple structure and 

fabrication. The number of microwells in a chip was about 90,000 and about 6,000 

single-cells were analyzed at the same time. However, the platform may suffer from 

low single-cell occupancy and PCR inhibition by cell lysate. These problems are 

elucidated in the following chapter with a novel microwell-based PCR concept. 

 

 

Figure 1.5 Microwell-based single-cell RT-PCR [22]. Microwell has relative 

advantages in cost and throughput, due to its simple structure and fabrication. 

However, the platform may suffer from low single-cell occupancy and PCR 

inhibition by cell lysate. 
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Chapter 2 

Single-cell Gene Quantification using 
Microwell Array 

Chapter 2 deals with a microwell-based single-cell gene quantification method. It 

starts with why well-to-well assembly concept is necessary to achieve high-

throughput quality of single-cell analysis. To realize this concept, single-cell 

trapping method and cell-direct PCR protocol is discussed, and single-cell real-time 

RT-PCR result from these technologies is analyzed. 
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2.1 Volume-Adjustable Microwell 

2.1.1 PCR Inhibition by Cell Lysate 

Single-cell RT-PCR requires cell-direct PCR, because RNA extraction so fat is not 

available to single-cells. A number of commercial PCR kit has been developed to 

amplify RNA molecules directly from cells, without RNA purification step. 

However, the throughput has been very low with this kit due to difficulty in single-

cell manipulation and number of PCR reaction at a time. For high-throughput single-

cell analysis, microwells has been utilized for small reaction chambers for single-

cell RT-PCR [22], [23]. It has been proposed that hundreds or thousands of PCR 

reactions can be performed at once in microwells. However, PCR efficiency of cell 

direct PCR in microwells could be low, because cell lysate inhibits PCR reaction 

[20]. 

 To be free of cell lysate inhibition, PCR reaction volume has to be in a 

certain range. In this way, cell lysate would be diluted to have minimal effect on 

PCR reaction. Hansen at el., at University of British Columbia, Canada, conducted 

experiments on the range of suitable volumes for this purpose, and figured out that 

5~100,000 nL of reaction volume would be ideal for each single-cell reaction. Less 

than 5 nL of reaction volume would be inhibited by cell lysate, and more than 

100,000 nL of reaction volume would be too much for a single cell, being vulnerable 

to noise. Around 10 to 100 nL reaction volume would be ideal for inhibition 
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prevention, while not compensating the throughput. 

 

 

Figure 2.1 Target PCR reaction volume in microwells. PCR inhibition by cell lysate 

would be dominant with less than 5 nL of reaction volume, while PCR would be 

vulnerable to noise with more than 100,000 nL of reaction volume. 

 

2.1.2 The Poisson Distribution 

When cells are seeded on microwells, it follows the Poisson distribution. This 

distribution is a discrete probability distribution of a given number of events 

occurring in a fixed interval of time and/or space if these events occur with a known 

average rate and independently of the time since the last event [24]. In cell seeding 

case, expected event rate (λ) would be the number of cells divided by the number of 

microwells, and the ratio of the number of cells in microwells can be expected. For 

example, if the number of cells is equal to the number of microwells (λ =1) and if 

cells are randomly seeded on microwells, it is likely that about 37% of wells have no 

cells and about 37% of wells have a single cell. The rest of wells are expected to 
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have multiple cells.  

 

 
Figure 2.2 Poisson Distribution: when the number of cells are equal to the number of 

wells (λ =1), ~37% of wells have no cells, ~37% of wells have single cells and rest 

of wells have two or more of cells, if cells are randomly seeded on microwell array. 

(Image credit: Wikipedia) 

 

Table 2.1 Cell distribution in microwells expected by the Poisson distribution 

 No cells Single-cells Multiple cells 

λ=0.15 86% 13% 1% 

λ=0.5 60% 30% 10% 

λ=1 37% 37% 26% 

λ=1.5 22% 33% 45% 

λ=2 14% 27% 59% 

λ=5 1% 3% 96% 

λ=10 0% 0% 100% 

 

 For many studies for single-cell analysis, cells were seeded in microwells 

by the Poisson distribution, yielding only a small portion of wells occupied by 
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single-cells [22], [23], [25], [26]. According to the Poisson distribution, single-cell 

portion can be achieved up to 37% when λ is around 1. However, about 26% of 

wells would have multiple cells, and this requires to check every microwells in order 

to exclude these wells in analysis. If the portion of wells with multiple cells is kept 

below 1% or λ is less than 0.15, only up to 13% of wells have single-cells while 86% 

or more wells have no cells. (Table 2.1) 

 In previous section, it is discussed that more than 5 nL of reaction volume 

is required to dilute cell lysate. If microwell has about 10 nL of reaction volume, 

length of microwell would be about 200 μm. Under the assumption that water 

density is 1kg/m3, 

200μm × 200μm × 200μm = 8 × 10   	  = 8	    (2.1) 

 In 1cm x 1cm size microchip, about 625 microwells can be fabricated. If 

multiple-cell well ratio is maintained under 1%, only about 80 microwells may have 

single-cells. To quantify gene expression of single-cells with a high statistical power, 

especially in case of rare genes, thousands of single-cell measurements are required 

[23]. For this scale of gene expression analysis, technical breakthrough is needed to 

fill most of microwells with single-cells.  
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2.1.3 Well-to-Well Assembly 

According to the Poisson distribution, it is expected that majority of wells will have 

more than single-cells in microwells with excessively seeded cells on well array. If 

microwell dimension fits to that of single-cells, it is most likely that only one cell 

would be trapped in microwells, and rest of cells would remain outside wells. Once 

these cells are rinsed away from the array surface, we can fill up single-cells in 

microwells. This way, single-cell trapping efficiency would not be restricted by the 

Poisson distribution. However, the microwell volume for single-cell trapping may 

not be enough for avoiding cell lysate inhibition as discussed in previous section.  

 

 

Figure 2.3 Volume Adjustable Microwell Concept: cell trapping well is assembled 

with PCR reagent well to effectively change from small volume for cell trapping to 

large volume for PCR. [27][28] 
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 Well-to-well assembly is proposed to deal with the issues above [27]. For 

single-cell trapping, small dimension microwell is used, and for PCR reaction, large 

dimension is used. After single-cells are trapped in small wells, large wells that are 

geographically corresponding, are assembled to form large reaction volume. During 

cell trapping process, cells that are not in small microwells can be rinsed away by 

applying fluid pressure [29]. 

 

 

2.2 Single-cell Isolation in Microwells 

2.2.1 Cell Trapping Process 

Single-cell trapping using microwell-array was proposed by A. Folch et al., at the 

University of Washington in 2005. The authors designed and fabricated PDMS 

microwells with various diameters and depths. They seeded cell suspension on 

microwells and applied water flow to wash out cells that were not in microwells. In 

this way, they characterized microwell occupancy and achieved 80~90% of single-

cells [29]. 
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Figure 2.4 Cell trapping process: PDMS microwell array is fabricated by soft 

lithography. Cell suspension is loaded on the BSA-coated array. Single-cells are 

trapping in the array after rest of cells are washed away. [30] 

 

Using this concept, single-cell process were presented as shown in Figure 

2.4 [30].  SU-8 microwell mold pattern was fabricated to make PDMS microwells. 

This microwells were incubated with 1% BSA PBS solution for more than 30 

minutes. After changing medium, cell suspension was pipetted on the array and 

settled for 10~30 minutes. PBS flow was made by pipet in order to wash out cells 

that were not inside microwells. 

 

2.2.2 Microwell Size Design 

To apply the cell trapping process, microwells was designed. First, cell diameter 

distribution was measured to determine microwell dimension [30]. Cell suspension 
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was pipetted on slide glass and imaged by Olympus Microscope. The software 

provided by Olympus provides a function of measuring diameter of objects. Using 

the function, diameters of cells in a screen were measured and analyzed as shown in 

Figure 2.5. According to the result, diameter covers from 9 to 20 μm, and about 66% 

of cells had diameters of 9~12 μm, which corresponds to the previous reports that 

says cells are 9 to 25 μm in diameter [31]. 

 

 

Figure 2.5 Diameter distribution of HL-60 cell line: diameter ranged from 9 to 20 

μm and about 66% of cells had diameters of 9~12 μm. [30] 

 

 Since diameter covers from 9 to 20 μm, microwell diameter was designed 

to have 15, 20, 25 and 30 μm in size. The depth was fixed at 20 μm, which was 

believed to be enough to trap single-cells. Using soft lithography, PDMS microwells 

were fabricated and imaged to ensure that wells would have the proposed dimension 
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(Figure 2.6). Using Olympus Microscope software, microwells were verified to have 

desired dimensions of diameter and depth. 

 

 

Figure 2.6 Figure 2.6 PDMS microwell dimension measurement: (a) diameter 

measurement; (b) depth measurement 

 

 

2.2.3 Cell Trapping Characterization 

Single-cell trapping was performed and the results were shown in Figure 2.7. To 

track cell positions easily, cells were dyed with viability assay kit and imaged by 

fluorescent microscope [30]. Although single-cell were well trapped, 

characterization was needed to improve the process and microwell design. Major 

factors affecting trapping rates would be microwell dimension and number of cell 

loadings, if each cell trapping trials maintains the quality of procedures; for example, 
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flow rate, cell suspension density, PDMS quality, cell viability and etc. would be 

kept. 

 Detailed fixed conditions are as follows: (i) cell density was kept at about 

1.0 x 106 cells/ml. The density was measured by Luna Automated Cell Counter. (ii) 

PBS flow was made by 1mL of pipet. (iii) PDMS was baked at 60°C overnight. (iv) 

The cell line was subcultured by every 3~4 days to keep cell viability. Under this 

conditions maintained, experiments were performed. 

 

 
Figure 2.7 Single-cell trapping in microwells. Single-cells are well trapped in 

microwell array. Scale bar, 100 μm. [30] 
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Figure 2.8 Number of cells distribution by microwell diameters: number of cells are 

categorized by no cells (vacant), single-cells and multiple cells. [30] 

 

 First characterization was to determine which diameter would be proper to 

trap single-cells [30]. Among 15, 20, 25 and 30 μm of diameters with 20 μm of 

depth, 15 and 20 or 25 μm diameters showed the highest single-cell occupancy of 

36~40%. As well diameter increases, multiple cell occupancy also increases whereas 

number of wells without any cells decreases. Since it is important to minimize the 

number of wells with multiple cells, 15 or 20 μm of diameter microwells were 

proven to be appropriate to trap single-cells for further studies.  
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Figure 2.9 Multiple-loading characterization: (a) multiple loading characterization 

matrix; (b) loading matrices [30] 

 

 The next characterization was to determine how many times of cell 

trapping trials would achieve the highest single-cell occupancy. Each cell trapping 

process can be represented by matrix calculation [30]. Input elements are percentage 

of vacant, single-cell and multi-cell wells. This 1x3 input matrix is multiplied by 3x3 

loading matrix and produces 1x3 output matrix that contains information of 

microwell distribution of vacant, single-cell and multi-cell in percentage. Each value 

of loading matrix elements were determined by average of actual experimental data, 

and turned out to be that except first loading matrix, loading matrix has similar 

elements across all cell loading trials (Figure 2.9b). 
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Figure 2.10 Cell trapping occupancy by multiple loadings: (dashed line) actual 

occupancy; (dotted line) projected occupancy. [30] 

 

 By using the loading matrices, cell occupancy projection was drawn and 

compared with actual occupancy rates (Figure 2.10). The projection lines were very 

close to actual occupancy lines. Therefore, the loading matrices was proven to have 

strong explanation power of cell loading trials. From this matrices, key points can be 

recognized: (i) once multiple cells are trapped in wells, they seldom go out. In other 

words, muti-cell wells keep their status; (ii) it is not likely that single-cell or multi-

cell wells would be converted to vacant wells; (iii) about half of single-cell wells 

become multi-cell wells while rest of them become multi-cell wells; (iv) the first 

loading matrix indicates that about 45% of wells are occupied by single-cells, 40% 

of wells are empty and about 10~15% are occupied by multiple cells. In conclusion, 
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one time cell loading trial gives the best single-cell occupancy. 

 

 

2.2.4 Single Bacterial-Cell Trapping 

Single-cell trapping methods was applied to some bacterial cells, in order to test 

whether the method would work for various types of cells rather than mammalian 

cells [30]. Two types of cell lines were picked and tested by the same procedure; 

chosen bacterial cell lines were Synechococcus elongates and Escherichia coli. As 

shown in Figure 2.11, single-cells were trapped in microwells. This result indicates 

that the microwell concept can be applied to many other researchers. First, this can 

be applied to quantify gene expression of single bacterial cells. Bacterial cells are 

typically small in size, making isolation more difficult than that of mammalian cells. 

Second, this method can be exploited for metagenomics. Metagenomics is the study 

of genetic material recovered directly from environmental samples. However, 

majority of cells are unculturable, it is one of main goals to isolate single-cells and 

obtain genetic information [32]. Microwells could be ideal platform for this purpose, 

and in fact, Zhang et al., at the University of California, San Diego did conduct a 

research on gene amplification of single bacterial cells using microwells [26]. 
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Figure 2.11 Single bacterial-cell isolation in microwells: (a) Synechococcus 

elongates; (b) Escherichia coli. This result indicates that the microwell can be used 

to quantify gene of bacterial cells. [30] 

 

2.2.5 Cell Trapping Result 

Cell trapping characterization indicates that single-cell trapping rate would be 

increased with well dimension fitness, high cell concentration and one time of cell 

loading and washing. Detailed conditions are as follows. Well dimension was fixed 

at 25 μm of diameter with 20 μm of depth. Cell suspension was prepared with 5 x 

106 cells /ml and stained by cell viability assay kit for 15 minutes. PDMS cell 

trapping chip was incubated in 1% BSA PBS solution for 1 hour. 500 μl of cell 

suspension was pipetted on the chip and washed away after 10 minutes of settling 

time. Fluorescent imaging was followed to analyze cell trapping result. 
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Figure 2.12 Single-cell trapping result: (a) cells stained with green fluorescent dye in 

microwells with 25 μm diameter (Scale bar 400 μm); (b) microwell occupancy ratio 

by no cells, single cells and multiple cells (n=2,940) 

 

 As a result, about 83% of microwells had single cells, 16% of wells had no 

cells, while only 0.6% of wells had multiple cells. This result definitely broke the 

limit of the Poisson distribution, in which only 13% of wells have single-cells in 

order to ensure wells with multiple cells would be less than 1%. If these microwells 

are successfully assembled with large wells for PCR reaction, most of microwells 

will be used to detect single-cell gene expression. In other words, high-throughput 

analysis would be achieved with this well-to-well assembly method. 
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2.3 ‘One-Pot’ Cell-direct RT-PCR 

The proposed RT-PCR scheme in a microwell requires the ‘one-pot’ cell-direct RT-

PCR, a condition that PCR reagents and cells are put together, and thermocycled to 

amplify target genes. To set up this condition, PCR in a 20ul of tube was tested 

before PCR in a microwell was examined. 

 

 

Figure 2.13 ‘One-Pot’ RT-PCR Concept: (a) conventional RT-PCR; (b) ‘one-pot’ RT-

PCR. Unlike conventional cell-direct RT-PCR, ‘one-pot’ RT-PCR requires all 

components put into tube and thermocycled to amplify target genes. 

 

2.3.1 Cell Lysis 

To conduct cell-direct PCR, RNA molecules inside cells should be extracted by 

destroying cell membrane or cell lysis. Therefore chemical and mechanical 

approaches were examined, and cell viability assay (LIVE/DEAD® 

Viability/Cytotoxicity Kit, for mammalian cells, Invitrogen) followed to determine 



 

 ２５ 

how both approaches worked out. The Live/Dead assay kit determines cell viability 

by fluorescence probe.  

 

 

Figure 2.14 cell lysis in microwells by sonication: (a) before sonication; (b) 30 

seconds of sonication; (c) 3 minutes of additional sonication. Same spot is imaged 

with different exposure times; 1/2s for upper row and 1/10s for bottom row. 

 

For mechanical stress on cells, sonication was applied. Cells are live/dead 

assayed and captured in PDMS microwells and sealed by slide glass. Before 

sonication, cells were mostly alive as shown in Figure 2.14(a). After 30 seconds and 

3 minutes of sonication, cells in microwells were not lysed although cells in chip 

channels had been washed away (Figure 2.14b, c). It is likely that sonication effect 

decayed as it passed through the PDMS layer, though more investigation was needed. 
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Figure 2.15 Cell viability assay in heated condition: (a) heated cells and unheated 

assay kit; (b) unheated cells and unheated assay kit; (c) unheated cells and heated 

assay kit; (d) unheated cells and unheated assay kit followed by heating [27] 

 

For chemical methods, thermal heating up and detergents are applied [27]. 

In this case, cell viability assay condition is not maintained as heating for cell lysis is 

applied, since the kit normally works in a room temperature. Therefore, the assay 

has been validated under a heated condition by taking fluorescence cell images as 

shown in Figure 2.15. In room temperature, the assay kit shows cell viability clearly; 

for dead cells that were heated at 60°C for 40 minutes, it shows red fluorescence 

signal and for live cells or unheated cells, it shows green fluorescence signal (Figure 

2.15 a, b). Even after the kit is heated, it still performs well by showing green signal 
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for live cells (Figure 2.15c). After unheated cells are assayed by unheated kit, they 

are heated by 60°C for 40 minutes. The assay result still shows green signal though 

red signal has been significantly increased (Figure 2.15d). It is reasoned that green 

fluorescence molecules are not going away as heated, whereas red fluorescence 

molecules are getting to shine as cells are dying.  

 

 

Figure 2.16 Thermal cell lysis test: cell viability was checked by fluorescence signal. 

As cells were lysed, green signal became blurred and red signal intensified. [27] 

 

Since it is verified that the Live/Dead Assay kit works after heated, it is 

now clear that the assay would work with heating. Under the room temperature 

(~25°C), 50°C and 90°C, cell viability was assayed with a time variant. The 

experiment process was to seed HL-60 cells in phosphate buffered saline (PBS) 
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medium in 96 well-plate with the assay kit and to apply heating while taking images 

of each well. As a result, it is observed that cell viability was maintained at room 

temperature for about 30 minutes, whereas many cells became dead after 15 minutes 

at 90°C (Figure 2.16). It is unclear whether cells were lysed at 50°C. 

 

 

Figure 2.17 Cell lysis with 0.1% NP-40 detergent: detergent accelerated cell lysing 

process. Even at room temperature, cells were lysed after 15 minutes. [27] 

 

 One of constraints in cell lysis is not to raise the temperature too high to 

damage reverse transcriptase (RTase) enzyme. 90°C is the temperature which may 

degrade the enzyme, although it is proven to be the condition that lyse cells. 

Therefore, chemical additions were added to enhance lysing cells. Some of 

detergents are known to be not powerful enough to break the nuclear membrane, but 
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break the cytoplasmic membrane. Therefore, they can be used to obtain RNA, one of 

the cytoplasmic contents of a cellular culture. Cell lysis test was conducted under the 

same experimental setup with 0.1% NP-40 detergent addition. With the help of 

detergent, cells were lysed at all temperature conditions within 15 minutes. Also, it 

is verified that cells are lysed faster, as temperature goes up (Figure 2.17). 

 

 
Figure 2.18 Cell lysis with 0.1% NP-40 in microwells at room temperature: (a) 

without detergent; (b) 0.1% Tween 20 detergent; (c) 0.1% NP-40 detergent 

 

 To make sure that cell lysis process works well in a small volume, cell lysis 

test was conducted in a microwell environment. The test procedure is as follows: 
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cells were incubated with Live/Dead assay kit in PBS solution for 30 minutes, 

pipetted into microwells. Microwells were sealed by slide glass and imaged by 

fluorescent microscope in every 5 minutes. As shown in Figure 2.18, cells were only 

lysed with detergent, and NP-40 lysed cells faster than Tween 20 did at 0.1% 

concentration. In fact, most of cells were lysed within two minutes with NP-40 

detergent.  

 In conclusion, cell membrane breaking method was studied to move on RT-

PCR with RNA molecules from cells. Because mechanical stress didn’t penetrate 

through PDMS layer to break cells, chemical and thermal lysing approach was 

appropriate. In PBS medium, heating cells alone was not effective to lyse cells. 

However, cells were lysed quickly with the help of detergent even in the room 

temperature. This protocol also worked in a microwell environment. 

 

 

2.3.2 RT-PCR from Cell Lysate 

Once cells are lysed, RNA molecules from cell lysate needs to be amplified. Unlike 

RT-PCR with purified RNA, cells have other molecules that may inhibit PCR 

process. Also, one condition is that addition of enzyme or component is not possible 

in a closed microwell environment. Therefore, it is necessary to develop a protocol 
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that amplify RNA molecules directly from single cells, with every component mixed 

at first. In order to develop the protocol, PCR experiments with standard setting 

were conducted; 20 μL of PCR tube, BioRad Thermocycler, SensiFast qPCR reagent 

and etc. PCR primer is designed to target GAPDH gene and produce 300 bp 

amplicon. A single cell in a 10nL of microwell corresponds to about 1~2,000 cells in 

a 20 μL of PCR tube. If there is a protocol that works in this scale, we can assume 

that the protocol might also work for a single-cell in a microwell. 

 

 

Figure 2.19 Cell modeling: cells can be modeled to have RNA molecules, cell lysate 

and RNase, in cell-direct RT-PCR. RNA molecules should be preserved from RNase 

activity, and PCR inhibition from cell lysate needs to be minimized. 

 

 Tang et al. at the University of Cambridge in UK recently published a 

protocol for single-cell RNA sequencing [11]. In the paper, RNA molecules are 
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converted to cDNA molecules and amplified for sequencing. Due to the fact that 

they added a certain amount of Ribonuclease (RNase) Inhibitor, I was able to model 

a cell as a mixture of RNA molecules, cell lysate and Ribonuclease (RNase). RNase 

is a type of nuclease that catalyzes the degradation of RNA into smaller components. 

If RNA is degraded, RT-PCR would not work properly. As a result, it is important to 

minimize the effect of cell lysate and RNase and preserve RNA molecules for 

accurate RT-PCR. 

 

 

Figure 2.20 RT-PCR inhibition by cell lysate: cells are lysed by 10% NP-40 at 70°C 

for 10 minutes, and added to PCR reagent. Although band intensity is a bit lower, 

PCR was conducted with up to 1000 cell equivalent cell lysate. [27] 

 

 To verify that the proposed reaction volume is enough for preventing cell 

lysate inhibition, PCR in a tube with cell lysate was performed [27]. Cell lysate was 

prepared with 10% NP-40 detergent in distilled water at 70°C for 10 minute 

incubation. By serious dilution, each PCR tube has 1000, 100, 10 or 0 cell 
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equivalent cell lysate with 1000 cell equivalent purified RNA. RNase inhibitor was 

added to prevent RNase activity, eliminating one of inhibition factors. Detailed 

components are listed in Table 2.2. As shown in Figure 2.20, up to 100 cell 

equivalent cell lysate had no inhibition effect on PCR. With 1000 cell lysate made a 

PCR band less clear, but still PCR was performed. If there was more experimental 

groups with 10,000 cell or more of cell lysate, it would be clearer to verify cell 

lysate inhibition.  

In the previous section, well-to-well assembly concept was discussed to 

minimize cell lysate inhibition. This concept has 15 nL reaction volume for a single 

cell, and proportionally about 1,000 cells for a 20 μL reaction volume. Although the 

PCR tube environment is not identical to microwell, it is plausible that PCR 

inhibition by cell lysate would not arise in 15 nL reaction volume for a single cell.  

 There was a negligible difference by RNase inhibitor. In the experiment, 

one group had 0.5 μL of two inhibitors: SUPERase•In and RNase Inhibitor (Life 

Technologies) and the other group has 1 μL of the same inhibitors. It has two 

possibilities; there is no RNase or there is no clear difference between 0.5 and 1 μL 

of inhibitors. If there is no RNase, it could be assumed that RNase protein was 

destroyed by detergent and heating. If RNase volume didn’t make a difference, this 

needs to be investigated more.  
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Figure 2.21 RT-PCR performance by varying the amount of RNase Inhibitor: cells 

were put together with PCR reagent and RNase inhibitor and thermocycled. PCR 

bands are clear and strong only with more than 0.5 μL or more of RNase inhibitor. In 

this region, bands appear for 5,000 cells with 20 μL of PCR volume. [27] 

 

 To verigy RNase activity and RNase inhibitor effect, cell direct PCR by 

varying the amount of RNase inhibitor was performed [27]. Without RNase inhibitor 

or 0.25 μL of inhibitor, PCR bands were blurred and spread up and down. This may 

be due to RNase activity, which degrades RNA molecules. With 0.5 or 1 μL of 

inhibitor, PCR bands are no more blurred, which indicates that the inhibitor works to 

minimize the effect of RNase. For the same quantity of RNase inhibitor, bands for 

5000 cells have a weak intensity. This is because cell lysate inhibition became active 

from this number of cells. On the other hand, bands with 50 cells has lower intensity, 

because less cells means less initial quantity of RNA molecules. If there are more 

than 0.5 μL of RNase inhibitors, bands with 5,000 cells appears. Because RNase 
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activity would be prevented, it is reasoned that cell lysate inhibition effect alone 

didn’t inhibit PCR reaction.  

 

Table 2.2 Cell-direct one-pot PCR components 

Component Manufacturer 
Volume 

(μL) 

CellsDirect™ One-Step qRT-PCR 2x Reaction Mix Invitrogen 10 

Primer: GAPDH gene target, 312 bp amplicon 

Forward: 5’-CCA TCT TCC AGG AGC GAG ATC-

3’ 

Reverse: 5’-GGA CTG TGG TCA TGA GTC CT-3’ 

Bioneer 

(Oligo 

synthesized) 

1 / 1 

Reverse transcriptase and Taq polymerase Mix Invitrogen 0.5 

Nucluase-free Water Thermo 

Scientific 

4.5 

NP-40 (10%) Invitrogen 0.5 

Superase Inhibitor Invitrogen 0.5 

RNase Inbihitor Invitrogen 0.5 

DTT (20mM) Invitrogen 0.5 

Cell or RNA template N/A 1 

Total  20 

 

To sum up, cell-direct one-pot PCR was performed with the help of cell 

lysate dilution and RNase inhibitor, and clear band was achieved at a desired 

position, under this condition. However, it is still uncertain that amplified band came 

from RNA molecules of cells, because cells have two types of nucleic acids: DNA 
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and RNA. Therefore, real-time measurement of amplifying status of cells, purified 

total RNA and purified genomic DNA was required. Taqman probes, produced by 

Invitrogen, are primer and fluorescent reporter with increased specificity for real-

time PCR. Hs99999905_m1, one of Taqman probes, targets GAPDH gene by 

spanning an exon junction, consequently amplifying only RNA molecules. With 

BioRad C1000 and CFX96 quantitative PCR system, cell-direct RT-PCR 

amplification curves were compared with the one of purified total RNA, genomic 

DNA and no targets. 

 

 
Figure 2.22 Cell-direct one-pot RT-PCR protocol validation: with real-time PCR 

machine and Taqman probe that selectively targets RNA molecules only, 

amplification curve of cell-direct PCR was compared with the one of purified RNA, 

DNA and no target.  
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 Real-time PCR curves are illustrated in Figure 2.22. Either case of 1,000 

cells or 100 cells showed a similar curve pattern with RNA. Between 1,000 and 100 

cells, about 3~4 amplification curves are shifted, which implies that from 8 to 16 

times of RNA molecules are in 1,000 cells than 100 cells. This corresponds to the 

proportion of cell numbers. Since Taqman probe only targets RNA molecules, DNA 

was not amplified, resulting in flat curve pattern, similar to no target control (NTC). 

From this experiment, we can ensure that amplification curves comes from RNA 

molecules in cells, not DNA. Thus, the protocol successfully amplifies RNA directly 

from cells, regardless of cell lysate and RNase activity. 

 

 

2.4 Single-cell Gene Quantification 

2.4.1 Single-cell RT-qPCR 

With the well-to-well assembly concept, single-cell RT-qPCR was conducted. For 

real-time imaging of microwell chip, while chip is thermocycled, fluorescent 

microscope was integrated with thermocycler and a moving stage. Detailed 

information of this real-time signal detection system is described in Junhoi Kim’s 



 

 ３８ 

Ph.D. dissertation [27]. 

 Experiment procedures are as follows. First, live cells are retrieved by 

density centrifugation. Typically, HL-60 cells are subcultured 2~4 days before the 

experiments, and cell density is maintained up to 1 x 106 cells/ml. This cultured 

suspension may have some portion of dead cells, and they are separated by OptiPrep 

Density Gradient Medium (Sigma-Aldrich). For HL-60 cells, 16% of medium is 

prepared to isolate live cells. Second, single-cells are trapped in microwells. PDMS 

microwells are incubated with 1% BSA PBS solution for 1 hour. During this time, 

isolated live cells are treated with RNase to get rid of RNA molecules outside cells 

in medium. 500 ~ 1,000 μL cell suspension is seeded at the concentration of 1~5 x 

106 cells/ml, and settled for about 10 minutes. PBS flow is applied to wash out cells 

not in microwells, and imaged by bright field microscope to see how cells are 

trapped. Then cells are stained by Calcein Blue AM (Invitrogen) for UV excitation 

for 30 minutes, and then imaged by fluorescent microscope. Additional PBS flow is 

applied if cells are remaining outside wells. Third, PCR microwell chip are 

assembled with single-cell trapped microwell chip. Stages with microscope is used 

to align two chips and apply constant pressure on two chips for about an hour. 

During this time, it is believed that chip bonding become stronger and cell lysis 

occurs. Fourth, the assembled chip is thermocycled and imaged at every PCR cycle. 

Thermocycles consist of 45°C 10 minutes, 98°C 5 minutes and 50 repeat of 98°C 40 
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seconds and 60°C 60 seconds. Last, image is analyzed by Matlab program. 

Fluorescent signal intensity of each well is automatically acquired and plotted by 

cycle numbers. Red signal comes from ROX dye for reference, and green signal 

comes from FAM, which corresponds to the level of amplified targeted molecules. 

Therefore, green signal is divided by red signal, and plotted. 

 

 

Figure 2.23 Single-cell real-time PCR: (a) cell image by UV excitation; (b) ROX 

reference dye at the end of PCR cycle; (c) FAM amplification signal at the end of 

PCR cycle; (d) amplification signals of microwells by PCR cycle. Blue: wells with 
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single-cells, red: wells without cells (Scale bar: 500 μm) 

 

 As the experimental protocol listed above, single-cell RT-qPCR was 

performed. Assembled chip was imaged by UV excitation to check each cell position 

before thermocycled. Taqman probe targets GAPDH, a house keeping gene, to 

reduce the effect of gene expression variability among cells. Green and red 

fluorescent images were collected at every end of repeating PCR cycle. Green and 

red images at the end of PCR cycle are shown in Figure 2.23 (b), (c). Regardless of 

amplification, ROX red signal exists at similar level across all wells. If one of well 

shows strong red signal, we can reason that PCR reagent in the microwell has been 

evaporated. On the other hand, if one of wells shows low red signal, we can reason 

that PCR reagent has been leaked. We can exclude these possibilities from the 

consistent red signal result. 

 Target gene of this real-time RT-PCR was GAPDH, a house-keeping gene. 

Singe the gene is known to be expressed at relatively constant levels, green signal 

will be detected if there is a cells in a well and RNA molecules are successfully 

amplified. Indeed, green signals were detected only in wells that had single cells 

(Figure 2.23 (c)), verified from the comparison between UV excitation image before 

PCR and green fluorescence image after PCR. The result confirms that RNA 

molecules from a cells in a well were targeted and amplified. This also indicates that 
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molecules in microwells were well isolated. If one or some of GAPDH RNA 

molecuels were spread to other wells that didn’t have a cell, those wells would have 

a green signal to some extent. 

 With the images taken at each cycle were analyzed. Green signal value was 

adjusted by red signal value and plotted in Figure 2.23 (d). As expected, wells with 

single-cells showed an increasing amplification curve, whereas wells without cells 

showed a constant zero-level line. Also, the cycles where green signal began to rise 

in wells with single-cells, are not in wide range. Most of them are within 22~24 

cycles, which implies that the amount of GAPDH molecules in cells were identical 

to some extent, which corresponds to the characteristic of a house-keeping gene. 

 

 

Figure 2.24 Single-cell total RNA quantification: amplification curves of purified 

total RNA 64pg (red), 8pg (orange), 1pg (green) and 125fg (blue) in a microwell are 

plotted with single-cell amplification curves (violet). Ct values are determined by 
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intersecting points with black horizontal line. 

 

 The single-cell RT-PCR amplification curve was analyzed with purified 

RNA PCR amplification curves to quantify the amount of total RNA. The amount of 

RNA was set up to provide 64pg, 8pg, 1pg, 125fg in each microwell and the curves 

are plotted with red, orange, green and blue colors in Figure 2.24 respectively. Those 

four RNA quantities have 8 times concentration differences in a row, therefore 

making Ct values 3 cycles away from the previous or next concentrations. Indeed, 

Ct values, determined by the intersecting points with the horizontal black line in the 

graph, have such Ct values as expected. With these purified RNA curves, single-cell 

PCR curves are also plotted in purple color. The amount of single-cell total RNA can 

be calculated with Ct values comparison, and the quantified amount is around 1pg. 

Although HL-60 cell are known to have relatively small quantify of total RNA [33], 

the level should be around 5 pg per a single cell. This may be due to low efficiency 

of RNA conversion to cDNA, though more investigation is necessary. 

 

2.4.2 Multiplex single-cell RT-qPCR 

Using optical filter change of the real-time detection system and multiplexing gene 

detection of Taqman probe, multiplex single-cell RT-qPCR was performed. Under 
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the assumption that ROX signal level is constant over cycles, both of green and red 

fluorescence signals were used to detect two genes from cells. In fact, ROX signal 

from previous experiments haven’t been fluctuate much, enforcing the assumption. 

 

Figure 2.25 Multiplex single-cell RT-qPCR: (a) VIC reporter for GAPDH gene, (b) 

FAM reporter for Myc gene, (c) VIC signal by cycles, (d) FAM signal by cycles. 

Among wells with VIC signal, one group shows FAM signal while the other group 

does not show the signal, indicating bimodal gene expression among cell population. 

 

 Multiplex gene detection enables relative gene quantification. Usually, 

genes of interests are normalized to house-keeping genes, to investigate 

physiological changes in gene expression levels. Here, GAPDH gene was chosen for 
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reference and Myc gene, one of oncogenes, was chosen for a target gene. For 

multiplex assay, Taqman provides an assay with a VIC reporter dye and in primer-

limited formulations. Usually, the probe for control gene or reference gene is VIC 

labeled and the primer concentration is decreased so the target assay can properly 

compete for use of enzyme and dNTPs. Therefore, GAPDH gene probe with a VIC 

reporter and Myc gene probe with a FAM reporter was used in the multiplex PCR. 

The experimental protocol was the same as before, except the addition of two types 

of Taqman probes, stated above. 

 In this experiment, cell image before PCR wasn’t taken, not being able to 

track wells with a single-cells. However, it would be believed that wells with red 

signal for GAPDH gene at the end of cycle have single-cells, because wells with 

single-cells only showed a signal in the previous result. In the Figure 2.25, VIC and 

FAM signal image at the end of PCR cycle and amplification curves are displayed. 

For GAPDH gene, Ct values for wells vary from 20 to 28, which come from the fact 

that cells may have different amount of RNA molecules inside. Among wells with 

VIC signal, two modes of gene expression were detected: one group showed Myc 

gene expression while the other group didn’t show it. This bimodal gene expression 

in single cells would be only detected with single-cell level analysis, and some 

recent papers have reported this phenomenon [12], [20], [23]. 
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2.4.3 Further issues 

A couple of problems of this single-cell qPCR platform need to be solved. First, 

entire PCR chip fluorescent signal detection is necessary for high-throughput assay. 

Currently, thermocycler is integrated on the moving stage, enabling PCR chip 

scanning. However, managing software for this function needs to be programed for 

actual operation in the future. Second, cDNA conversion from RNA needs to be 

improved. Total RNA quantification of single cells showed low compared to papers. 

Therefore, a number of trials will be conducted, such as increasing time for reverse-

transcription. Third, PDMS PCR chip surface hydrophilic property needs to be 

maintained longer. During cell trapping process, part of chip became hydrophobic 

and cells in the region couldn’t be imaged, making experiments fail. For better 

chances of the assay, PCR chip surface chemistry needs to be investigated. Last, 

meaningful study needs to be done with this platform. This process requires not only 

a validation with widely known single-cell assay examples, but also challenging 

issues, such as cancer stem cell studies, needs to be applied. 
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Chapter 3 

Conclusion 

Volume-adjustable microwell-based single-cell RT-qPCR platform was proposed 

and realized. By assembling single-cell trapping microwell and PCR reagent 

microwell, the platform successfully isolates single-cells in about 80% of 

microwells and conducts RT-qPCR without PCR inhibition by cell lysate. First, 

single-cells were isolated. Microwell array of from 15 to 30 um diameter was 

designed, and cell trapping process was characterized by diameter and the number of 

seeding and washing. One time seeding and washing with high concentration of cell 

suspension brought about 80% of single-cell trapping rate. Second, cell-direct ‘one-

pot’ PCR protocol was developed. RNase inhibitor played a critical role in 

preserving RNA molecules from RNase. Also, it was verified that dilution 
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minimized PCR inhibition by cell lysate. This way, RNA molecules from cells were 

amplified by this protocol. Last, single-cell gene expression was quantified. Real-

time fluorescent signal detector was developed by integrating PCR thermocycler on 

moving stage and fluorescent microscope. Using this detector, signals from PCR 

microwell chip were successfully detected and analyzed using MATLAB program. 

Using Taqman assay kit, GAPDH gene of single-cells was detected from all single-

cells in microwells. Moreover, multiplex single-cell RT-qPCR was performed. 

GAPDH and Myc gene were simultaneously detected from single-cells, and the 

amount of Myc gene expression was relatively quantified by GAPDH reference 

gene expression. As a result, bimodal gene expression of Myc gene was detected, 

which corresponds to the previous single-cell gene expression results. 

 This platform will be a valuable tool for studying medical and biological 

research. Since the platform enables high-throughput single-cell gene expression 

assay, many unexplored single-cell models, such as cancer stem cell model, can be 

tested. These cancer evolution information or rare cell gene expression study will be 

useful in drug development. Although in early stage, single-cell research will give us 

unprecedented knowledge on biology and medicine, and as a result, this would help 

us to solve many real-world problems in the medical field and eventually improve 

human life.  
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문  

단 포  에 볼 수 없었  생물    보  공 다. 

단 포   현   여, 여러 가지 들  개 어 

었다: 역 사 PCR 량  (RT-PCR), mRNA hybridization, RNA 

시퀀싱 등  다.  에  RT-PCR  특 , 민감   측  에  

우수  문에 많  사 었다. 근 형화 술  달 ,  에  

 진  수 게 어 량 , 비  감, 민감  가 등  가능 게 

었다. 러  술  단 포   마 크 루  과 께 

RT-qPCR 랫폼에 었다. 지만, 아직 러  랫폼들    

비   량  등  단  다. 

  문에 는   가능  미 우물 어   단 포 

단  량 역 사 PCR  랫폼  안 고 검 다.  랫폼  25 μm 

지  가지는 미 우물  단 포  리 고, 250 μm 지  미 우물  

포 시체  고 PCR  진 다.   80% 상  미 우물에  

단  포  리 고, 직 1% 미만  미 우물에 만 여러 개  포가 

견 었다. 는  포아  포에  계  는 결과 다. 또   

랫폼  미 우물  사 는 랫폼에  주 생 는 포 시체에 

 PCR  현상  극복 다. 미 우물 칩에  형  매 싸 클마다 
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측 여 단  포 단   현  가능 다. 욱 ,  

랫폼  2 가지  현  측 여 상  량  여 HL-60 단  

포들에  Myc  현  형집단(bimodality)  룬다는 것  

확 다. 낮  비  많  포   수 는  랫폼  개  

맞 형   혁신    생물  연 에 여  것 다. 
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