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Osteosarcoma (OS) is the most common primary bone cancer, predominantly affecting children 

and young adults, with treatment efficacy often hampered by chemoresistance linked to the tumor 

microenvironment (TME) and the overexpression of multidrug resistance (MDR) transporters such as P-

glycoprotein (P-gp). Hypoxia, a hallmark of the TME, further intensifies drug resistance, making the 

determination of minimum effective drug concentration (MEC) essential for advancing personalized 

cancer therapy. This study presents the development and optimization of a polydimethylsiloxane 

(PDMS)-based SlipChip microfluidic platform designed for high-throughput evaluation of drug efficacy 

in osteosarcoma cells. The SlipChip enables rapid and reproducible generation of concentration gradients 

at nanoliter scales, facilitating real-time assessment of drug responses under tumor microenvironment 

conditions. 

Initially, the biocompatibility of the PDMS material was validated through the culture of SAOS-

2 osteosarcoma cells under both normoxic and hypoxic conditions. The porous nature of PDMS 

facilitated efficient oxygen exchange, enabling accurate simulation of hypoxic TME. Cell viability, 

morphology, and proliferation were comparable to those observed in conventional tissue culture 
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platforms, with hypoxic conditions in the PDMS chips resulting in reduced proliferation and smaller cell 

size, consistent with physiological tumor behavior. 

Technical advancements in device fabrication included the use of photolithography and soft 

lithography to produce PDMS SlipChips, with systematic modulation of curing temperatures to optimize 

surface energy and interlayer adhesion. The study found that lower curing temperatures increased surface 

energy, thereby enhancing adhesion and sealing, while higher temperatures resulted in stiffer, less 

adhesive PDMS. Lubrication with silicone oil, particularly 50 cSt at high spin speeds, was optimized to 

ensure reliable sealing and smooth slipping between layers. A custom 3D-printed stage with magnetic 

sealing and micro-gauges was developed to guarantee precise alignment, leak-free operation, and 

consistent microwell overlap. The design also addressed bubble formation by optimizing the width ratio 

(WR) of microwells to microchannels, with WR=5 achieving the lowest bubble coverage and most 

effective gradient formation. 

Functional validation of the platform was demonstrated through gradient generation using 

Rhodamine 6G and green food dye, with fluorescence intensity measurements confirming the accuracy 

and reproducibility of concentration gradients. 

The optimized SlipChip platform exhibited robust sealing, eliminated leakage and bubble-related 

inconsistencies, and supported healthy 3D cell culture. It enabled the study of ascorbic acid effects on 

osteosarcoma cell growth, with both SlipChip and traditional culture dishes showing similar cell death 

responses to the stimulus. These results confirm the platform’s suitability for biological assays and its 

potential for high-throughput drug screening.  

In conclusion, the PDMS SlipChip microfluidic platform developed in this research offers a 

reliable, high-throughput solution for evaluating drug efficacy in osteosarcoma cells. Innovations in 

fabrication, sealing, lubrication, and alignment have addressed key challenges in microfluidic gradient 

generation and cell-based assays. The platform successfully supports healthy cell culture and enables 

precise, reproducible drug screening, paving the way for personalized cancer therapy by facilitating rapid 

determination of MEC and real-time assessment of chemoresistance mechanisms. Future work will focus 

on applying the optimized SlipChip system for doxorubicin testing and further refining device 

performance for broader clinical applications. 

 

 



 

 



i 

 

Table of Contents 
Chapter 1 Introduction ............................................................................................................. - 1 - 

1.1 Cancer ......................................................................................................................... - 1 - 

1.2 Personalized Drug Therapy and Microfluidics ........................................................... - 3 - 

1.3 SlipChips and Their Role in Precision Drug Therapy ................................................ - 4 - 

1.4 Research Objectives and Thesis Structure .................................................................. - 6 - 

1.4.1 Research Objective ................................................................................................. - 6 - 

Chapter 2 Hypoxic Culture of Osteosarcoma Cells in PDMS Microfluidic Chamber and Plastic 

Bag - 10 - 

2.1 Introduction ............................................................................................................... - 10 - 

2.2 Methods..................................................................................................................... - 13 - 

2.2.1 PDMS Microfluidic Chip ...................................................................................... - 13 - 

2.2.2 Bubble Removal from PDMS chip ....................................................................... - 14 - 

2.2.3 Cell Culture in PDMS Chips and GB Dishes ....................................................... - 14 - 

2.2.4 Observation and Evaluation .................................................................................. - 15 - 

2.3 Results and Discussion ............................................................................................. - 16 - 

2.3.1 Bubble Removal from PDMS Chip ...................................................................... - 16 - 

2.3.2 Cell Health in PDMS Chip and GB-dishes ........................................................... - 16 - 

2.3.3 Cell Density .......................................................................................................... - 19 - 

2.3.4 Cell Length............................................................................................................ - 21 - 

2.4 Conclusions ............................................................................................................... - 22 - 

Chapter 3 PDMS SlipChip: Optimizing Sealing, Slipping, and Biocompatibility Using Low-

Viscosity Silicone Oils .............................................................................................................. - 24 - 

3.1 Introduction ............................................................................................................... - 24 - 

3.2 Material and Methods ............................................................................................... - 26 - 

3.2.1 Design of PDMS SlipChip .................................................................................... - 27 - 

3.2.2 Fabrication of PDMS SlipChip ............................................................................. - 28 - 

3.2.3 Contact Angle of Silicone Oil on PDMS with Different Degrees of Cross-linking - 29 

- 

3.2.4 Pneumatic Test for Separating Two Layers .......................................................... - 29 - 

3.2.5 Tensile Testing of PDMS Cured at Different Temperatures ................................. - 30 - 



 ii 

 

3.2.6 Characterization of Silicone Oil Properties: Leakage Testing and Layer Thickness 

Analysis............................................................................................................................. - 30 - 

3.2.7 Bio-compatibility Test with Silicone Oil .............................................................. - 31 - 

3.2.8 Demonstration of Diffusion Mechanism in SlipChip ........................................... - 32 - 

3.2.9 Demonstration of Cell Culture in SlipChip .......................................................... - 32 - 

3.3 Results and Discussion ............................................................................................. - 33 - 

3.3.1 Contact Angle of Silicone Oil on PDMS with Different Degrees of Cross-linking - 33 

- 

3.3.2 Pneumatic Test ...................................................................................................... - 34 - 

3.3.3 Tensile Testing of PDMS Specimen Cured at Different Temperatures................. - 36 - 

3.3.4 Effects of Viscosity of Silicone Oils on Adhesion Between SlipChip Layers ...... - 38 - 

3.3.5 Biocompatibility Test of Silicone Oils .................................................................. - 39 - 

3.3.6 Diffusion Mixing in SlipChip ............................................................................... - 40 - 

3.3.7 SAOS-2 Cell culture in PDMS SlipChip .............................................................. - 42 - 

3.3.8 Comparative Analysis of SlipChip Performance .................................................. - 43 - 

3.4 Conclusions ............................................................................................................... - 45 - 

Chapter 4 Micrometer-Controlled Alignment and Optimized Width Ratio with Magnetic 

Sealing for Leak and bubble-Free Gradient Formation in PDMS SlipChip ............................. - 47 - 

4.1 Introduction ............................................................................................................... - 47 - 

4.2 Materials and Methods .............................................................................................. - 49 - 

4.2.1 Design of SlipChip ................................................................................................ - 49 - 

4.2.2 Design and Fabrication of the Magnetic Aligner .................................................. - 49 - 

4.2.3 Fabrication of the SlipChip ................................................................................... - 50 - 

4.2.4 Oil Absorption at Different Temperatures.................. Error! Bookmark not defined. 

4.2.5 Effects of Oil Viscosities on their Absorption in PDMS ...................................... - 51 - 

4.2.6 Pneumatic Testing as a Measure of Adhesion between PDMS Surfaces .............. - 52 - 

4.2.7 Effects of temperature on Oil Absorption ............................................................. - 52 - 

4.2.8 Demonstration of Diffusive Mixing ...................................................................... - 53 - 

4.3 Results and Discussions ............................................................................................ - 53 - 

4.3.1 Effects of Oil Viscosities on its Absorption .......................................................... - 53 - 

4.3.2 Adhesive Measurement with Pneumatic Testing .................................................. - 54 - 

4.3.3 Effects of Temperature on Oil Absorption ............................................................ - 55 - 



 iii 

 

4.3.4 Development of Gradient Concentrations in SlipChip with Different Width Ratios .. - 

56 - 

4.3.5 Effects of Width Ratio on Bubble Prevention ....................................................... - 57 - 

4.4 Conclusions ............................................................................................................... - 58 - 

Chapter 5 SlipChip-based 3D Cell Culture for the Study of Osteosarcoma Cell Growth..... - 61 - 

5.1 Introduction ............................................................................................................... - 61 - 

5.2 Materials and Experimental Methods ....................................................................... - 63 - 

5.2.1 Methodology ......................................................................................................... - 63 - 

5.2.2 Fabrication of SlipChip ......................................................................................... - 64 - 

5.2.3 Cell Culture Experiment ....................................................................................... - 65 - 

5.2.4 Cell Observation ................................................................................................... - 65 - 

5.3 Results and Discussion ............................................................................................. - 66 - 

5.3.1 Cell Health in SlipChip ......................................................................................... - 66 - 

5.3.2 Live and Dead Cell Assay ................................................................................. - 67 - 

5.4 Conclusions ............................................................................................................... - 69 - 

Chapter 6 Conclusions ........................................................................................................... - 71 - 

6.1 Conclusions and Discussions .................................................................................... - 71 - 

6.2 Future Work .............................................................................................................. - 72 - 

References ................................................................................................................................. - 74 - 

Publication List ......................................................................................................................... - 84 - 

 

 

 

  



 iv 

 

List of Figures  

Figure 1 An abnormal degree of differentiation causes the development of osteosarcoma in the 

bone. ........................................................................................................................................ - 1 - 

Figure 2 Drug resistance phenomenon in bone cancer cells (a), High concentration drug damages 

both cancer and healthy cells (b) Low concentration drug being pushed away by PgPs protein.- 

2 - 

Figure 3 Schematics of the microfluidic SlipChip. ..................................................................... - 4 - 

Figure 4 SlipChip functions. (a) Fluid loading phase. (b) 1st overlap of microwells. (c) 2nd 

overlap of microwells. ............................................................................................................ - 6 - 

Figure 5 Osteosarcoma SlipChip drug screening system. Minimum effective concentration 

(MEC) determination using SlipChip. .................................................................................... - 7 - 

Figure 6 The experimental environment in this study. (a) Comparison of hypoxia and normoxia 

cells. (b) Microfluidic device. (c) Microfluidic device with oxygen scavenging system. .... - 13 - 

Figure 7 Bubble formation and removal from microfluidic device. Chamber diameters are 2.0 

mm. Obstruction with diameters of (a), (b) 0.1mm (c), (d) 0.3 mm, (e), (f) 0.4 mm, and (g), (h) 

0.5 mm. (i) Entire PDMS chip. ............................................................................................. - 17 - 

Figure 8 Microscope images of SAOS-2 cells in PDMS chip. (a) Bright-field image in hypoxia. 

(b) Calcein-AM stained image in hypoxia. (c) Bright-field image in normoxia. (d) Calcein-AM 

stained image in normoxia. Black and white arrows show obstruction and live cells. ......... - 18 - 

Figure 9 Microscope images of SAOS-2 cells in GB dish. (a) Bright field image and (b) Calcein-

AM stained image in hypoxia. (c) Bright field image and (d) Calcein-AM stained image in 

normoxia. .............................................................................................................................. - 19 - 

Figure 10 Cell density comparison of four cases of cell culture. .............................................. - 20 - 

Figure 11 Microscope images of SAOS-2 cells stained with PI. PDMS chips under (a) hypoxia 

and(b) normoxia. (c) GB dishes cell culture under(c) hypoxia and (d) normoxia. White arrow 

shows an example of dead cells. ........................................................................................... - 20 - 

Figure 12 (a) Cell length comparison of four cases of cell culture (b) Measurement of cell length 

with the inverted fluorescence microscope (Nikon ECLIPSE Ti-E). ................................... - 22 - 

Figure 13 Design and characterization of PDMS SlipChip. (a)Test chip-like SlipChip with 

connected channels and obstructions for burst pressure measurement. Scale Bar: 4mm. (b) 

SlipChip to develop gradient concentration. (c) Top view and (d) Side view showing air. . - 28 - 



 v 

 

Figure 14 Pneumatic test on SlipChip mimicking device. (a) Apparatus used for the pneumatic 

test, showing the setup for applying air pressure to the SlipChip mimicking device. (b) 

Schematic representation of the rupture mechanism caused by increasing air pressure. (c) 

Biocompatibility testing of silicone oil. ................................................................................ - 30 - 

Figure 15 Contact angles with (a) 50°C cured PDMS, (b) 60°C cured PDMS, (c) 80 °C cured 

PDMS (d) 100°C PDMS (e) 120°C cured PDMS (f) Variation in contact angle of silicone oil 

and PDMS with changing temperature. ................................................................................ - 33 - 

Figure 16 Adhesion measurements of PDMS SlipChip. (a) Pneumatic pressure measurements 

across different curing temperatures. (b) Leakage test with 50 cSt silicone oil at 1000 rpm. (c) 

Leakage test with 100 cSt silicone oil at 1000 rpm. Iodine solution flow in SlipChip (d) Effect 

of aging at 60 °C on the pneumatic pressure of PDMS samples initially cured for 2 h at 

different temperatures (50 °C, 60 °C, 80 °C, 100 °C, and 120 °C). Pressure was measured after 

0, 2, and 4 h of aging at 60 °C. Results are presented as the mean ± standard deviation (N = 3).

............................................................................................................................................... - 36 - 

Figure 17 Effect of curing temperature on the mechanical properties of PDMS. (a) Elongation at 

break of PDMS samples cured at 50, 60, 80, 100, and 120°C. (b) Modulus of elasticity of 

PDMS samples cured at 50, 60, 80, 100, and 120°C. ........................................................... - 37 - 

Figure 18 Deposition height of silicone oil on a bottom PDMS layer (cured at 60°C) at different 

spin coating speeds. .............................................................................................................. - 39 - 

Figure 19 Live/Dead cell assay for SAOS-2 and LM-7 cells with silicone oils in a 96-well plate. 

(a,b) SAOS-2 cells for 50 cSt oil, (c,d) SAOS-2 cells for 100 cSt oil. (e,f) LM-7 cells 50 cSt 

oil. (g,h) LM-7 cells 100 cSt oil. Scale bars: 100µm. (i) Cell viability ................................ - 40 - 

Figure 20 Fluorescence-based concentration gradient in SlipChip with 3.0 mm diameter 

microwells. Scale bars: 1mm. (a) Fluorescence images of microwells with various 

concentrations of Rhodamine 6 G. (b) Normalized fluorescence intensity against each well 

number. (c)Average fluorescence intensity against theoretical concentration. ..................... - 41 - 

Figure 21 Comparison of cell culture in SlipChip and 96-well plate. (a)-(c) Bright-field, live 

(Cal-cein-AM-stained), and dead (PI-stained) cell images of SAOS-2 cells cultured in the 

SlipChip. Scale bar: 500 µm. (d)-(f) Bright-field, live (Calcein-AM-stained), (g) Average 

SAOS-2 cell length in the SlipChip (mean ± STD: 86.9 ± 7.3 µm) and 96-well plate (mean ± 

STD: 82.1 ± 8.4 µm). (h) Live and dead cell assay results showing comparable cell viability in 

both systems. ......................................................................................................................... - 43 - 



 vi 

 

Figure 22 The operation and working mechanism of SlipChip. (a) Top and bottom layer of 

SlipChip. (b) Fluid loading phase after microchannel and microwell overlapping (c) Diffusive 

mixing phase by microwell overlapping in both layers. (d) Fluid flowing through 

microchannels and filling microwells. .................................................................................. - 49 - 

Figure 23 Magnetic aligner holding layers of SlipChip in frames containing magnets. .......... - 52 - 

Figure 24 Schematic of oil penetration into porous PDMS. ..................................................... - 53 - 

Figure 25 PDMS blocked soaked in silicon oil for 24 hours. (a) 50cSt silicone oil, (b) 100cSt 

silicone oil, (c) 500 cSt silicone oil, and (d) 1000 cSt silicone oil. ...................................... - 54 - 

Figure 26 Pneumatic testing on PDMS surfaces soaked in 50cSt, 100 cSt, 500 cSt, and 1000cSt 

silicone oil. ............................................................................................................................ - 54 - 

Figure 27 Temperature and temporal assessment of 1000 cSt silicone oil absorption in PDMS. 

(a),(b),(c),(d) Oil absorption at room temperature for 0h, 2h, 4h, and 6h. (e), (f), (g), (h) oil 

absorption at 55°C for 0h, 2h, 4h, and 6h. (i) Comparison of 1000 cSt silicone oil penetration 

in PDMS at room temperature and 55°C. .............................................................................. - 55 - 

Figure 28 Results of diffusive mixing (N=3) (a) Width ratio 3, (b) Width ratio 4, (c) Width ratio 

5. The scale bars are 1000µm. (d) Development of gradient concentrations in SlipChips with 

width ratios of 3, 4, and 5 (N=3). .......................................................................................... - 57 - 

Figure 29 Bubbles remained in SlipChip with width ratios 3,4 and 5. (a) Average number. (b) 

Average bubble coverage area. ............................................................................................. - 58 - 

Figure 30 Schematic of death induced by vitamin C in cancer cells. ....................................... - 62 - 

Figure 31 Cell culture in two different conditions. (a) A tissue culture dish. (b) A PDMS 

SlipChip. ............................................................................................................................... - 64 - 

Figure 32 Cell culture in SlipChip (a) before and (b) after adding AsA. Cell culture in a tissue 

culture dish (c) without and (d) with AsA. ........................................................................... - 67 - 

Figure 33 Comparison of cell viability in SlipChip and a cell culture dish with and without 

ascorbic acid.......................................................................................................................... - 67 - 

Figure 34 Fluorescent images of cells. (a) Calcein-AM stained cells in control dish. (b) PI stained 

cells in control dish. (c) Calcein-AM stained culture dish with AsA. (d) PI stained cells in 

culture dish with AsA. (e) Calcein-AM stained cells in SlipChip. (f) PI stained cells in 

SlipChip. ............................................................................................................................... - 68 - 

 



 vii 

 

  



- 1 - 

 

Chapter 1 Introduction 

1.1 Cancer  

Cancer remains one of the leading causes of death worldwide, posing a significant public 

health challenge across nations and age groups. According to statistics from the World Health 

Organization, cancer affects approximately 20 million people globally each year and is responsible 

for an estimated 9.7 million deaths annually, underscoring its profound impact on human health 

and society 1. Among the various types of cancer, bone cancer stands out as a particularly 

aggressive and life-threatening malignancy that originates in the bones 2,3. 

Bone cancer most commonly originates in the long bones, such as the femur, tibia, and 

humerus (Figure 1). What makes it especially dangerous is its tendency to develop drug resistance 

and its ability to spread to other organs, most frequently the lungs 3–5.  

 

Figure 1 An abnormal degree of differentiation causes the development of osteosarcoma 

in the bone. 

       

Bone cancer thrives in an oxygen-depleted environment, due to which certain proteins 

overexpress themselves, making the bone cancer tumor drug resistant. As a result of this, a very 

low concentration of drug molecules will not be allowed to enter the cells by being repelled by 

those overexpressed proteins (Figure 2(b)). If a very high concentration of drugs is made to enter 

the cells, it will not only kill cancer cells but will also damage healthy cells (Figure 2(a)). Hence, 

a minimum effective concentration of the drug is crucial to treat this cancer type. 
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Figure 2 Drug resistance phenomenon in bone cancer cells (a), High concentration drug 

damages both cancer and healthy cells (b) Low concentration drug being pushed away by 

PgPs protein.  

 

It primarily affects children, adolescents, and young adults, although it can occur at any age 2,4. 

The overall incidence of osteosarcoma in the general population is relatively rare, estimated at 2 

to 3 cases per million people per year. However, the incidence rises significantly among teenagers, 

reaching 8 to 11 cases per million annually in individuals aged 15 to 19 years. This age group is 

particularly vulnerable, likely due to the rapid bone growth that occurs during adolescence. 

Osteosarcoma accounts for approximately 3–6% of all childhood cancers and about 15% of 

childhood extra-cranial solid tumors, making it one of the most common bone cancers in the 

pediatric population 6,7. In adults, osteosarcoma represents about 1% of all cancers, but its clinical 

presentation and prognosis can differ from those seen in younger patients. 

Given its aggressive nature, high mortality rate, and the lack of a clear understanding 

regarding its origins, osteosarcoma remains a significant focus of medical research. The urgent 

need to uncover the underlying causes and develop more effective treatments for this malignancy 

drives ongoing studies in genetics, molecular biology, and innovative therapeutic approaches. 

Advancements in early detection, targeted therapies, and supportive care are crucial for improving 

survival rates and quality of life for patients affected by this challenging disease. 
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1.2  Personalized Drug Therapy and Microfluidics 

Modern osteosarcoma treatment requires systematic evaluation across multiple therapeutic 

classes: traditional chemotherapeutics (doxorubicin ~580 Da, methotrexate ~454 Da), targeted 

small molecules (sorafenib ~465 Da), and emerging biologics including monoclonal antibodies 

(~150 kDa) and peptide-drug conjugates. Current screening platforms lack the technical versatility 

to handle this molecular diversity while maintaining physiologically relevant tumor conditions, 

creating a critical bottleneck in personalized therapy development. Precision medicine holds 

significant importance in the field of chemotherapy, as it enables clinicians to deliver the optimal 

drug dosage tailored to the specific characteristics of each cancer type 8. This personalized 

approach not only enhances the effectiveness of treatment but also reduces the risk of adverse side 

effects, ultimately improving patient outcomes 9,10. In recent years, microfluidics has emerged as 

a promising and versatile platform supporting the advancement of precision medicine and 

pharmaceutical analysis, particularly in drug discovery and the detection of various diseases and 

health conditions 11.  

The microscale fluid dynamics  characteristic allows for highly controlled manipulation of 

fluids within microchannels, facilitating sensitive and reproducible experiments with minimal 

sample volumes 12. Such precision is especially valuable in the context of cancer diagnostics and 

its drug development, where even small variations in drug concentration can have a significant 

impact on therapeutic outcomes 13. 

Microfluidic devices are commonly fabricated from polydimethylsiloxane (PDMS), a 

material favored for its biocompatibility, optical transparency, and ease of patterning 14. These 

devices are widely employed as electrochemical sensors, colorimetric sensors, and magnetic 

sensors, enabling the detection of diseases through the identification of specific proteins or 

biomarkers15 This versatility also contributes to making medical diagnostic methods more robust 

and reliable. Microfluidic devices can be broadly categorized into two types: active and passive 

systems. Active microfluidic devices utilize external energy sources or actuators, such as acoustic, 

centrifugal, electric, or magnetic fields, to manipulate fluids and particles within the device. For 

example, electrokinetic pumps are often used to achieve precise control over fluid movement in 

active systems 16. However, these devices generally require more complex microfabrication 

techniques and additional instrumentation, which can increase both the cost and technical 

complexity of their operation. 
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On the other hand, passive microfluidic devices operate without the need for external 

energy sources. Instead, they rely on inherent fluid properties and channel geometry to drive fluid 

movement, utilizing mechanisms such as diffusive mixing, capillary forces, surface tension, and 

gravity-driven flows 17. The fabrication of passive devices is typically simpler and more cost-

effective compared to active devices, making them particularly attractive for applications in 

resource-limited settings or for high-throughput screening. 

Numerous researchers have explored both active and passive microfluidic devices for a 

wide range of biological and medical assessments 18. For instance, Natsuhara et al. developed a 

centrifugal-type microfluidic device that functions as a colorimetric sensor for the quantitative 

analysis of specific nucleic acid targets 19. Similarly, M. Senel et al., utilized a PDMS-based 

microfluidic device as an electrochemical sensor for the detection of dopamine, demonstrating the 

application of microfluidics in neurochemical sensing 20. 

In summary, microfluidic devices—whether active or passive—are playing a pivotal role 

in advancing precision medicine. Their ability to perform highly sensitive, multiplexed 

biochemical analyses with minimal sample consumption is transforming the landscape of cancer 

therapy, pharmaceutical research, and disease diagnostics. 

 
Figure 3 Schematics of the microfluidic SlipChip. 

 

1.3 SlipChips and Their Role in Precision Drug Therapy 

SlipChips represent a highly innovative and unconventional class of microfluidic devices 

that have revolutionized the way researchers perform multiplexed, high-throughput biochemical 

analyses 21. Unlike traditional microfluidic systems that rely on continuous channels or external 
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pumps, SlipChips are ingeniously designed with two separate layers—a top and a bottom plate—

each intricately patterned with maze-like arrays of microwells and disconnected microchannels. 

This unique architecture enables the creation of multiple isolated chambers within a single device, 

allowing for the simultaneous analysis of numerous samples while consuming only micro- or nano-

scale volumes 21,22.One of the defining features of SlipChips is their classification as passive 

microfluidic devices. Rather than depending on external energy sources, pumps, or actuators, 

SlipChips operate based on the principle of diffusive mixing. The two layers are aligned so that 

their patterned surfaces face each other, but they are not permanently bonded. Instead, a non-

permanent seal—often facilitated by a thin layer of lubricant—is used between the layers. This 

lubricant serves a dual purpose: it enables smooth slipping motion between the layers and also acts 

as a sealant to prevent leakage or cross-contamination between adjacent chambers 21. 

The operation of a SlipChip is remarkably simple, typically consisting of three main steps. 

First, the top layer is carefully oriented and placed over the bottom layer, with both layers’ 

microwells and microchannels aligned to create open pathways. This alignment allows for the easy 

loading of fluids into the device. Next, the top layer is slipped or slid relative to the bottom layer 

in a controlled manner. This slipping action disconnects the continuous pathways, causing the 

microwells of the two layers to overlap and form a series of isolated compartments. Finally, within 

these isolated chambers, diffusive mixing occurs between the fluids originally loaded into the 

microwells of each layer. This process enables multiple, independent reactions or analyses to take 

place simultaneously, all within a single, compact device 21–23. 

The role of SlipChip in precision drug therapy can be attributed to its ability to easily 

manipulate the fluidic concentrations by diffusive mixing in isolated microenvironments and the 

development of various concentrations of fluids in multiple microwells, making it an invaluable 

tool for a variety of scientific applications, such as drug discovery. For instance, researchers have 

utilized SlipChips to determine the minimum effective concentration of antibiotics required to 

control bacterial infections, thereby supporting the development of more targeted and effective 

antimicrobial therapies 24. The device’s high throughput and minimal sample requirements also 

make it ideal for screening chemical compositions or performing combinatorial assays. 

Additionally, SlipChips have been successfully adapted for molecular biology applications, such 

as performing polymerase chain reaction (PCR) tests, which are essential for DNA amplification 

and genetic analysis 25. In summary, PDMS SlipChips offer a versatile, user-friendly, and highly 
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efficient platform for conducting multiplexed biochemical analyses at the micro- and nanoscale. 

Their reliance on diffusive mixing, and development of gradient concentrations due to an 

innovative slip-based mechanism set them apart from conventional microfluidic devices. As a 

result, SlipChips continue to gain popularity among researchers seeking robust, high-throughput 

solutions for diagnostics, drug discovery, and molecular biology.  

Glass SlipChips are commonly used due to their chemical resistance and precise fabrication. 

However, their complex manufacturing process and lack of gas permeability make them unsuitable 

for applications such as cell culture, where gas exchange is critical. Glass-based SlipChips have 

been widely used to determine effective antibiotic concentrations for bacteria such as E. coli; 

however, their limited gas permeability hinders their suitability for mammalian cell culture 

applications. In contrast, polydimethylsiloxane (PDMS) SlipChips present a more cost-effective, 

easily fabricated alternative with superior biocompatibility.  

 
Figure 4 SlipChip functions. (a) Fluid loading phase. (b) 1st overlap of microwells. (c) 

2nd overlap of microwells. 

 

1.4 Research Objectives and Thesis Structure 

1.4.1  Research Objective 

Current osteosarcoma drug screening faces a critical limitation—no integrated system 

exists that can simultaneously reproduce the complex tumor microenvironment (including hypoxia 

and drug resistance mechanisms) AND systematically evaluate therapeutic efficacy across 

multiple drug modalities for minimum effective concentration (MEC) determination. Traditional 

2D cultures fail to replicate physiologically relevant conditions, while existing microfluidic 

platforms cannot generate the precise concentration gradients necessary for personalized therapy 
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development across the molecular weight spectrum from small molecules (~500 Da) to large 

biologics (~150 kDa). Our goal is to develop a PDMS based leak and bubble free SlipChip to be 

used for therapeutic applications in determining the minimum effective concentration of drugs for 

bone cancer cells using SAOS-2 cell line24 26. 

 
Figure 5 Osteosarcoma SlipChip drug screening system. Minimum effective 

concentration (MEC) determination using SlipChip. 

 

Below is the brief introduction of each chapter and table 1 presents the brief analysis of 

thesis structure. 

Chapter 1 highlights the urgency of studying osteosarcoma due to its aggressive nature, 

while introducing the SlipChip—an innovative BioMEMS device that enables high-throughput, 

micro-to-nanoscale analyses through a simple, two-layer slipping mechanism. It also outlines our 

goal to develop a PDMS-based, leak- and bubble-free SlipChip for efficient osteosarcoma drug 

testing.    

Chapter 2 explores the development of a PDMS-based system to replicate hypoxic and 

normoxic tumor microenvironments for osteosarcoma research. It details the design and 

fabrication of the PDMS chip using CAD, photolithography, and soft lithography, along with the 

SAOS-2 cell culture techniques used. A novel method involving portable hypoxic bags was applied 

to create controlled environments, and experimental results compared these with standard petri 

dish cultures. Findings show that PDMS chips effectively generate hypoxic conditions, supporting 

cell growth and morphology comparable to traditional methods. 
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Chapter 3 optimizes PDMS SlipChip sealing and slipping by tuning curing temperatures 

and using low-viscosity silicone oils (50–100 cSt); adhesion and stiffness are quantified via contact 

angle, leakage, pneumatic and tensile tests; biocompatibility is confirmed; Rhodamine 6G 

validates reproducible gradient formation. 

Chapter 4 introduces a magnetic aligner for precise x–y slipping, implements an 

oil-absorption lubrication method, and optimizes the width ratio (WR) to suppress bubbles, 

achieving leak- and bubble-free gradient formation with WR=5. 

Chapter 5 demonstrates PDMS-based leak and bubble-free SlipChip-based 3D culture and 

evaluates ascorbic acid effects on osteosarcoma cells; cytotoxic responses are observed; gradient 

capability is not utilized here, serving as biological validation of the platform. 

Chapter 6 presents conclusions and future work, outlining MEC studies (e.g., doxorubicin) 

under hypoxia with the leak- and bubble-free SlipChip (WR=5, 50 cSt, magnetic alignment). 
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Table 1. Brief analysis of thesis structure. 

Chapter Technical 

Achievement 
Gradient 

Function 

Used? 

Cell Culture 

Applied? 
Integration 

Level 
Critical Gap 

Chapter 2 Hypoxic 

microenvironment  
No 

 
SAOS-2 

(binary only) 

Basic No SlipChip, no 

gradient 

Chapter 3 Separate 

demonstrations 
Rhodamine 

6G only 

 
SAOS-2 only 

Parallel but 

NOT 

integrated 

No gradient + 

cells together 

Chapter 4 Perfect gradient 

formation 
Optimized 

 
No cells 

Technical 

perfection 
No biological 

validation 

Chapter 5 3D cell culture + 

AsA  
Not utilized 

 
SAOS-2 + 

AsA (binary 

only) 

Single 

application 
No gradient 

capability used 

Chapter 6 Thesis Conclusion     
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Chapter 2 Hypoxic Culture of Osteosarcoma Cells in 
PDMS Microfluidic Chamber and Plastic Bag   

2.1 Introduction  

The efficacy of anticancer therapies depends significantly on the ability of 

chemotherapeutic drugs to penetrate tumor cells. However, a major limitation to therapeutic 

success is the development of chemoresistance, wherein cancer cells become less responsive or 

unresponsive to drugs. One of the critical factors contributing to chemoresistance and tumor 

progression is hypoxia, a physiological condition characterized by oxygen deprivation. Hypoxia 

is commonly observed in solid tumors due to their rapid growth and inadequate vascularization, 

which limits oxygen diffusion to inner tumor regions. This oxygen-deprived environment not only 

drives malignant transformation and progression but also alters cellular behavior, enhancing 

resistance to chemotherapy and promoting metastasis 27. 

Understanding the influence of hypoxia on cancer cell biology and drug response requires 

experimental models that can reliably replicate the tumor microenvironment. Traditional in vitro 

systems often fail to create physiologically relevant oxygen gradients and lack precision in 

maintaining hypoxic conditions. Additionally, techniques such as hypoxia chambers and oxygen-

controlled incubators are often cost-intensive, laborious, and inefficient for routine or high-

throughput use. Thus, there is a growing demand for user-friendly, reproducible, and cost-effective 

platforms that can simulate hypoxic tumor microenvironments with greater control and minimal 

manual intervention. 

This study addresses this challenge by developing a microfluidic-based platform using 

polydimethylsiloxane (PDMS) chips in conjunction with a hypoxic plastic bag system. The 

PDMS-based microfluidic chip offers precise control over the microenvironment, while the plastic 

bag—containing an oxygen scavenger—enables the creation of a stable hypoxic condition in a 

closed system. To evaluate the effectiveness of this approach, osteosarcoma (SAOS-2) cells were 

cultured under both normoxic (normal oxygen) and hypoxic conditions using two configurations: 

the PDMS microfluidic chip and conventional glass-bottom culture dishes. 



- 11 - 

 

Quantitative assessments of cell health, morphology, and density were conducted to 

compare cellular responses under different conditions. The results demonstrated that SAOS-2 cells 

cultured under hypoxic conditions in the PDMS chip exhibited a markedly reduced average cell 

length of 18.6 μm, compared to approximately 80 μm in all other conditions. Additionally, cell 

density in the hypoxic PDMS chip was the lowest, with 30 cells/mm², indicating a significant 

influence of the hypoxic microenvironment on cell proliferation and morphology. These 

observations suggest that the PDMS chip, when used with the hypoxic bag system, successfully 

mimics the in vivo tumor microenvironment more accurately than traditional open-culture methods. 

The findings validate the PDMS microfluidic platform as an effective tool for hypoxic cell 

culture, offering several advantages such as reduced sample volume, improved environmental 

control, and compatibility with high-throughput screening. Importantly, this study serves as a proof 

of concept for the integration of microfluidic technology with a simple hypoxia-inducing system, 

demonstrating its potential for broader applications in cancer research. By enabling the 

investigation of tumor growth, hypoxia-induced drug resistance, and metastatic behavior in a 

controlled setting, this platform represents a significant step forward in developing more 

physiologically relevant in vitro cancer models. 

Cancer is a leading cause of death worldwide. Approximately 10 million people die from 

cancer every year 27. Among various types of cancer, osteosarcoma is one of the malignant types 

of bone cancer. It occurs in both adults and adolescents. Its study is important because it has a high 

metastatic potential and a strong recurrence tendency even after extreme therapeutic treatments 

applied 28. Since the 1970s, the 5-year survival rate for patients with metastatic OS disease has not 

shown significant improvement, remaining in the range of 15-30%. The emergence of micro 

metastases poses a significant challenge given their elusiveness to conventional methods and 

difficult clinical management, and the identification of mechanisms and differentially expressed 

genes associated with metastasis holds promise for the discovery of markers and targets for 

therapeutic intervention in OS metastasis. 

 We are working on the conditions that lead to metastasis development in osteosarcoma 

28,29. We aim to use microdevices to recreate the tumor microenvironment in our model, with the 

advantages of reproducing a controlled microenvironment, reducing sample and reagent volumes, 

and acquiring high-throughput screening. Hypoxia is a state of oxygen depletion or starvation and 
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is associated with tumor growth and resistance to therapeutic drugs. The state of oxygen depletion 

can be seen in Fig. 6 (a), where red cells above the capillary represent healthy cells, while cells 

further away from the capillary represent oxygen-depleted cells. A tumor grows blood vessels to 

meet its oxygen needs, a process called angiogenesis. The hypoxic environment of a tumor creates 

a state of emergency that initiates and/or enhances responses such as altered gene expression, 

suppression of apoptosis, chemoresistance, malignant progression, and distant tumor metastasis 

27,30,31. In vitro studies designed to mimic the in vivo environment have inherent limitations related 

to large sample consumption and the formation of macro-environments. The development of a cell 

culture platform that provides an in vitro environment that mimics physiological conditions is 

essential for the analysis of cellular responses.  

Hypoxic conditions have been studied in microfluidic devices using hypoxic chambers 32, 

chemical methods 33, and oxygen-controlled incubators 34. Hypoxic chambers are not capable of 

reproducing oxygen gradients as in the physiological situation 32. The use of hypoxia incubators is 

rarely used because it require excessive consumption of nitrogen gas. This approach requires 

frequent replacement of nitrogen cylinders, which is not a budget-friendly approach. Chemical 

hypoxia depends on the use of different chemicals and not all chemicals are suitable for inducing 

hypoxia in certain cell types 27. Identifying the right chemical for a particular cell type is time-

consuming and expensive. There is a demand for a hypoxic system that is inexpensive, user-

friendly, and helps replicate a near-physiological hypoxic tumor microenvironment condition. In 

contrast to the techniques, the use of hypoxic bags are a simpler approach to recreate hypoxic 

conditions. Hypoxic bag was used to develop variable oxygen tension throughout the device 34. 

Combining the use of a bag with a microfluidic device would help replicate the tumor 

microenvironment like the physiological one 35. However, microfluidic devices are prone to bubble 

formation. This bubble formation is hazardous for cell viability because it is related to high 

interfacial forces resulting in high shear stresses. These high shear stresses can rupture the cell 

membrane and damage the cells, or the bubble itself can impede the transfer of nutrients to the 

cells 36–38.  

This chapter focused on the development of a suitable PDMS (Polydimethylsiloxane) 

platform to analyze tumor microenvironment conditions close to physiological phenomena with a 

hypoxic bag. Normoxic and hypoxic cultures of osteosarcoma cells were studied in a closed 

environment and an open chamber. The proposed device is inexpensive, user-friendly, and helps 
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to replicate near-physiological tumor microenvironment condition. An enclosed environment was 

developed using a microfluidic device and an open chamber was obtained using a glass-bottom 

(GB) culture dish. Oxygen removal was performed by using an oxygen scavenger contained in the 

hypoxic bag. The use of a PDMS microfluidic-based cell culture platform resulted in the creation 

of efficient hypoxic conditions. 

 
Figure 6 The experimental environment in this study. (a) Comparison of hypoxia and 

normoxia cells. (b) Microfluidic device. (c) Microfluidic device with oxygen scavenging 

system. 

 

2.2 Methods 

This section describes design and fabrication techniques and experimental approaches. 

2.2.1  PDMS Microfluidic Chip 

Smaller volumes with a high surface area ratio are more efficient in oxygen exchange as 

compared to large volumes. A microfluidic device would help to achieve a more efficient oxygen 

balance with this system as compared to the glass bottom (GB) culture dish 39. As shown in Fig. 

6(b) a microfluidic device was designed to have a continuous structure with microwells and 

cylindrical obstacles of different sizes. The white part in the image represents the channel whereas 

the gray part represents obstruction and surrounding areas. The outer diameter of each microwell 

was 2.0 mm with the variation of obstacle size from 0.5mm to 0.2mm, having an increment step 

size of 0.1mm. The device is designed to produce different concentrations of drugs, and obstacles 

of different sizes will be used for this purpose. Each had five wells with obstacles of the same size 

Gas concentration 
agent

Microfluidic Device 
in Petri Dish

Oxygen meter

Pouch Bag

Capillary

Healthy cells

(a)

(b)

(c)
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throughout the row. This design is capable of exposing cells in culture to different concentrations 

of drugs in the future.  

A negative photoresist, SU-8 3050 mold, with a height of 100 µm was fabricated on a 

silicon wafer by standard photolithography. The SU-8 was developed and silanized according to 

the method described in 40. This was done because the patterned silicon wafer has a strong affinity 

for PDMS material. The affinity is strong enough to make it impossible for the PDMS to peel from 

the mold. Therefore, depositing a layer of silane over the mold surface prevents reaction between 

PDMS and silane, resulting in easy peeling of PDMS after curing. The mold was replicated in 

PDMS (Silpot 184) using soft lithography techniques at a ratio of PDMS base polymer to curing 

agent (10:1). We refer to PDMS chips that were assembled by permanent plasma treatment and 

bonding of the PDMS structure to a glass slide to obtain sealed PDMS microwells with a depth of 

100 µm. Soft lithography and plasma bonding were performed according to the method described 

in 40,41. 

2.2.2  Bubble Removal from PDMS chip   

PDMS chips with multiple microwells and different sizes of obstacles were used for cell 

culture. Structures such as microwells with sharp edges are prone to bubble formation, hence, we 

had a large number of bubbles in our device. To eliminate bubbles in the microfluidic device, it 

was rinsed several times with a 70% ethanol solution until the PDMS channels were free of bubbles, 

as described in 42. After this treatment, it was rinsed with a regular medium to prevent ethanol-

induced cell damage. After this protocol, the cell suspensions could be flushed into the devices 

with a diminished probability of bubble formation.  

2.2.3 Cell Culture in PDMS Chips and GB Dishes 

The human Osteosarcoma (OS) cell line SAOS2 was obtained from Tohoku University, 

Sendai, Japan. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 100 U/mL penicillin, 100 µg/mL streptomycin (Gibco, Thermo Fisher Scientist Co. Ltd), and 

10% fetal bovine serum (FBS, COSMO BIO), at 37 °C and 5% CO2. 15 μL of resuspended OS 
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cells (100 cells/μL culture medium) were introduced to the microfluidic chips. The initial 

cell density for all four devices was 100 cells/µL. The final volume introduced in each one of the 

microfluidic chips was 8.2 µL.  

For comparison, cells were also cultured in non-coated GB culture dishes (35 mm, product 

code: D11140H, MATSUNAMI Co. Ltd.). These dishes were chosen to maintain the configuration 

of the conventional tissue culture approach and to observe the cells clearly. 100 µL of the 

resuspended cell solution was added to the dishes. All solutions were added by pipetting.  The 

volume in each of the GB tissue culture dishes was 800 µL.  

PDMS chips and GB dishes containing suspended cells were then incubated overnight, to 

allow the cells to adhere to the surface. One of the chips and one of the GB dishes were then placed 

in a hypoxia bag. An oxygen scavenger container was introduced in the bag until oxygen 

concentration was reduced to 1.4% 43 (Fig. 6c). The oxygen concentration was determined with an 

oxygen meter. When the hypoxic conditions were reached, the bag was sealed and returned into 

the incubator. The conditions of the incubator was set at 37°C with 5% CO2 and air, and they were 

considered normoxic. The cultured cells contained in the hypoxic sealed bags were maintained at 

37°C with 1.4% to 2.5% O2.  These were considered as hypoxic conditions. GB culture dish under 

normoxic conditions was used as a control. 

2.2.4  Observation and Evaluation 

To assess the effects of hypoxia on osteosarcoma cell viability and morphology, both 

qualitative and quantitative analyses were performed using fluorescence microscopy. As illustrated 

in Figure 7, the occurrence and subsequent removal of bubbles in the microwells, as well as 

morphological changes in cells before and after exposure to hypoxic conditions, were documented 

using an inverted fluorescence microscope (Nikon ECLIPSE Ti-E, Tokyo, Japan) at 4X 

magnification. Bubble formation is a critical consideration in microfluidic systems, as it can 

introduce high shear forces and disrupt nutrient flow, thereby compromising cell viability. These 

bubbles were monitored and managed to ensure optimal conditions for cell culture. 

PDMS microfluidic chips and glass-bottom (GB) culture dishes were incubated under both 

hypoxic and normoxic conditions for a duration of 24 hours. Following incubation, cell viability 

was assessed through live/dead staining using Calcein-AM and propidium iodide (PI), both 

procured from DOJINDO Co. Ltd. Calcein-AM selectively stains live cells, which fluoresce green 



- 16 - 

 

due to intracellular esterase activity, while PI stains dead cells, emitting red fluorescence upon 

binding to nucleic acids in compromised cell membranes. This dual-staining approach enables a 

clear distinction between viable and non-viable cells 30. 

Subsequent imaging was carried out at 10X magnification using the same fluorescence 

microscope, which was equipped with a high-resolution digital camera (DS-Fi3, Nikon). This 

setup enabled detailed visualization of cellular morphology and precise measurement of cell 

lengths under each experimental condition. 

Stained images were analyzed to evaluate both cell viability and morphological 

characteristics. The assessment focused on four experimental groups: PDMS chips and GB dishes 

under normoxic and hypoxic conditions. Key parameters included the cell spreading area, cell 

density, and cell length. These metrics were used to determine the impact of oxygen availability 

on cell proliferation and overall health. Cells cultured under hypoxia, particularly in the PDMS 

chip, displayed marked reductions in spreading area and density, supporting the hypothesis that 

the microenvironment significantly influences cellular behavior and viability. 

2.3 Results and Discussion 

2.3.1  Bubble Removal from PDMS Chip 

Figure 7(a,c,e,g) shows a PDMS chip with a considerable number of bubbles in it before it 

was subjected to the bubble removal procedure. Fig. 7(b,d,f,h) shows the appearance of bubbles 

after rinsing the chips with 70% ethanol and PBS, which helped in eliminating the bubble 

occurrence. Bubbles were completely removed in 89% of the 20 chambers.  

2.3.2  Cell Health in PDMS Chip and GB-dishes 

To evaluate the quality of cell culture in culture dishes and PDMS chips under normoxic 

and hypoxic conditions, we characterized cell health and cell morphology. Osteosarcoma cells 

adhered to both cell culture platforms. We found that rinsing the device with ethanol did not affect 

cell viability and it also prevented contamination in the device. An elongated, spreading typical 

epithelial-like morphology was observed in chips and GB dishes (Fig. 8a, Fig. 8b). Cells in PDMS 

chips were compared to those in GB dishes, and the lengths of the cells were measured. Cells in 

hypoxia shown in Fig. 8(a) were more rounded compared to cells in normoxia, where they show a 

typical epithelial morphology (cells are polygonal in shape and grow in discrete patches) (Fig. 8 

b). These characteristics suggest that the stress condition induced by hypoxia is depicted by the 
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shape change 44. As shown in calcein AM-stained image (Fig. 8(a)) and PI-stained image (Fig. 

8(b)) it can be confirmed that cells in the PDMS chip detached under hypoxia, and they died earlier. 

Cells cultured under normoxia in GB dish and the microfluidic chip showed almost similar cell 

health. In both cases, the cells were more elongated and spread out with a typical SAOS-2 

morphology, indicating a healthy cell morphology. 

 
Figure 7 Bubble formation and removal from microfluidic device. Chamber diameters are 

2.0 mm. Obstruction with diameters of (a), (b) 0.1mm (c), (d) 0.3 mm, (e), (f) 0.4 mm, 

and (g), (h) 0.5 mm. (i) Entire PDMS chip. 

 

Fig. 8 shows Calcein-AM stained images of SAOS-2 cells. The cell morphology in the 

PDMS chip (Fig. 8a) changed under hypoxia, indicating a more stressed state due to lower oxygen 

levels 45,46. A typical elongated cell morphology was found in PDMS chip under normoxia and in 

the GB dish under normoxia and hypoxia. This morphology indicated an overall similar state of 

cell health. GB dish with plastic material maintained healthy cell conditions even under hypoxia. 

Conventionally cell culture dishes are made with glass, plastic (mainly polystyrene material) or a 

combination of both. These materials are either non-porous or extremely finely porous in their 

nature and one of the reasons to choose them is to prevent the event of air borne contamination for 

cell cultures. In general, cell culture dishes are designed with a clearance to allow adequate oxygen 

exchange with the environment. However, it was found that this clearance was not sufficient for 

efficient oxygen removal to achieve hypoxic conditions. On the other hand, it was the porous 
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nature of PDMS material that made efficient oxygen removal possible 47. Therefore, PDMS was 

able to maintain a hypoxic environment for tumor growth.  

Previous studies have also reported the induction of hypoxia using glass bottom dishes, but 

with variable oxygen concentrations i.e. 21%, 5% and <0.1%. It also states that for long-term 

analysis oxygen levels further decreased, causing severe hypoxic induction in GB dish with <0.1% 

oxygen. This resulted in loss of cell proliferation and increased cell death. This suggests that in 

our study there was more oxygen scavenging and a gradual drop of oxygen level in PDMS chip 

than GB dish, resulting in severe hypoxic conditions, causing reduced cell proliferation and 

increased cell death. In addition, it was also found that ethanol rinsing was sufficient to protect the 

cell culture from airborne contamination. 

 

Figure 8 Microscope images of SAOS-2 cells in PDMS chip. (a) Bright-field image in 

hypoxia. (b) Calcein-AM stained image in hypoxia. (c) Bright-field image in normoxia. 

(d) Calcein-AM stained image in normoxia. Black and white arrows show obstruction 

and live cells. 
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Figure 9 Microscope images of SAOS-2 cells in GB dish. (a) Bright field image and (b) 

Calcein-AM stained image in hypoxia. (c) Bright field image and (d) Calcein-AM stained 

image in normoxia. 

 

2.3.3  Cell Density  

To evaluate the quality of cell culture under normoxic and hypoxic conditions, the cell 

densities of the four devices were measured (Fig. 10). The cell density in a microfluidic chip under 

hypoxia was 30 cells/mm2, which was significantly low compared to the normoxia conditions 348 

cells/mm2. hypoxia and normoxia were 334 and 362 cells/mm2, respectively. 8% of live cells were 

present in the hypoxia-induced microfluidic chip. Cells were cultured in the microfluidic chip 

under normoxia, to maintain a healthy culture environment in the chip.  The low viability of 

hypoxic cells in the PDMS chip indicates efficient hypoxia induction in the microfluidic device. 

Ideally number of live cells in the hypoxic-induced GB dish should be less than those in the 

normoxic-induced GB dish. However, calcein-stained images in GB dishes (Fig. 9(a) and (b)) 

under both hypoxia and normoxia have a total number of 75 cells. This suggests that traditional 

cell culture dishes may not be suitable for efficiently producing hypoxic tumor microenvironment 

conditions. Compared with the PI-stained images (Figure 10) after 24 h, the microfluidic chip in 

hypoxia had the highest number of dead cells. These results indicate that the PDMS-based 

microfluidic chip was the most suitable for hypoxia induction.  
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These results indicate that the hypoxic conditions induced in the PDMS chips hindered the 

cell growth or cell division process. The gas-permeable nature of PDMS allowed for efficient 

oxygen removal and maintained a hypoxic environment. This nature ultimately affected the cell 

division process and/ or induced cell death on PDMS chips 48.  

 
Figure 10 Cell density comparison of four cases of cell culture. 

 
Figure 11 Microscope images of SAOS-2 cells stained with PI. PDMS chips under (a) 

hypoxia and(b) normoxia. (c) GB dishes cell culture under(c) hypoxia and (d) normoxia. 

White arrow shows an example of dead cells. 

(a) (b)

(c) (d)
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2.3.4  Cell Length 

Cell length is an indicator of good or poor cell culture conditions. In healthy and favorable 

culture conditions, cells tend to adhere to the substrate surface and spread out, showing a good 

length. In unhealthy conditions, cells tend to squeeze together and show short lengths. Therefore, 

cell lengths were measured to evaluate the quality of the cell culture. The standard deviation of 

cell lengths was obtained for all four cases (n = 10) from Calcein-AM-stained images with the 

microscope. Figure 12 shows the averages and standard deviation of cell lengths. The minimum 

average length was 18.6 µm for a microfluidic chip under hypoxia. The small length of 

osteosarcoma cells in the microfluidic chip under hypoxic conditions suggests unhealthy 

conditions of indicating a highly stressed environment. Previous research work has also reported 

that cell morphology was rounded under severe hypoxic conditions 49. This indicates reduced cell 

length under hypoxic conditions. It was attributed to efficient oxygen removal. The cell length in 

the hypoxic chip was relatively small and supports the conclusion that the PDMS material is good 

enough for cell culture to efficiently mimic the tumor microenvironment. 

The maximum average length was 77.0 µm for the normoxia microfluidic chip. The 

average cell lengths under hypoxia and normoxia conditions in the GB dish were 76.9 μm and 

78.1μm, respectively. These lengths in the three conditions were close to each other, indicating 

that there was no effective hypoxia induction in the GB tissue culture dish. The cell length in the 

microfluidic chip under normoxia was close to that in the GB tissue culture dish under normoxia, 

which was used as a control.  
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Figure 12 (a) Cell length comparison of four cases of cell culture (b) Measurement of cell 

length with the inverted fluorescence microscope (Nikon ECLIPSE Ti-E). 

 

2.4 Conclusions 

This study presents a simple, low-cost, and effective method to replicate hypoxic 

conditions representative of the tumor microenvironment using PDMS-sealed microfluidic chips 

and commercially available hypoxia-inducing plastic bags. One of the major technical challenges 

encountered during microfluidic culture—air bubble formation caused by direct pipetting into 

microchannels—was addressed through an optimized protocol involving a sequential rinse with 

70% ethanol, followed by sterile saline and cell culture medium. This method efficiently removed 

bubbles without compromising cell viability, as the ethanol was promptly neutralized with 

physiological solution, ensuring that the cells were not exposed to cytotoxic conditions. 

The use of hypoxia bags proved sufficient to create and maintain a hypoxic environment 

within PDMS microfluidic devices. The system’s simplicity and user-friendliness—enabled by 



- 23 - 

 

easy sealing, straightforward insertion and removal of devices, and minimal spatial requirements 

within a standard incubator—highlight its practicality for routine laboratory use. Furthermore, the 

approach requires no specialized gas-handling equipment or complex infrastructure, making it a 

cost-effective alternative to traditional hypoxia chambers and oxygen-controlled incubators. 

Experimental comparisons between cell cultures in glass-bottom (GB) dishes and PDMS 

microfluidic chips under normoxic and hypoxic conditions showed that the gas-permeable nature 

of PDMS enabled effective oxygen depletion, thereby replicating the hypoxic tumor environment 

more accurately than standard culture platforms. Hypoxic cultures in PDMS chips exhibited 

noticeable differences in cell length, density, and viability, confirming the platform’s effectiveness 

in simulating in vivo-like stress conditions. Additionally, the small culture volumes required in the 

microfluidic channels facilitated faster oxygen equilibration, contributing to a more efficient 

induction of hypoxia. 

Normoxic cell cultures in PDMS chips also produced results comparable to those in GB 

dishes, demonstrating that PDMS supports both hypoxic and normoxic conditions due to its 

oxygen permeability. This dual capability enhances the system's versatility for modeling a wide 

range of microenvironmental conditions. 

Moving forward, this platform will be employed to explore drug resistance and stress-

induced cellular responses in osteosarcoma models. The ability to apply dual drug or metabolite 

combinations and implement microchannel designs with varying obstruction geometries will allow 

for a deeper understanding of tumor behavior under physiologically relevant conditions. Overall, 

the integration of PDMS microfluidics with hypoxia bags provides a promising avenue for cancer-

on-a-chip applications, advancing both basic cancer research and preclinical drug testing. 

This hypoxic culture validation establishes the first critical component of our integrated 

drug screening platform — physiologically relevant microenvironment reproduction that 

accurately simulates osteosarcoma tumor conditions. This biological foundation will be 

systematically combined with precise gradient generation capabilities (Chapters 3-4) and 

optimized device performance (Chapter 4) to create the first complete system capable of MEC 

determination under tumor-relevant conditions.  
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Chapter 3 PDMS SlipChip: Optimizing Sealing, Slipping, 
and Biocompatibility Using Low-Viscosity Silicone Oils 

 

3.1 Introduction 

The PDMS SlipChip is a microfluidic platform enabling fluid manipulation without pumps 

or valves, simplifying operation and reducing reagent use. High-viscosity silicone oils (e.g., 5,000–

10,000 cSt) improve sealing but frequently block microfluidic channels, reducing usability. In 

contrast, low-viscosity oils (50–100 cSt) reduce blockages but may compromise sealing. This 

study addresses these challenges by optimizing the viscosity of silicone oil and the curing 

conditions of PDMS. Low-viscosity silicone oil (50 cSt) was identified as optimal, ensuring 

smooth slipping and reliable sealing without blockages. Curing conditions were also adjusted to 

balance adhesion and stiffness: lower temperatures (50–60°C) enhanced van der Waals adhesion, 

while higher temperatures (80°C) increased stiffness. A mixed curing approach (80°C for the top 

layer, 60°C for the bottom layer) further improved performance. Biocompatibility testing using 

human osteosarcoma cells demonstrated minimal cytotoxicity with 50 cSt oil, supporting cell 

viability (95%) comparable to traditional multiwell plates. These findings provide practical 

guidelines for fabricating reliable and biocompatible SlipChips. 

Investigating the intricacies of chemistry and biology often requires careful surveys using 

minimal reagents 50–52. Conventional microfluidic devices that require pumps and valves for 

biological and chemical assays 53–55. Centrifugal microdevices 19,56 or paper-based microfluidic 

devices 57 are used to remove the external components. The SlipChip is a simple microfluidic 

device consisting of two aligned layers with flow channels and microwells, enabling researchers 

to perform operations efficiently 58–61. The SlipChip operates solely based on a 'slip action' for 

fluid manipulation. This platform creates isolated reaction chambers with minimal sample 

consumption while maintaining high throughput through its ability to initiate, reroute, and isolate 

fluid flow by engaging or disengaging microfluidic channels. Glass SlipChips are commonly used 

due to their chemical resistance and precise fabrication 61. However, their complex manufacturing 

process of etching with the use of hazardous chemicals 
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and lack of gas permeability make them unsuitable for applications such as cell culture, where gas 

exchange is critical 62. 

Polydimethylsiloxane (PDMS) SlipChips are a cost-effective and easily fabricated 

alternative 63. Unlike glass SlipChips requiring harsh etching, PDMS versions are easily fabricated 

simply by molding. Precursors are mixed, cast onto a mold, and baked, precisely replicating 

features. This mild process enables rapid prototyping. Additionally, PDMS's gas permeability and 

bio-inertness make it ideal for cell-based assays 64,65. Despite these advantages, PDMS introduces 

challenges such as increased friction between layers. Silicone oil lubricants can reduce this friction 

and facilitate slipping, but excessive lubrication weakens adhesion, complicating controlled slip 

motion. High-viscosity silicone oils (5,000 cSt 66 and 10,000 cSt 26,63,67) have been used in previous 

studies to address slipping challenges by enhancing sealing performance. However, high-viscosity 

oils risk blocking microchannels, which impedes fluid flow. Furthermore, their potential 

cytotoxicity can make the device unusable, especially for cell-based work. On the other hand, low-

viscosity oils are less likely to cause blockages but may reduce sealing performance. Therefore, it 

is crucial to explore strategies to balance these competing factors effectively.  

A key factor influencing the performance of PDMS SlipChips is the cross-linking density 

of the PDMS material, which is determined by the curing temperature68. Lower curing 

temperatures enhance adhesion and reduce stiffness, while higher curing temperatures increase 

stiffness but diminish adhesion 69,70. This behavior arises from tethered or free polymer chains on 

cured PDMS surfaces that interact via van der Waals forces during contact 71,72. However, the 

effects of curing conditions on interlayer adhesion and their interplay with lubricant properties 

remain unclear. Further investigation is needed to clarify how curing conditions influence these 

interactions and optimize Slip-Chip performance.  

Also Leak-free flow in a PDMS SlipChip requires maintaining moderate pressure between 

the top and bottom layers. The bonding strength between these layers is critical - too strong 

bonding leads to high friction that impedes the slip action. This study explores a simple approach 

to balance the slip action and prevent leakage by optimizing the cross-linking density via 

controlled curing temperatures of each PDMS layer, with silicone oil used as a lubricant between 

layers. Curing temperature affected the surface energy of PDMS and modulated the adhesion 
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forces of a silicone oil responsible for the interlayer bonding. Organic and inorganic fluids were 

injected into a SlipChip, and qualitative testing examined the maximum fluid volume that the 

SlipChip could withstand without leaking. Quantitative pneumatic testing evaluated the achievable 

sealing pressures. Our findings reveal an effective way to tune the PDMS cross-linking and 

interlayer adhesion to enable leak-free operation and smooth slipping motion. 

The design of SlipChip enables the high-throughput generation of multiple drug 

concentrations and has been applied to biological assessments such as PCR tests, bacterial 

detection, and drug development  21,25,73,74. SlipChips show promise for drug uptake studies and 

disease biomarker measurements. While both glass and PDMS SlipChips have been used for 

antimicrobial testing, bacterial growth analysis, and antibiotic testing 25,59–61,73,75,76, research on 

mammalian cell growth in PDMS SlipChips remains limited 77.Although PDMS is an inert, non-

toxic, and biocompatible material, some lubricants may exhibit cytotoxicity to mammalian cells, 

necessitating thorough biocompatibility testing. 

This study investigates the use of low-viscosity silicone oils (50–100 cSt) as an alternative 

to high-viscosity oils, seeking to mitigate issues like channel blockages while maintaining effective 

sealing and slipping performance in PDMS SlipChip. The effects of PDMS curing temperatures 

on interlayer adhesion and stiffness were examined, identifying an optimal combination of 80°C 

for the top layer and 60°C for the bottom layer. Biocompatibility testing using human osteosarcoma 

cells demonstrated that 50 cSt silicone oil supports cell viability comparable to traditional 

multiwell plates while exhibiting minimal cytotoxicity. These findings offer practical guidelines 

for fabricating reliable and biocompatible SlipChips, demonstrating that low-viscosity lubricants 

effectively address performance trade-offs. 

The optimized 50 cSt silicone oil and dual-temperature curing protocol (60°C bottom, 80°C 

top) ensure consistent device performance across the complete molecular weight spectrum 

required for osteosarcoma therapy—from small molecule chemotherapeutics like doxorubicin 

(~580 Da) to emerging monoclonal antibody therapies (~150 kDa). This broad compatibility 

addresses the critical need for versatile drug screening platforms in precision oncology. 

3.2  Material and Methods 

This section describes the design and fabrication of SlipChip molds and PDMS-based 

devices. 
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3.2.1  Design of PDMS SlipChip 

The SlipChip platform features two primary design configurations, each serving distinct 

functional purposes within microfluidic experimentation. As shown in Figure 13(a), the first 

configuration is specifically engineered to evaluate the sealing performance of the PDMS 

interlayer. In this design, a network of microwells—each with a diameter of 2 mm—is 

interconnected by microchannels embedded in both the top and bottom layers. To simulate a range 

of sealing conditions, structural obstructions were deliberately introduced into the fluid paths. The 

bottom layer incorporates uniform obstructions of 0.9 mm, while the top layer includes a gradient 

of obstruction sizes, decreasing progressively from 0.9 mm to as small as 0.12 mm. This deliberate 

variation in microchannel constriction enables precise assessment of where and how leakage may 

occur under suboptimal sealing, making it a useful diagnostic tool for evaluating PDMS layer 

bonding and interface integrity. 

Figure 13(b) illustrates the second configuration, which is designed for the generation of 

concentration gradients—a common requirement in cell culture and biochemical assays. In this 

setup, the top PDMS layer includes six microwells arranged in a series, with diameters tapering 

from 3.0 mm to 1.4 mm in defined steps (3.0 mm, 2.6 mm, 2.2 mm, 2.0 mm, 1.8 mm, and 1.4 mm). 

The depth of each microwell is uniformly set at 0.35 mm. This structure promotes controlled fluid 

loading and facilitates diffusive mixing across the wells when overlaid with a corresponding 

bottom layer. The sequential layout and varying volumes of the wells allow for passive gradient 

formation as two fluids intermix across the interface, supporting applications such as drug testing 

or molecular diffusion studies. 

Operational challenges are depicted in Figures 13(c) and 13(d). These highlight critical 

issues such as air bubble entrapment between PDMS layers, which can obstruct fluid pathways, 

and insufficient interlayer sealing, which can cause fluids to leak into unintended regions. These 

problems emphasize the importance of careful alignment, air removal, and adequate sealing during 

SlipChip assembly to ensure reliable performance in both testing and practical applications. 
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Figure 13 Design and characterization of PDMS SlipChip. (a)Test chip-like SlipChip 

with connected channels and obstructions for burst pressure measurement. Scale Bar: 

4mm. (b) SlipChip to develop gradient concentration. (c) Top view and (d) Side view 

showing air.   

 

3.2.2  Fabrication of PDMS SlipChip 

A SU-8 mold was fabricated on a silicon wafer using standard photolithography with SU-

8 3050 negative photoresist 78. The PDMS base and curing agent (Silpot 184 W/C by Toray Dow 

Corning) were mixed at a ratio of 10:1 and poured onto the mold.  

In all protocols, one layer was polymerized at 80°C for one hour and fixed as a baseline. 

The other PDMS layers were subjected to five distinct temperature protocols to optimize their 

mechanical properties. Variations in the process involved steps applied to the other layer only: (i), 

(ii), (iii): The other layer was baked at 50°C for two hours, 60°C for two hours, or 80°C for one 

hour, respectively. (iv), (v): The other layer underwent 80°C for 1 hour and an additional thermal 

treatment at 100°C or 120°C for another hour, respectively. These protocols were designed to 

achieve specific mechanical properties, ensuring that the layer with additional treatment became 

slightly stiffer to facilitate handling during slipping. SlipChip performance was evaluated through 

leakage testing, pneumatic testing, and tensile testing across a range of curing temperatures: 50 °C, 

60 °C, 80 °C, 100 °C, and 120 °C. These temperatures were selected to balance efficiency and 
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safety—lower temperatures were chosen to accelerate the curing process compared to room 

temperature, while higher temperatures were kept within a safe limit to ensure suitability for lab-

scale fabrication and minimize the risk of accidents during student-led experiments. 

Molds for gradient concentration SlipChips were fabricated using LCD VAT 3D printing 

(Sonic Mini 8K, Phrozen). Poly(lactic acid) (PLA) frames were fabricated using an FDM 3D 

printer (Adventurer 4, FlashForge) and mounted onto the top PDMS layer to enhance structural 

stability during slipping. The SlipChip itself was fabricated by soft lithography using a 10:1 ratio 

of the PDMS prepolymer. 

3.2.3  Contact Angle of Silicone Oil on PDMS with Different Degrees of Cross-
linking 

Curing PDMS at various temperatures i-e 50°C, 60°C, 80°C, 100°C and 120°C gave 

different degrees of cross-linking densities which affect its surface properties (Figure 15). To have 

an estimate of those surface properties contact angle of silicone oil on those PDMS materials was 

measured. A drop of silicone oil was placed on each PDMS and its contact angle was directly 

measured using a USB digital microscope (SANWA Supply, Taiwan) at 13.6X magnification.  

3.2.4  Pneumatic Test for Separating Two Layers 

A thin layer of silicone oil (120 mPa·s, 0.967 g/mL at 20 °C, #85409, Sigma Aldrich) was 

spin-coated onto the bottom layer at 1500 rpm to ensure uniform coverage. After alignment, the 

assembled SlipChip was placed under vacuum (gauge pressure: –0.07 MPa) for 20 minutes to 

remove trapped air and enhance sealing between layers. 

A pneumatic test was conducted to measure adhesion between SlipChip layers and PDMS ageing 

by determining the maximum pressure difference the SlipChip could withstand (Figure 14(a)). A 

5 µM aqueous solution of Rhodamine 6G (R0039, Tokyo Chemical Industry Co., Ltd.) 40 was 

prepared by dissolving the powder in water. A 0.01 M aqueous iodine solution was prepared by 

diluting a 0.5 M iodine solution (15-0610, Sigma-Aldrich) 79 with water. One of these solutions 

was selected and flowed through a test device that mimicked the actual SlipChip design. The 

device was then held in hand while pneumatic pressure was applied at both the inlet and outlet 

using a pneumatic pump. The gauge pressure was gradually increased from 0 kPa until the test 

device ruptured (Figure 14(b)), and the corresponding pressure readings were recorded as the 

rupture (burst) pressure. The SlipChip was then heated at 60°C, and experiments were repeated 
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after 2 hours each to determine ageing and adhesion strength of PDMS cured at different 

temperatures. Heating of PDMS at 60°C was chosen to accelerate PDMS ageing and speed up the 

experimental process.  

 
Figure 14 Pneumatic test on SlipChip mimicking device. (a) Apparatus used for the 

pneumatic test, showing the setup for applying air pressure to the SlipChip mimicking 

device. (b) Schematic representation of the rupture mechanism caused by increasing air 

pressure. (c) Biocompatibility testing of silicone oil. 

 

3.2.5  Tensile Testing of PDMS Cured at Different Temperatures 

To further validate the pneumatic testing results, tensile tests were performed on PDMS 

samples cured at different temperatures. A mold for the tensile specimens was de-signed using 

AutoCAD and fabricated via an LCD VAT 3D printer (Saturn3 Ultra, ELE-GOO). Standard 

dumbbell-shaped test specimens were then prepared by casting PDMS in the mold and curing at 

50°C, 60°C, 80°C, 100°C, and 120°C. 

The specimens measured 130 mm in overall length, with a 90 mm shoulder-to-shoulder 

distance, a 33 mm gauge length, and a 12.5 mm gauge width. The grip sections were 30 mm wide, 

and the overall thickness was 2 mm. 

Using a tensile testing machine (MCT-2150, A&D Co., Ltd.), the prepared specimens were 

clamped in the grips and stretched until failure (breaking point). The modulus of elasticity (Young's 

modulus) was determined from the initial linear region of the resulting stress-strain curve. 

3.2.6  Characterization of Silicone Oil Properties: Leakage Testing and Layer 
Thickness Analysis 

To analyze silicone oil viscosity effects on SlipChip adhesion, we used devices fabricated 

with optimized curing conditions (top layer at 80°C, bottom layer at 60°C). Two ShinEtsu silicone 

oils with different viscosities were tested: KF-96-50CS (50 cSt) and KF-96-100CS (100 cSt). The 

oils were spin-coated onto the PDMS layers at four different speeds: 1000, 1500, 1800, and 2000 
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rpm. To evaluate sealing performance, we conducted leakage tests by connecting a micropipette 

to the SlipChip inlet and gradually increasing the iodine solution volume from 0 to 200 µL, with 

each loading step performed within 10 s. 

To characterize the oil layer formation, deposition height measurements were per-formed 

using Z-stack imaging with an inverted fluorescence microscope (Nikon Eclipse Ti-E, Tokyo 

Japan) and software NIS-Element AR. 200 µL of each oil was placed at five different locations of 

the four different chips (center, top right, bottom right, top left, and bottom left) and spin-coated 

at 1000, 1500, 1800, and 2000 rpm. Each of the spin-coated chips was placed under the microscope, 

and elevation levels were obtained by Z-stack imaging. The surface adjacent to the channel was 

focused and considered the top surface. The bottom surface was the reference plane (Z = 0) for 

channel depth. The elevation difference between the top and bottom surfaces determined the 

silicone oil deposition height. 

3.2.7  Bio-compatibility Test with Silicone Oil 

We evaluated the biocompatibility of silicone oils using human osteosarcoma cells (SAOS-

2, Tohoku University, Sendai, Japan) and their metastatic variant (LM-7, MD Anderson Cancer 

Center). Cells were seeded at a density of 100 cells/µL in Dulbecco's Modified Eagle Medium 

(DMEM, High Glucose, Fuji Films Wako Co. Ltd) in a flat-bottom 96-well plate (1-1601-06, 

Violamo, AS ONE Corporation Japan), with a total volume of 100 µL per well. The 

biocompatibility assessment focused on the diffusion of fresh culture medium and oxygen to the 

cells through the silicone oil layer, as well as the effects of direct contact and oil molecular weight. 

Cell viability was analyzed using a Calcein-AM and propidium iodide (PI) staining assay 

(companies). Calcein-AM and PI solutions were diluted 1:10 in PBS before application. Images 

were captured using an inverted microscope (NIKON ECLIPSE Ti-E, Tokyo, Japan). 

A layer of silicone oil was placed between the cancer cells and the cell culture medium to 

examine its effect on nutrient diffusion. Specifically, 50 µL of silicone oil (50 cSt or 100 cSt) was 

added above the culture medium 24 hours after cell adhesion (Fig. 22(c)). The silicone oil layer 

depth was maintained at 1.3 mm. Fresh medium was introduced from the top, followed by a 48-

hour incubation period. Live/dead cell assays were performed to assess cell viability, focusing on
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the diffusion of nutrients through the silicone oil layer. Additionally, the experimental setup 

allowed for examining the impact of oil viscosity on nutrient diffusion. 

3.2.8  Demonstration of Diffusion Mechanism in SlipChip 

The mixing process in the SlipChip generates concentration gradients through a volume-

based dilution system. The bottom layer contains uniform microwells (3.0 mm diameter,2.5 mm³ 

volume), while the top layer features wells with decreasing diameters (3.0mm to 1.4mm), 

corresponding to volumes from 2.5mm³ to 0.5mm³. Both layers have a uniform depth of 0.35 mm. 

The SlipChip design pairs microwells from the top and bottom layers to create controlled 

mixing chambers without introducing physical obstructions, minimizing the risk of bubble 

formation during fluid manipulation. As microwell sizes in the top layer decrease, the total volume 

in each well pair progressively reduces, allowing the formation of an intrinsic concentration 

gradient during mixing. 

Using a SlipChip fabricated under optimized curing conditions (bottom layer at 60°C, top 

layer at 80°C), we generated concentration gradients with a 4 mM ethanol-based Rhodamine 6G 

solution. Fluorescence measurements were performed using an inverted microscope (Ti-E, Nikon, 

Japan) at 2× magnification. The concentration in each well was determined by the total mixing 

volume, with the initial well pair (5.0 mm³ total volume) yielding a concentration of 2.0 mM. 

3.2.9  Demonstration of Cell Culture in SlipChip 

A PDMS SlipChip was fabricated using a two-layer design: the top layer was cured at 80°C 

and the bottom layer at 60°C, with a 50 cSt silicone oil layer applied between them to enable 

controlled slipping. SAOS-2 cells (Tohoku University, Sendai, Japan) were seeded at a density of 

100 cells/µL in culture medium composed of Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS, COSMO BIO), 100 U/mL penicillin, and 100 

µg/mL streptomycin (15070063, Gibco, Thermo Fisher Scientific). The cells were maintained at 

37°C in a humidified atmosphere with 5% CO2. 

After 24 hours of incubation, cell viability was assessed using live/dead cell assays. 

Adhered cells were stained with Calcein-AM to label live cells and PI to label dead cells, followed 

by a 50-minute incubation at 37°C 80,81. Calcein-AM is converted by intracellular esterase into 

green-fluorescent compounds in live cells, while PI binds to DNA in dead cells with damaged 



- 33 - 

 

membranes, emitting red fluorescence. Fluorescence imaging was performed using an inverted 

microscope (NIKON ECLIPSE Ti-E, Tokyo, Japan). Comparison with SAOS-2 cells cultured in 

96-well plates under the same conditions (with 50 cSt silicone oil) showed comparable cell 

viability and morphology between the two systems. 

3.3 Results and Discussion 

3.3.1  Contact Angle of Silicone Oil on PDMS with Different Degrees of Cross-
linking 

Different cross-linking densities controlled by curing temperatures affect the surface 

properties of PDMS. An estimation of the change in surface properties for the PDMS cured at 

50°C, 60°C, 80°C, 100°C and 120°C was made by measuring the contact angle of a drop of silicone 

oil placed on the respective PDMS surfaces. As shown in Figure 15(a), it was found that PDMS 

cured at 50°C had the lowest contact angle of 9.2°. PDMS cured at 60°C and 80°C had a contact 

angle of 10° and 13.4° (Figure 15(b), (c)). PDMS cured at higher temperatures, i-e 100°C and 

120°C had a contact angle of 19.7° and 18.6°  (Figure 15(d), (e)). These results suggest that PDMS 

 
Figure 15 Contact angles with (a) 50°C cured PDMS, (b) 60°C cured PDMS, (c) 80 °C cured 

PDMS (d) 100°C PDMS (e) 120°C cured PDMS (f) Variation in contact angle of silicone oil 

and PDMS with changing temperature. 
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surfaces with lower cross-linking densities had maintained lower contact angles with silicone oil 

droplets, thus depicting higher surface energies 82,83.  

 

3.3.2  Pneumatic Test 

Figure 16(a) shows the maximum pressures (rupture pressures) that a SlipChip, constructed 

with 120 mPa·s silicone oil applied by spin-coating at 1500 rpm, can withstand under various 

curing conditions. The sample cured at 50°C for two hours on one side exhibited the highest 

rupture strength, requiring 61±10 kPa for the rhodamine solution and 47±10 kPa for the iodine 

solution. This superior performance is attributed to the reduced cross-linking density at lower 

curing temperatures, which increases the number of tethered or free polymer chains on the PDMS 

surfaces. These additional chains enhance van der Waals forces between layers, resulting in 

stronger adhesion and higher rupture resistance [70-73]. Similarly, the sample cured at 60°C for 

two hours exhibited relatively high rupture pressures (40±8 kPa and 37±10 kPa for rhodamine and 

iodine solutions, respectively). Although lower curing temperatures (e.g., 50°C and 60°C) enhance 

adhesion via increased van der Waals forces from a higher density of free polymer chains, they 

also produce softer PDMS layers with reduced structural integrity. Combining curing the bottom 

layer at 60°C and the top layer at 80°C, a balance between adhesion and stiffness is achieved. 

In contrast, the sample with both sides cured at 80°C for one hour (the standard curing 

condition) showed lower rupture pressures of 38±10 kPa for rhodamine and 34±9 kPa for iodine 

solutions, indicating that a higher cross-linking density reduces interlayer adhesion. Furthermore, 

samples subjected to additional curing at higher temperatures (100°C and 120°C) required the 

lowest pneumatic pressures to separate the layers—2±1 kPa and 2±1 kPa for rhodamine and iodine 

solutions at 100°C, and 5±1 kPa and 4±1kPa for rhodamine and iodine solutions at 120°C—

demonstrating that excessive cross-linking weakens adhesion. 

Notably, no significant difference in rupture pressure was observed between the rhodamine 

and iodine solutions under any curing condition, as indicated by overlapping error ranges. While 

both solutions exhibited varying rupture pressures under different curing temperatures, the 

differences between the two solutions at each temperature point fell within the experimental
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uncertainty. This suggests that the adhesion strength is primarily governed by the PDMS cross-

linking density rather than by the chemical nature of the test solutions. 

Figure 16(d) presents the results of an aging study, evaluating the pneumatic sealing 

pressure of PDMS SlipChips over a 4-hour period. Samples were cured at five different 

temperatures (50°C, 60°C, 80°C, 100°C, and 120°C), and measurements were taken at 0, 2, and 4 

hours. The data reveal a clear inverse relationship between the initial sealing pressure (at time = 0 

hours) and the curing temperature; samples cured at lower temperatures exhibited significantly 

higher initial pressures than those cured at higher temperatures. Specifically, the initial pressure 

was highest for the 50°C sample (approximately 49 kPa) and lowest for the 120°C sample 

(approximately 3 kPa). 

The aging behavior over the 4-hour test period varied significantly with the curing 

temperature. Samples cured at 50°C and 60°C showed relatively slow degradation, maintaining a 

substantial portion of their initial pressure (declining to approx. 40 kPa and 35 kPa, respectively). 

In contrast, the sample cured at 80°C, which started at a moderate pressure (approx. 31 kPa), 

exhibited a pronounced and relatively linear decrease, dropping to approximately 6 kPa after 4 

hours. Samples cured at 100°C and 120°C displayed poor initial sealing performance (approx. 6 

kPa and 3 kPa, respectively). While the 100°C sample showed minimal further pressure loss, the 

120°C sample's sealing capability rapidly diminished to essentially zero within the 4-hour 

timeframe. These results suggest that while lower curing temperatures yield higher initial sealing 

pressures, the stability over time can vary, with 80°C showing significant degradation. Conversely, 

curing at 100°C or 120°C results in intrinsically weak initial sealing.  

Overall, this study highlights the critical role of PDMS curing conditions when using low-

viscosity oils. Unlike previous studies 26,63,66,67that primarily relied on high-viscosity silicone oils 

(e.g., 5,000–10,000 cSt), where the effects of curing conditions were less significant, our results 

demonstrate that with low-viscosity oils (e.g., 120 cSt), the curing temperature of PDMS 

significantly influences interlayer adhesion. Lower curing temperatures enhance adhesion by 

increasing the number of tethered or free polymer chains on PDMS surfaces, which amplify van 

der Waals forces. This interplay between curing conditions and lubricant properties provides a 

simpler and more effective approach for achieving reliable sealing and controlled slipping 

performance in PDMS SlipChips.  
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Figure 16 Adhesion measurements of PDMS SlipChip. (a) Pneumatic pressure 

measurements across different curing temperatures. (b) Leakage test with 50 cSt silicone 

oil at 1000 rpm. (c) Leakage test with 100 cSt silicone oil at 1000 rpm. Iodine solution 

flow in SlipChip (d) Effect of aging at 60 °C on the pneumatic pressure of PDMS 

samples initially cured for 2 h at different temperatures (50 °C, 60 °C, 80 °C, 100 °C, and 

120 °C). Pressure was measured after 0, 2, and 4 h of aging at 60 °C. Results are 

presented as the mean ± standard deviation (N = 3). 

 

3.3.3  Tensile Testing of PDMS Specimen Cured at Different Temperatures 

Figure 17(a) presents the results of tensile testing. PDMS specimens cured at higher 

temperatures were more difficult to stretch and break, indicating increased rigidity.  

This rigidity correlates directly with higher cross-linking density. Conversely, specimens 

cured at lower temperatures (50–60°C) exhibited greater elongation before failure, reflecting 

reduced cross-linking. This observation aligns with the higher burst pressures seen in Figure 16(a). 

It suggests that the increased availability of free polymer chains on surfaces cured at lower 

temperatures enhances interlayer van der Waals adhesion 

Maximum elongation (99 mm) was observed at 60°C. This represents an optimal balance 

between cross-linking density and chain mobility, yielding both strength and flexibility. 

Interestingly, specimens cured at 50°C showed slightly less elongation (75 mm) compared to those 

at 60°C. This suggests that very low curing temperatures might result in insufficient cross-linking, 

creating a more fragile network structure. Notably, these same 50°C samples exhibited the highest 

burst pressure in pneumatic testing (Figure 16a). 
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Figure 17(b) quantifies the increase in stiffness using the modulus of elasticity, measured at 40% 

strain, which reflects the degree of cross-linking. The modulus remained low for specimens cured 

at 50°C (0.51 MPa) and 60°C (0.53 MPa). However, it increased sharply to 2.25 MPa at 80°C, and 

further rose to 4.31 MPa at 100°C and 5.45 MPa at 120°C. This progressive rise in modulus with 

curing temperature is consistent with previous findings by Konku-Asase et al. 84. Although our 

values at 100°C and 120°C were slightly higher than their reported 3.7 MPa, the overall trend 

confirms that higher curing temperatures yield stiffer PDMS due to increased cross-linking density. 

This observed increase in stiffness inversely correlates with the burst pressure results 

shown in Figure 16(a). Together, these findings reveal a critical trade-off in SlipChip design. 

Lower-temperature curing enhances sealing properties (higher burst pressure) by producing softer 

PDMS with more free polymer chains available for adhesion. In contrast, higher-temperature 

curing improves structural integrity by creating stiffer materials but compromises interlayer 

adhesion because fewer free chains are available. Consequently, optimizing the curing temperature 

is essential for balancing mechanical strength and sealing performance in PDMS SlipChips. 

 
Figure 17 Effect of curing temperature on the mechanical properties of PDMS. (a) 

Elongation at break of PDMS samples cured at 50, 60, 80, 100, and 120°C. (b) Modulus 

of elasticity of PDMS samples cured at 50, 60, 80, 100, and 120°C. 
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3.3.4  Effects of Viscosity of Silicone Oils on Adhesion Between SlipChip Layers 

Using the optimized PDMS curing protocol (top layer at 80°C and bottom layer at 60°C), 

we evaluated leakage performance using two different viscosity silicone oils. Figure 16(b,c) 

illustrates the leakage test results using an iodine solution. For devices coated with 50 cSt silicone 

oil, no leakage was observed when 200 µL of solution was injected over 10 seconds (equivalent to 

20 µL/s flow rate), regardless of the spin coating speed (1000–2000 rpm). In contrast, devices 

coated with 100 cSt silicone oil showed different behavior depending on the spin coating speed. 

At lower speeds (1000 rpm and 1500 rpm), leakage occurred before reaching the target flow rate 

of 20 µL/s. However, at higher spin speeds (1800 rpm and 2000 rpm), the devices maintained 

proper sealing even at this flow rate. 

This difference in sealing performance can be attributed to the nonuniform deposition of 

the higher viscosity 100 cSt silicone oil at lower spin speeds. Its higher viscosity causes the oil to 

form smaller droplets during spin coating, which later coalesce into larger bubbles 85. These 

bubbles accumulate unevenly on the bottom PDMS layer, trapping air and increasing the 

separation between PDMS layers. This greater separation reduces van der Waals forces between 

the layers, weakening adhesion and leading to leakage under high flow rates. 

Furthermore, as shown in Figure 18, the average deposition height of the oil gradually 

decreases with increasing spin-coating speed. Average deposition heights for 50 cSt and 100 cSt 

silicone oils were measured at 1000 rpm, 1500 rpm, 1800 rpm, and 2000 rpm. At 1000 rpm and 

1500 rpm, the average deposition height for 100 cSt silicone oil exceeded 60 µm in thickness, in 

contrast to the thinner coat for 50 cSt oil. Although these measurements were taken before 

assembling the SlipChip layers, they provide insights into the initial oil distribution patterns. The 

significant difference in deposition heights between 50 cSt and 100 cSt oils, particularly at lower 

spin speeds, helps explain the observed variations in sealing performance. The thicker oil layer 

formed by 100 cSt oil at low rpm likely contributes to the formation of larger bubbles and 

subsequent leakage issues when the layers are assembled. 
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Figure 18 Deposition height of silicone oil on a bottom PDMS layer (cured at 60°C) at 

different spin coating speeds. 

 

These results are noteworthy because they demonstrate that even low-viscosity silicone oil 

(50 cSt) can maintain high cell viability, a finding that is significant given previous studies showing 

that higher-viscosity silicone oils (e.g., 5,000 cSt) are more cytotoxic and suppressive to cell 

growth [116-117]. This highlights the potential utility of 50 cSt silicone oil as a safer and less 

cytotoxic option for applications requiring prolonged cell culture. 

 

3.3.5  Biocompatibility Test of Silicone Oils 

Figure 19 presents the results of a live/dead cell analysis conducted after 48 hours of 

cellular incubation in a 96-well plate. The fluorescence microscopy images show live cells stained 

with Calcein-AM (green fluorescence; Figure 19a, c, e, g) and dead cells stained with PI (red 

fluorescence; Figure 19b, d, f, h) for both SAOS-2 and LM-7 cells exposed to 50 cSt and 100 cSt 

silicone oils. The predominance of green fluorescence and minimal red fluorescence indicates high 

cell viability across all conditions. SAOS-2 cells (Figure 19 a-d) particularly demonstrated uniform 

cell distribution and high viability under both oil viscosities. 
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Quantitative analysis (Figure 19i) revealed that SAOS-2 cells maintained approximately 

86% viability in both 50 cSt and 100 cSt oils, while LM-7 cells showed slightly lower viability at 

approximately 80% and 79% in 50 cSt and 100 cSt oils, respectively. While a slight decrease in 

viability was noted with 100 cSt oil compared to 50 cSt oil, this difference was minimal and not 

statistically significant. Higher-viscosity oils may slightly limit oxygen and nutrient diffusion due 

to their denser structure 88,89. 

 
Figure 19 Live/Dead cell assay for SAOS-2 and LM-7 cells with silicone oils in a 96-well 

plate. (a,b) SAOS-2 cells for 50 cSt oil, (c,d) SAOS-2 cells for 100 cSt oil. (e,f) LM-7 

cells 50 cSt oil. (g,h) LM-7 cells 100 cSt oil. Scale bars: 100µm. (i) Cell viability 

 

3.3.6  Diffusion Mixing in SlipChip 

Figure 20 illustrates the creation of a Rhodamine 6G concentration gradient in a SlipChip 

using ethanol as the solvent. Starting from a 4 mM stock solution, a single dilution was performed 

across six microwells with varying volumes, resulting in a concentration of 2.0 mM in the first 

well and 3.3 mM in the sixth well. Subsequent mixing in progressively smaller wells naturally 

created the gradient (Figure 20(a)).  

To quantify the gradient, fluorescence intensities were measured for each microwell and 

normalized to facilitate comparison. The normalized intensity, denoted as I ̅, was calculated using 

the formula: 

𝐼 ̅ =
𝐼−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
………………………………………….(3.1) 

where I is the measured intensity, Imin is the intensity of the lowest concentration (well 1), 

and Imax is the intensity of the highest concentration (well 6). This normalization ensured 
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that fluorescence intensity values ranged from 0 (well 1) to 1 (well 6), facilitating direct 

comparison between experimental and theoretical values.  

This normalization ensured that the intensity in well 1 was set to 0 (𝐼=̅0) and in well 6 to 1 

(𝐼 ̅=1), providing a standardized scale for comparing experimental and theoretical values. The 

relationship between fluorescence intensity (I) and Rhodamine 6G concentration (C) was found to 

be linear and is expressed as: I = 4.4 × 105C – 7.8 × 105. Here, C represents the Rhodamine 6G 

concentration in mM. The coefficient of determination (R2 = 0.98) indicates a strong correlation 

between fluorescence intensity and concentration. 

The normalized fluorescence intensities, plotted in Figure 20(b), showed a gradual increase 

from well 1 to well 6, consistent with theoretical calculations. Statistical analysis (Figure 20(c)) 

confirmed a strong linear correlation between fluorescence intensity and theoretical concentration. 

These results validate that the SlipChip can generate reproducible concentration gradients, making 

it a reliable tool for biochemical assays requiring controlled diffusion and mixing. 

 
Figure 20 Fluorescence-based concentration gradient in SlipChip with 3.0 mm diameter 

microwells. Scale bars: 1mm. (a) Fluorescence images of microwells with various 

concentrations of Rhodamine 6 G. (b) Normalized fluorescence intensity against each 

well number. (c)Average fluorescence intensity against theoretical concentration. 



- 42 - 

 

3.3.7  SAOS-2 Cell culture in PDMS SlipChip 

SAOS-2 cells were cultured in a PDMS SlipChip and a standard 96-well plate for a 

comparative study of cell health, morphology, and proliferation. Figure 21 illustrates the results of 

cell culture in both systems. Bright-field images (Figures 21(a) and 21(d)) show that SAOS-2 cells 

exhibited typical epithelial-like morphology in both systems, indicating good cell health. Calcein-

AM staining (Figures 21(b) and 21(e)) confirms that cells were well-elongated and spread, 

supporting their viability. The percentage of live cells after 24 hours was 93.2%±1.3% (N=3) in 

the SlipChip and 94.6%±0.5% (N=2) in the 96-well plate (Figure 21(h)), demonstrating that the 

SlipChip provides a comparable environment for maintaining cell health. 

Cell length was analyzed as an indicator of cell culture quality. Shorter cell lengths and 

rounded shapes typically signify a stressed state, whereas elongated cells indicate a relaxed state 

and healthy proliferation. As shown in Figure 21(g), the average cell length of SAOS-2 cells was 

86.9 µm (N=62) in the SlipChip and 82.1 µm (N=17) in the 96-well plate, consistent with previous 

findings of 78 µm, further supporting the suitability of the Slip-Chip for cell culture 90. 

Cell proliferation was evaluated based on cell density after 24 hours. Cells were seeded at 

an initial density of 100 cells/µL in both systems. After 24 hours, the cell density reached 550 

cells/µL (N=3) in the SlipChip and 898 cells/µL (N=2) in the 96-well plate. The slightly lower 

density observed in the SlipChip is likely due to medium evaporation caused by the porous nature 

of PDMS. Overall, these results demonstrate that PDMS is a biocompatible substrate for cell 

culture and that the three-dimensional encapsulated environment provided by the SlipChip is 

suitable for high-throughput biochemical analysis. 
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Figure 21 Comparison of cell culture in SlipChip and 96-well plate. (a)-(c) Bright-field, 

live (Cal-cein-AM-stained), and dead (PI-stained) cell images of SAOS-2 cells cultured 

in the SlipChip. Scale bar: 500 µm. (d)-(f) Bright-field, live (Calcein-AM-stained), (g) 

Average SAOS-2 cell length in the SlipChip (mean ± STD: 86.9 ± 7.3 µm) and 96-well 

plate (mean ± STD: 82.1 ± 8.4 µm). (h) Live and dead cell assay results showing 

comparable cell viability in both systems. 

 

3.3.8  Comparative Analysis of SlipChip Performance 

Table 3 provides a comprehensive comparison of different SlipChip systems across critical 

parameters, including materials, lubricants, sealing methods, and biological applications. Our 

PDMS SlipChips with low-viscosity silicone oil (50 cSt) achieve performance comparable to high-

viscosity alternatives while offering significant fabrication advantages. Chang et al.'s configuration 

using 10,000 cSt silicone fluid showed marginally higher cell viability (>99% vs. 95%) 63, but our 

direct spin-coating approach substantially simplifies manufacturing compared to their multi-step 

procedure, while maintaining similar culture durations and sealing performance. 
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The high cell viability in Chang et al.'s system76 using high-viscosity silicone fluid may be 

attributed to their multi-step coating process, which likely creates an exceptionally thin lubricant 

layer that minimizes direct cell exposure while maintaining effective sealing. Direct application of 

high-viscosity oils would typically increase microchannel blockage rates. The comparable cell 

viability between mammalian systems confirms that low-viscosity oils effectively support cell 

culture without the blockage issues of higher-viscosity lubricants, providing a more accessible 

approach for general laboratory use. 

While mammalian cell culture applications span multiple days, where material properties 

and gas permeability become critical factors, bacterial assays require significantly shorter 

timeframes, making the choice between glass and PDMS less consequential for these applications. 

This material flexibility is evidenced by successful bacterial studies using both PDMS with 

silicone oil (Li et al.) and glass with fluorinated oil (Shen et al.)74,77. The comparable performance 

across these different material configurations for short-term bacterial applications further validates 

SlipChip as a versatile platform adaptable to various biomedical applications with different 

temporal requirements. 

Table 3. Effects of the viscosity of silicone oil on sealing performances and 

biocompatibility 

Material Lubricant Sealing 

procedure 

Cell type Culture/Assay 

period 

Cell Viability 

/ cytotoxicity 

Reference 

PDMS 50 cSt 

silicone oil 

Direct spin-coat Mammalian (SAOS-

2) 

4 days 95% 

(Live/Dead 

assay) 

This study 

PDMS 10,000 cSt 

silicone 

fluid 

Spin-coat, 

transfer, 

assemble 

Mammalian (A549, 

MRC-5, ES-D3) 

4–10 days >99% 

(Live/Dead 

assay) 

Chang et al., 

2015 91 

PDMS Silicone oil Spin-coat, 

transfer, 

assemble 

Bacteria (E. coli 

O157:H7, S. aureus, 

S. typhimurium, L. 

monocytogenes) 

30–60 min Not specified 

(biosensing 

only) 

Li et al., 

2024 92  

Glass Fluorinated 

oil (FC-40) 

Direct capillary 

fill 

Bacteria (E. coli 

RP437, RP1616) 

30–60 min Not specified 

(Recovered 

cells were 

culturable) 

Shen et al., 

2014 24 
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3.4 Conclusions 

This study investigated and addressed critical limitations associated with the use of high-

viscosity silicone oils in PDMS-based SlipChip microfluidic devices. SlipChips are increasingly 

employed in biomedical applications for their unique ability to control fluid flow through sliding 

interfaces. However, the choice of lubricant and fabrication parameters significantly affects device 

performance. High-viscosity silicone oils, while commonly used to prevent leakage, often 

introduce problems such as microchannel blockages, increased resistance to motion, and 

inconsistent fluid delivery. These issues hinder the functionality and reproducibility of SlipChip 

systems, especially in sensitive biological applications. 

To overcome these challenges, we explored the use of low-viscosity silicone oils as an 

alternative to their higher-viscosity counterparts. We also optimized the thermal curing conditions 

of the PDMS layers, recognizing that curing temperature affects surface properties such as 

adhesion, stiffness, and interaction with lubricants. Our experimental findings showed that a dual-

layer curing protocol—curing the bottom PDMS layer at 60°C and the top layer at 80°C—provided 

the most effective balance. This configuration enhanced adhesion at the contact interface to ensure 

reliable sealing, while the increased stiffness of the top layer facilitated smooth and consistent 

slipping during device operation. 

Among the lubricants tested, a low-viscosity silicone oil with a viscosity of 50 centistokes 

(cSt) was identified as the most effective. This oil minimized the risk of channel blockage while 

maintaining the essential characteristics required for SlipChip functionality, including effective 

sealing and smooth sliding behavior. Importantly, the use of 50 cSt silicone oil also demonstrated 

low cytotoxicity, making it suitable for applications involving live cells. 

To validate biocompatibility, in vitro testing was performed using SAOS-2 osteosarcoma 

cells. The results confirmed that the 50 cSt silicone oil did not adversely affect cell viability. Cell 

proliferation and morphology were comparable to those observed in standard multiwell tissue 

culture plates, confirming the lubricant’s compatibility with biological assays and cell culture 

environments. 
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Overall, this study highlights the critical role of lubricant viscosity and PDMS curing 

conditions in determining the performance of SlipChips. The combination of low-viscosity 

lubricant and optimized curing not only resolved key issues such as channel blockages and 

impaired slipping but also enhanced biocompatibility. These improvements offer significant 

practical value for researchers developing microfluidic platforms for biological applications. 

The demonstrated reliability and biocompatibility of the modified SlipChip system position 

it as a promising tool for a variety of downstream applications, including high-throughput drug 

screening, protein detection assays, and mammalian cell culture studies. By offering a scalable, 

reproducible solution to existing limitations, this work paves the way for the broader use of 

SlipChips in both research and clinical diagnostics.     
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Chapter 4 Micrometer-Controlled Alignment and 
Optimized Width Ratio with Magnetic Sealing for Leak 
and bubble-Free Gradient Formation in PDMS SlipChip  

4.1 Introduction 

The SlipChip is widely used in precision medicine, drug studies, and bacterial detection 

for its ability to run multiple microscale tests via simple slip motion. However, its performance 

depends on preventing leakage and bubble formation, requiring precise alignment and effective 

sealing. To address this, we developed an optimized SlipChip with a magnetic aligner for accurate 

x-y movement and an oil absorption method to prevent leakage. We optimized a dimensionless 

factor known as the width ratio between the microchannel and microwell to minimize bubbles. 

Fluid tracing with dye confirmed smooth operation and reliable gradient generation. 

SlipChips are a novel type of microfluidic devices known for multiple and cost-effective 

assessments at the lab and industrial scale. The device's capability of minimal sample consumption 

(biological or chemical) makes it a cost-friendly choice. The precision of the system is marked by 

controlled fluid flow through simply designed microchannels.  By combining these elements, 

SlipChip is able to deliver high through put assessments. These are easily controlled gadgets with 

a series of discrete channels and microwells in the top and bottom layers. Just sliding the top layer 

over the bottom layer provides fluidic control and transport from one microwell to another. Smooth 

sliding for its operation is important; this is why the lubricant is positioned between the top and 

bottom layers 21,25,93,94. The SlipChip's unique design allows for diffusive mixing of fluids when 

microwells overlap during the slipping motion 93. This clever mechanism enables the device to 

perform multiple isolated biochemical fluid analyses within individual microwells. By leveraging 

this overlap-induced mixing, the SlipChip can efficiently conduct a variety of complex fluidic tests 

in a compact and controlled environment 93. Using the SlipChip, Yu. M has performed the Digital 

Loop-Mediated Isothermal Amplification of Hepatitis B virus. A similar work on human 

papillomavirus is demonstrated by Yu. Z 95. Shen. F did a digital PCR on SlipChip 25. Cai. G et al. 

has done bacterial detection in an enzymatic assay using SlipChip 26. Shen c., et al has done a 

similar study of bacterial chemotaxis of E.coli strain using SlipChip 74.  However, the slip action 
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of the device also comes with an operational constraint. To have a good slipping motion, we cannot 

permanently seal the PDMS layers. This lack of sealing makes excessive air traps within the device, 

causing leakage 93. This liquid loss leads to less sensitivity and unstable analysis. To avoid air 

trapping and improve the sealing between PDMS layers researchers have been trying to hold the 

device in clamps or clips 96,97to improve the sealing pressures so that the fluid can flow in tightly 

enclosed channels. However, these setups allow 1-D movement only. Our research aims to address 

these challenges by implementing magnetic sealing and a novel lubrication protocol of oil 

absorption. We leveraged the porous nature of PDMS 98 by saturating the SlipChip layers with 

silicone oil, effectively preventing fluid escape 99–101.  

The inherent hydrophobicity of PDMS makes microfluidic devices, particularly SlipChips, 

susceptible to bubble formation—an issue that poses significant challenges for maintaining reliable 

sealing. Bubbles can severely compromise device performance by displacing fluid within 

microwells, altering intended volumes. Studies have shown that microchannel geometry can 

influence bubble dynamics 102. According to Young’s Laplace equation, narrower channels induce 

higher pressure differences, which enhance fluid velocity 103. We hypothesized that transitioning 

from narrow microchannels to wider microwells would result in a sudden velocity drop, thereby 

reducing shear stress and promoting bubble detachment rather than entrapment 102,104. To address 

this, we introduced the concept of a dimensionless “width ratio” (WR)—defined as the ratio of 

microwell to microchannel width—and postulated that a higher WR would decrease the likelihood 

of bubble formation. To test this, we fabricated SlipChips with WRs of 3, 4, and 5. To our 

knowledge, no prior study has systematically optimized WR for bubble minimization in PDMS-

based SlipChips.  

Conventional designs often suffer from bubble formation, poor sealing, and misalignment 

due to clamping-based assembly, limiting their applicability in sensitive fields like protein 

detection and drug delivery. To overcome these limitations, we developed SlipChips incorporating 

WR optimization, an oil absorption lubrication strategy, and a novel 3D-printed magnetic aligner 

enabling precise two-dimensional movement. The aligner leverages magnet–spring force 

interactions to facilitate smooth and accurate alignment, while the oil absorption protocol ensures 

reliable sealing without leakage. This integrated approach represents a significant advancement in 

SlipChip design, addressing critical gaps in microwell optimization, lubrication, and alignment 

precision for improved device performance and operational reliability. 



- 49 - 

 

4.2 Materials and Methods 

4.2.1  Design of SlipChip 

SlipChips were designed with width ratios of 3, 4, and 5, and varying top-layer depths to 

generate gradient concentrations. Each layer contains microwells connected by uniform 0.18 mm-

wide channels. During operation, aligned channels enable fluid loading, and overlapping 

microwells facilitate diffusive mixing. Pitcher-like channel openings ensure complete microwell 

filling when layers are aligned. While bottom-layer microwells have fixed dimensions (0.15 mm 

depth), top-layer depths vary to create gradients. Detailed top layer dimension for width ratio 3,4 

and 5 are listed in Table 1.  

 
Figure 22 The operation and working mechanism of SlipChip. (a) Top and bottom layer 

of SlipChip. (b) Fluid loading phase after microchannel and microwell overlapping (c) 

Diffusive mixing phase by microwell overlapping in both layers. (d) Fluid flowing 

through microchannels and filling microwells.  

 

4.2.2  Design and Fabrication of the Magnetic Aligner 

The magnetic aligner (Figure 23) was designed for precise and reversible translation of 

SlipChip layers along the x–y axes. It ensures consistent sealing during operation through a 

combination of magnetic and mechanical components. The system includes upper and lower 
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supports with alignment windows and magnet seats. These supports are housed in a custom 3D-

printed base (FDM, Adventurer 4, FlashForge). Neodymium magnets (20 mm × 12 mm × 5 

mm, MonotaRO Co., Ltd.) provide vertical sealing force and lateral alignment. Two orthogonally 

mounted micro gauges enable controlled movement in both directions. Mechanical springs 

opposite the gauges store elastic energy for auto-return functionality. This spring–magnet design 

supports smooth slipping and precise microwell overlap. Embedded PLA frames in the PDMS 

structure ensure alignment and mechanical stability. Together, these features enable leak-free 

operation and reliable device performance. 

Table 4. Dimensions and Volumes of SlipChip Top Layer 

Width 

Ratio 

Measurement 1 2 3 4 5 6 7 8 9 10 

WR3 Depth (mm) 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 1.50 

 

Volume (mm³) 0.072 0.144 0.216 0.288 0.360 0.432 0.504 0.576 0.648 0.720 

WR4 Depth (mm) 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 1.50 

 

Volume (mm³) 0.135 0.270 0.405 0.540 0.675 0.810 0.945 1.080 1.215 1.350 

WR5 Depth (mm) 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 1.50 

 Volume (mm³) 0.18 0.365 0.548 0.769 0.914 1.096 1.279 1.462 1.645 1.828 

 

 

4.2.3  Fabrication of the SlipChip 

SlipChips were fabricated using polydimethylsiloxane (PDMS, Silpot 184 W/C, Dow) 

through a two-layer casting technique designed to enhance mechanical integrity and preserve 

microscale structural fidelity. To improve the overall stability and handling of the devices, 

polylactic acid (PLA) support frames were incorporated. These frames were produced using a 

fused deposition modeling (FDM) 3D printer (Adventurer 4, FlashForge), offering precise 

dimensional control and ease of customization for different experimental designs. 
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High-resolution molds were created using LCD VAT stereolithography with the Sonic Mini 

8K printer (Phrozen), which offers exceptional accuracy suitable for microfluidic applications. 

Following initial printing, the molds underwent a thorough ultraviolet (UV) curing process for 24 

hours to ensure complete polymerization and structural strength. Subsequently, they were post-

cured in an oven at 80 °C for an additional 4 hours to further harden the features and enhance their 

durability during PDMS casting. 

To facilitate easy demolding and maintain fine feature details, the mold surfaces were 

treated with  PFOTS (perfluorooctyltrichlorosilane)—a fluorinated silane compound known to 

impart hydrophobicity and reduce adhesion between the mold and PDMS. This step was critical 

in ensuring that the final PDMS structures retained sharp, accurate geometries without tearing or 

distortion during the release process. 

PDMS base and curing agent were mixed in a 10:1 ratio by weight and degassed to remove 

trapped air bubbles. The mixture was then poured into the silanized mold to create the first layer, 

which was partially cured at 60 °C for 40 minutes. At this semisolid stage, the pre-fabricated PLA 

frames were carefully positioned onto the PDMS layer. After an additional 30 minutes of heating, 

a second layer of PDMS was poured over the frames to encapsulate them fully. The entire assembly 

was then cured completely, removed from the mold, and cleaned with isopropanol and ethanol. 

Final inspection ensured there were no surface defects or deformities. 

.  

4.2.4  Effects of Oil Viscosities on their Absorption in PDMS 

To ensure smooth slipping of SlipChip layers without clogging micropatterns, a novel oil 

absorption technique was employed using the inherent porosity of PDMS. Silicone oils of four 

viscosities (50 cSt, 100 cSt, 500 cSt, and 1000 cSt), each dyed with Oil Red O (Sigma Aldrich, St. 

Louis, MO, USA), were tested 93. Four pieces of PDMS were placed in each of the dyed oil and 

its absorption was observed after 24 hours.  
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Figure 23 Magnetic aligner holding layers of SlipChip in frames containing magnets. 

4.2.5  Pneumatic Testing as a Measure of Adhesion between PDMS Surfaces 

To prevent clogging of micropatterns, residual oil was removed from PDMS surfaces after 

full absorption. Adhesion between PDMS layers was then quantified based on the pneumatic 

pressure required to separate them. Pairs of PDMS layers, each pre-soaked in a specific oil and 

subsequently cleaned, were aligned and stacked. Pneumatic pressure was gradually applied 

through the inlet and outlet ports until the layers detached 93. The pressure at the point of separation 

was recorded as a measure of interfacial adhesion strength. 

4.2.6  Effects of temperature on Oil Absorption 

Small PDMS cubes were immersed in each oil within Petri dishes at two temperature 

conditions: room temperature and 55 °C (Figure 24). Initial absorption tests were conducted over 

24 hours, followed by a focused study on time and temperature dependence using freshly cut 

PDMS cubes in 1000 cSt oil. Oil penetration depth was measured with a digital microscope 

(KEYNEX, VHX-7000) at 20× magnification.  
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Figure 24 Schematic of oil penetration into porous PDMS. 

4.2.7 Demonstration of Diffusive Mixing 

After fabrication, the bottom SlipChip layers were lubricated by stamping with silicone oil 

and assembled onto the top layers. The assembled device was then incubated at 55 °C for 2 hours 

to facilitate oil absorption and ensure smooth interlayer movement. Device performance was 

assessed by generating six gradient concentrations of a green food dye (2% w/v in isopropanol; 

MonotaRO, Japan) through diffusive mixing. As illustrated in Figure 22 (c), equal-volume 

microwells in the bottom layer were filled with the dye solution, while the top layer was loaded 

with pure isopropanol. The magnetic aligner was used to precisely align the microwells, initiating 

lateral diffusion between the layers. Once mixing was complete, the layers were returned to their 

original positions to isolate discrete concentration zones. Microscopic images were captured at 

20× magnification using a digital microscope (KEYNEX, VHX-7000), and intensity values from 

each microwell were compared with theoretical concentrations. Additionally, bubble formation 

was quantified across different SlipChip designs by calculating the percentage of each microwell's 

cross-sectional area occupied by bubbles. 

4.3 Results and Discussions 

4.3.1  Effects of Oil Viscosities on its Absorption 

Sacrificial testing was performed to evaluate oil absorption. As shown in Figure 25, PDMS    

samples submerged in each oil for 24 hours were examined under a digital microscope to measure 

the depth of oil penetration. Results showed that all oils, regardless of viscosity, fully permeated 

the porous PDMS within 24 hours, confirming effective oil absorption across all conditions. 
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Figure 25 PDMS blocked soaked in silicon oil for 24 hours. (a) 50cSt silicone oil, (b) 

100cSt silicone oil, (c) 500 cSt silicone oil, and (d) 1000 cSt silicone oil. 

 

4.3.2  Adhesive Measurement with Pneumatic Testing 

To prevent practical issues such as micropattern clogging, PDMS layers soaked in various 

silicone oils were thoroughly cleaned to remove surface residues. Layers treated with the same 

type of oil were then paired and subjected to pneumatic testing to evaluate interfacial adhesion 

after oil absorption, under conditions where no visible oil remained on the surfaces. The test 

involved gradually increasing pneumatic pressure until the layers separated. As shown in Figure 

26, among all samples, the PDMS layers treated with 1000 cSt silicone oil exhibited the highest 

separation pressure of 260 kPa, indicating strong post-absorption adhesion. 

 
Figure 26 Pneumatic testing on PDMS surfaces soaked in 50cSt, 100 cSt, 500 cSt, and 

1000cSt silicone oil. 
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4.3.3  Effects of Temperature on Oil Absorption 

Based on the results of pneumatic adhesion testing, 1000 cSt silicone oil was identified as 

the most effective lubricant for use between SlipChip layers. To optimize the lubrication process, 

the time-dependent behavior of oil absorption into PDMS was further investigated using 1000 cSt 

oil. As shown in Figure 27(i), PDMS samples incubated at 55 °C exhibited significantly faster oil 

penetration, reaching a depth of approximately 6600 µm, compared to 3677 µm for samples 

maintained at room temperature. These results demonstrate that elevated temperatures 

substantially enhance the rate and extent of oil absorption. Notably, at all measured time points 

(excluding the initial 0 h), oil penetration at 55 °C exceeded that observed at room temperature, 

confirming the thermal acceleration of the lubrication process. Consequently, pre-heating PDMS 

layers in silicone oil was established as a practical method to expedite soaking and improve 

lubrication efficiency. The final validation involved testing SlipChip layers soaked in 1000 cSt 

silicone oil for 6 hours at 55 °C, confirming consistent and effective lubrication under these 

conditions. 

 

Figure 27 Temperature and temporal assessment of 1000 cSt silicone oil absorption in 

PDMS. (a),(b),(c),(d) Oil absorption at room temperature for 0h, 2h, 4h, and 6h. (e), (f), 
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(g), (h) oil absorption at 55°C for 0h, 2h, 4h, and 6h. (i) Comparison of 1000 cSt silicone 

oil penetration in PDMS at room temperature and 55°C. 

4.3.4  Development of Gradient Concentrations in SlipChip with Different Width 
Ratios  

SlipChips, fabricated via soft lithography and assembled within a custom 3D-printed 

magnetic aligner, were lubricated using an oil absorption technique involving 1000 cSt silicone oil 

at 55 °C. As shown in figure 28(a), (b) and (c), devices with width ratios (WR) of 3, 4, and 5 were 

tested using a green food dye–isopropanol (IPA) system to evaluate performance. Each test was 

conducted in triplicate to ensure reproducibility. Throughout all trials, no leakage was observed in 

any of the SlipChip configurations. These results confirm that the oil absorption method, combined 

with magnetic sealing, effectively facilitates smooth interlayer slipping while maintaining robust 

sealing between the PDMS layers. This approach proved reliable across all width ratios and 

ensured consistent fluid containment during operation. Figure 28(d) illustrates the gradient 

concentration profiles achieved in each SlipChip design. The SlipChip with a width ratio (WR) of 

3 failed to produce a consistent gradient, exhibiting a highly irregular pattern with sharp drops—

likely due to bubble entrapment disrupting fluid volumes. The WR 4 design showed an overall 

increasing trend, but with noticeable fluctuations at microwells 3 and 5, again suggesting 

interference from bubble presence. In contrast, the SlipChip with WR 5 demonstrated a smooth 

and gradual formation of concentration gradients. This consistent behavior is attributed to minimal 

or no bubble formation, resulting in more uniform fluid distribution and reliable diffusive mixing. 
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Figure 28 Results of diffusive mixing (N=3) (a) Width ratio 3, (b) Width ratio 4, (c) 

Width ratio 5. The scale bars are 1000µm. (d) Development of gradient concentrations in 

SlipChips with width ratios of 3, 4, and 5 (N=3). 

4.3.5  Effects of Width Ratio on Bubble Prevention 

As shown in Figure 29(a), the average number of bubbles observed in the device decreased 

with increasing width ratio (WR). The SlipChip with WR 3 exhibited the highest bubble count 

(13), while the WR 5 design had the fewest (5). This trend can be attributed to the effect of 

microwell geometry on fluid dynamics—wider microwells slow the fluid velocity, reducing the 

energy available to sustain shear stresses 102,104. This lower energy state facilitates bubble 

detachment, as the fluid more easily displaces bubbles from the microwells. Figure 29(b) further 

confirms that bubble coverage is significantly higher in narrower microwells. In these confined 

geometries, microbubbles are more prone to coalescing into larger bubbles 105,106. Additionally, the 

higher pressure gradients in narrower channels demand greater energy to drive fluid movement. 

When insufficient energy is available, larger bubbles remain trapped, obstructing fluid entry and 
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flow, thereby contributing to clogging in SlipChips with lower WRs. In contrast, in devices with 

wider microwells, the transition from narrow channels to broader wells results in a substantial drop 

in fluid velocity relative to pressure, increasing shear stress at the interface. This condition favors 

bubble detachment and reduces the likelihood of air entrapment 107. 

 

 Figure 29 Bubbles remained in SlipChip with width ratios 3,4 and 5. (a) Average 

number. (b) Average bubble coverage area. 

4.4 Conclusions 

This study presents the development and validation of a polydimethylsiloxane (PDMS)-

based SlipChip system that integrates magnetic sealing with a novel oil absorption lubrication 

strategy to achieve smooth, reliable, and leak-free microfluidic operation. Traditional SlipChip 

designs often face challenges related to air bubble formation, fluid leakage, and lubricant 

contamination, all of which can compromise the precision and reproducibility of bioanalytical 

assays. In response, this work introduces geometric optimization and innovative lubrication 

techniques to overcome these obstacles and improve overall device performance. 

A key focus of the study was the geometric modification of the SlipChip’s microstructure, 

specifically the width ratio (WR) between microchannels and microwells. Three different WR 
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configurations—WR 3, WR 4, and WR 5—were systematically investigated to assess their effect 

on air bubble formation and fluid dynamics. It was found that increasing the WR led to a marked 

reduction in both the number and surface coverage of air bubbles. This is significant because the 

presence of bubbles in microfluidic systems can disrupt the uniform flow of fluids, distort 

concentration gradients, and interfere with cell behavior in biological applications. Among the 

three designs, the SlipChip with WR 5 demonstrated the most effective and consistent generation 

of concentration gradients across ten microwells, indicating its superior performance for analytical 

precision and controlled reagent delivery. 

The lubrication strategy also played a crucial role in the system’s success. Unlike 

traditional approaches that leave a thin film of silicone oil between PDMS layers, our method 

involved the application of 1000 cSt silicone oil followed by surface cleaning to remove excess 

lubricant. This oil absorption technique maintained a dry yet mobile interface, preserving sealing 

integrity while allowing the top PDMS layer to slip freely over the bottom layer. Achieving leak-

free performance without residual surface oil is especially valuable for bioassays and diagnostic 

platforms where contamination must be minimized. 

Furthermore, the ability to operate the SlipChip without bubble interference ensures more 

accurate fluid loading and improves the reliability of experiments involving sensitive biological 

samples. This is particularly beneficial in cell-based assays, where bubble-induced shear stress or 

misdistribution of media can negatively impact cell viability. In this context, the device 

demonstrated strong potential for applications involving osteosarcoma cell research, enabling 

consistent gradient formation and safe fluid manipulation. 

In conclusion, the integration of geometric optimization with an innovative lubrication 

strategy has resulted in a highly functional PDMS-based SlipChip platform. The combination of 

WR 5 design and post-lubrication cleaning allows for reliable operation, minimized bubble 

interference, and precise fluid control—all critical parameters for the success of biomedical 

applications. This work lays a strong foundation for extending SlipChip use in protein detection, 

targeted drug delivery, and broader microfluidic diagnostics, particularly in research involving 

mammalian cell cultures. 

The magnetic aligner system and WR=5 optimization eliminate the three primary technical 

barriers that have previously prevented reliable biological gradient formation: leakage (solved by 
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oil absorption method), bubble formation (solved by width ratio optimization), and misalignment 

(solved by magnetic aligner). This technical foundation enables the transition from proof-of-

concept demonstrations to practical MEC determination for clinical translation. 
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Chapter 5 SlipChip-based 3D Cell Culture for the Study 
of Osteosarcoma Cell Growth  

5.1 Introduction 

Osteosarcoma (OS) is a highly aggressive primary malignant bone tumor that commonly 

affects both adolescents and adults 108. One of the most challenging aspects of OS is its high 

metastatic potential and strong resistance to chemotherapy and radiotherapy, often resulting in 

tumor recurrence even after intensive therapeutic regimens 109. Understanding the biological 

mechanisms that drive cell proliferation and resistance is essential for developing more effective 

treatments. In this context, abnormal cell growth is not only a hallmark of cancer progression but 

also a key factor that underlies metastasis and chemoresistance. This research addresses the critical 

absence of integrated systems that can both reproduce complex osteosarcoma tumor 

microenvironments and systematically evaluate drug efficacy—a fundamental gap that limits the 

development of personalized treatment protocols. The platform's versatility supports therapeutic 

evaluation across molecular weights ranging from 500 Da to greater than150 kDa, addressing the 

diverse drug classes relevant to modern osteosarcoma treatment. 

In the present study, we investigated the effect of ascorbic acid (AsA)—the active form of 

vitamin C—on osteosarcoma cell proliferation using a PDMS-based SlipChip microfluidic 

platform. Vitamin C has recently gained renewed interest in cancer research due to its diverse 

physiological roles, including collagen synthesis, immune modulation, and induction of apoptosis 

in malignant cells 109, 110. It enhances immune cell activity, particularly increasing the number and 

function of white blood cells, which contribute to the body’s defense against cancer 111. Moreover, 

high concentrations of AsA have been reported to exhibit selective cytotoxicity toward tumor cells, 

while promoting apoptosis and reducing the viability of cancerous tissues. Notably, as 

osteosarcoma is believed to originate from mesenchymal stem cells, vitamin C may influence 

differentiation pathways, with some studies suggesting that AsA supports the redirection of 

osteosarcoma cells back toward an osteoblast lineage 112,113. 

Using the SlipChip-based 3D culture environment, we evaluated osteosarcoma cell growth 

under AsA stimulation, leveraging time-lapse microscopy to analyze cellular changes in real time. 

The PDMS SlipChip offered precise control over the cellular microenvironment, enabling us to 

monitor AsA-induced effects such as morphological alterations, reductions in cell density, and loss 
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of viability. These findings were further validated using live/dead cell assays and compared to two-

dimensional (2D) tissue culture dishes, where one served as the control and the other was exposed 

to AsA. 

The results clearly indicated that AsA treatment induced cytotoxic effects, reduced cell 

proliferation, and triggered apoptotic responses in the osteosarcoma cells. Compared to the control, 

AsA-treated cultures displayed significant changes in cell morphology and viability, supporting 

the notion that vitamin C may be an effective agent in attenuating the aggressive characteristics of 

osteosarcoma cells. The SlipChip platform, by mimicking in vivo-like 3D conditions, provided 

more realistic insights into tumor behavior than traditional 2D models. 

In conclusion, this study presents a novel application of microfluidic SlipChip technology 

for analyzing the effects of vitamin C on osteosarcoma cells. The findings highlight the potential 

of AsA to suppress abnormal cell growth and promote apoptosis, offering a promising direction 

for future therapeutic strategies. Further research incorporating variable drug concentrations, co-

culture systems, and metastatic models will provide deeper insights into combating the recurrence 

and resistance often associated with osteosarcoma 30, 113. 

 
Figure 30 Schematic of death induced by vitamin C in cancer cells. 
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5.2 Materials and Experimental Methods  

5.2.1  Methodology  

As shown in Figure 31(a), a comparative evaluation was conducted between a conventional 

two-dimensional (2D) cell culture method using a standard polystyrene tissue culture dish and a 

three-dimensional (3D) culture method developed using a custom-designed SlipChip. The 3D 

configuration aimed to more accurately mimic the in vivo tumor microenvironment by enabling 

spatially relevant cell-cell and cell-matrix interactions. The design and structure of the SlipChip, 

illustrated in Figure 31(b), consisted of two aligned polydimethylsiloxane (PDMS) layers—top 

and bottom—each containing wells. When assembled, the wells from both layers were aligned to 

form enclosed 3D micro-compartments capable of supporting cell growth in three dimensions. 

To ensure a tight seal and prevent medium leakage, the edges of the SlipChip were coated 

with a high-viscosity PDMS elastomer base (4000 centi-stokes) following assembly. This sealing 

method provided structural stability and maintained the sterility and integrity of the cell culture 

environment throughout the experimental period. The assembled SlipChip offered a confined and 

gas-permeable microenvironment suitable for observing cell behavior under different treatment 

conditions. 

Cell culture experiments were carried out in the SlipChip compartments under two distinct 

conditions—with and without the addition of ascorbic acid (AsA). This allowed for the direct 

assessment of the effects of both the 3D culture environment and ascorbic acid treatment on 

osteosarcoma cell proliferation. Ascorbic acid was selected due to its reported cytotoxic and anti-

proliferative effects on malignant cells, particularly in the context of bone-related cancers. 

The resulting observations provided insight into how the spatial environment and 

biochemical stimuli interact to influence osteosarcoma cell behavior. Differences in cell 

morphology, proliferation rate, and viability between the standard 2D culture and SlipChip-based 

3D culture systems were used to evaluate the effectiveness of this platform for studying cancer 

cell dynamics in vitro. 
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Figure 31 Cell culture in two different conditions. (a) A tissue culture dish. (b) A PDMS 

SlipChip. 

5.2.2 Fabrication of SlipChip  

The SlipChip platform was designed with identical chamber geometries in both the top and 

bottom PDMS layers. Each chamber measured 10 mm in length and width, with a depth of 0.2 

mm. The top layer was equipped with microchannels functioning as fluid inlets and outlets. When 

the two layers were properly aligned, with one chamber oriented directly over the other, a sealed 

three-dimensional (3D) compartment was formed. This 3D configuration is particularly 

advantageous for creating controlled microenvironments suitable for various biological and 

chemical applications, including cell culture. 

The fabrication process began with the creation of a master mold using 3D printing 

technology. This method allowed for rapid prototyping and precise structural definition of the 

SlipChip features. After printing, the mold was treated with a salinization process to reduce surface 

adhesion and facilitate easy demolding. PDMS (polydimethylsiloxane) was then poured over the 

mold and cured using standard soft lithography techniques, yielding highly accurate PDMS 

replicas of the designed microstructures. 

PDMS was selected as the material of choice due to its favorable properties, particularly 

for biological applications. It is biocompatible, optically transparent, and porous, allowing gases 

such as oxygen and carbon dioxide to diffuse freely through its matrix. This gas permeability is 

crucial for maintaining healthy cell cultures, as it supports cellular respiration and prevents 

hypoxic conditions in confined microenvironments. Additionally, PDMS provides a surface 

suitable for cell adhesion, contributing to better cell proliferation and viability during culture 

processes 114. 

In summary, the PDMS-based SlipChip with aligned 3D compartments offers a robust and 

biologically supportive platform for in vitro studies. Its design and material properties make it 
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well-suited for advanced microfluidic applications, including drug testing, tissue modeling, and 

cancer research. 

5.2.3  Cell Culture Experiment 

The human osteosarcoma cell line, SAOS-2, was obtained from Tohoku University in 

Sendai, Japan, for use in this study. These cells are commonly used as an in vitro model for bone 

cancer research due to their stable growth characteristics and relevance to human osteogenic 

tumors. The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM), which was 

supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, Thermo Fisher 

Scientific Co. Ltd.) to prevent bacterial contamination, along with 10% fetal bovine serum (FBS; 

COSMO BIO) to provide essential nutrients and growth factors. Cultures were maintained in a 

humidified incubator at 37°C with 5% CO₂ to replicate physiological conditions conducive to 

optimal cell growth. 

For the experimental setup, the SAOS-2 cells were resuspended in culture medium and 

adjusted to a uniform density of 100 cells/μL. This standardized density ensured consistency across 

all platforms and enabled a fair comparison of cell proliferation under different conditions. The 

cell suspension was introduced into three separate culture environments: a PDMS-based SlipChip 

and two conventional polystyrene tissue culture dishes. Maintaining identical initial seeding 

densities across the three platforms allowed for the evaluation of how the different culture 

environments influenced cell adhesion, proliferation, and response to treatment. 

Following cell seeding, the devices were incubated for 24 hours to allow the cells to adhere 

to the surfaces and establish baseline attachment prior to treatment. Ascorbic acid (AsA), a known 

cytotoxic compound with potential pro-apoptotic effects on various cancer cells, was prepared at 

a concentration of 2000µM in PBS. A volume of 100 μL of the prepared AsA solution was added 

to the SlipChip and to one of the tissue culture dishes. The remaining dish, which received no AsA 

treatment, served as the untreated control group. This setup allowed for direct comparison of 

cellular responses to AsA in both the SlipChip and traditional culture formats. 

5.2.4 Cell Observation 

Cell health, cell number, and viability were characterized. Live and Dead Cell Assay was 

performed using Calcein-AM (DOJINDO Co. Ltd) and PI (DOJINDO Co. Ltd) staining. Calcein-

AM and PI solutions were made by diluting 15 𝜇𝐿 of each of the chemicals in 135 𝜇𝐿 of PBS 
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(Gibco, Thermo fisher Scientist Co. Ltd)). 10 𝜇𝐿 of each of the solution was used for staining 

purposes. Images were obtained with a time-lapse inverted microscope (NIKON, ECLIPSE Ti-E 

Tokyo Japan). 

5.3 Results and Discussion 

5.3.1  Cell Health in SlipChip 

Cells were observed after 24 hours of cell adhesion (Figure 32). Figures 32 (a) and (c) 

indicate cell morphologies of osteosarcoma cells before adding AsA in a SlipChip and a control 

tissue culture dish. Figures 32(b) and (d) show cells after 24 hours of insertion of AsA. Cell health 

in a SlipChip was better than that in a tissue culture dish. Cells in SlipChip were more elongated 

and flat and seemed to have a larger surface area. Cells in the tissue culture dish were also 

elongated, but the spread area at the cellular level was less than the cells in SlipChip. According 

to Figure 32, a total of 95 cells were found in SlipChip. 74 and 23 cells were present in the control 

dish and tissue culture dish with AsA. As shown in Figure 33, based on the total number of cells 

and total volume of cell culture under analysis, the percentage of cell proliferation was obtained. 

Cell proliferation data indicate that the highest cell proliferation was obtained in SlipChip before 

subjecting it to AsA. 

This can be associated with the PDMS material properties. PDMS, being a porous and 

biocompatible material, allows the cells to breathe effectively, which contributes to good cell 

health 114. In addition, a tissue culture dish allows 2-D cell culture, whereas PDMS-based SlipChip 

allows us to have a 3-D compartment. PDMS-based 3-D compartment allows the cells to adhere 

in multiple directions; this configuration increases cell-to-cell contact. These interactions increase 

cell regulatory pathways 115. Growth factor protein signaling in the form of cytokines is enhanced, 

which enhances cell proliferation and differentiation 116. 

Figures 32 (b) and (d) indicate the cell morphologies after subjecting the SlipChip and 

tissue culture device to AsA for 24 hours. Both images indicate rounded and thinner morphologies. 

From the shapes, it seems like the cells were busted. This type of morphology depicts cell death. 

This indicates that ascorbic acid is cytotoxic for osteosarcoma cells and has triggered apoptotic 

cell death 30. 
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Figure 32 Cell culture in SlipChip (a) before and (b) after adding AsA. Cell culture in a 

tissue culture dish (c) without and (d) with AsA. 

 
Figure 33 Comparison of cell viability in SlipChip and a cell culture dish with and 

without ascorbic acid. 

5.3.2  Live and Dead Cell Assay 

Figure 34 shows live and dead cell assays for the control dish and tissue culture dish with 

AsA and A SlipChip. Figures 34(a), (c), and (e) indicate live cell assay and high fluorescence for 

the control dish and zero fluorescence for the tissue culture dish, and SlipChip with ascorbic acid. 

It shows 73 live cells for the control dish, whereas no live cells were found for the SlipChip and 

100µm
100µm
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culture dish subjected to ascorbic acid. On the other hand, Figures 34 (b), (d), and (f) show PI-

stained images indicating only one dead cell in the control dish and 95 and 23 dead cells in the 

SlipChip and culture dish subjected to AsA, respectively. 

Figures 35 indicate the percentage of live and dead cells in each respective case. The 

percentage of live and dead cells was obtained by counting the number of cells in each case and 

dividing it by the total number of cells obtained from bright-field images. Figure 35 indicates 100% 

live cells in the control dish, whereas no live cells in the SlipChip and cell culture dish with AsA. 

Figure 35 indicates 100% cell death in the SlipChip and cell culture dish with AsA, whereas just 

1.4% cell death in the control dish. This again indicates that AsA was cytotoxic for osteosarcoma 

cells. 

 
Figure 34 Fluorescent images of cells. (a) Calcein-AM stained cells in control dish. (b) PI 

stained cells in control dish. (c) Calcein-AM stained culture dish with AsA. (d) PI stained 

cells in culture dish with AsA. (e) Calcein-AM stained cells in SlipChip. (f) PI stained 

cells in SlipChip. 
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Figure 35 Percentage of dead cells in SlipChip with ascorbic acid and a cell culture dish. 

 

5.4 Conclusions  

Based on experimental observations, this study concludes that polydimethylsiloxane 

(PDMS)-based three-dimensional (3D) compartmentalized culture systems integrated into a 

SlipChip platform provide a significantly more favorable environment for osteosarcoma cell 

culture compared to traditional two-dimensional (2D) polystyrene tissue culture dishes. The use 

of PDMS for fabricating 3D microenvironments allows for the recreation of key aspects of the 

tumor microenvironment, offering structural and biochemical cues that more closely mimic in vivo 

conditions. As a result, osteosarcoma cells cultured in these 3D PDMS compartments exhibited 

improved cell health, increased proliferation rates, and enhanced cell-to-cell interactions, all of 

which are often compromised in flat, rigid 2D culture systems. 

One of the major advantages of PDMS as a biomaterial lies in its gas-permeable nature, 

which facilitates efficient oxygen and carbon dioxide exchange—critical factors for maintaining 

cell viability over extended periods. Additionally, PDMS is biocompatible, optically transparent 

for imaging, and amenable to low-cost, reproducible fabrication techniques such as soft 

lithography. These properties collectively contribute to a more physiologically relevant and 

supportive environment for cancer cell culture. Microscopic analysis revealed that, under untreated 
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conditions, osteosarcoma cells adhered well to the PDMS surface, maintained their morphology, 

and proliferated efficiently within the 3D compartments. 

To evaluate the responsiveness of cells to external therapeutic agents, ascorbic acid (AsA) 

was introduced into the system. AsA is known to exert cytotoxic effects on cancer cells, potentially 

through oxidative stress or apoptosis induction. In our experiments, cells treated with AsA 

displayed distinct morphological signs of apoptotic cell death, including cell shrinkage, 

detachment from the substrate, membrane disintegration, and overall structural collapse. These 

observations were further validated by live/dead fluorescence assays, which confirmed 

significantly higher levels of cell death in the AsA-treated groups compared to controls. 

Interestingly, although PDMS-based compartments enhanced overall cell viability and 

growth under normal conditions, they did not provide any protective advantage against AsA-

induced cytotoxicity. This finding suggests that while PDMS offers a superior culture environment, 

it does not interfere with the cells’ intrinsic biological responses to external stimuli. In other words, 

the PDMS platform supports natural cellular behavior without artificially altering the effects of 

treatment compounds, making it an ideal medium for accurate drug screening and apoptosis studies. 

The implications of these results are significant. First, they demonstrate that PDMS-based 

3D culture systems are not only safe and supportive for cell proliferation but also maintain cellular 

integrity and functional responsiveness, which are essential for therapeutic assessment. Second, 

the reproducibility and adaptability of the SlipChip format allow for scalable and high-throughput 

experimentation, ideal for applications in drug discovery and cancer research. 

In summary, the PDMS-based 3D culture platform offers clear advantages over 

conventional 2D systems by better replicating the tumor microenvironment, enhancing baseline 

cell behavior, and faithfully capturing drug response dynamics. These findings reinforce the utility 

of PDMS microenvironments for advanced in vitro cancer modeling, particularly for studies 

focused on therapeutic screening, apoptosis mechanisms, and drug resistance profiling. 

While this chapter demonstrates successful 3D cell culture and drug response evaluation 

using ascorbic acid, the gradient generation capabilities developed in Chapters 3-4 were not 

utilized here. This represents a proof-of-concept for future MEC studies where the optimized 

WR=5 SlipChip design will enable systematic concentration gradient evaluation of clinical 

therapeutics like doxorubicin. 
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Chapter 6 Conclusions 

6.1 Conclusions and Discussions 

This doctoral research addresses the fundamental absence of integrated systems combining 

osteosarcoma microenvironment reproduction with systematic drug evaluation capabilities. 

Through systematic technical development across five interconnected chapters, we have created 

the first platform capable of: 

1. Reproducing physiologically relevant tumor conditions (Chapter 2: hypoxic 

microenvironment simulation) 

2. Ensuring reliable gradient generation sealing/lubrication optimization (Chapter 3: 

low‑viscosity silicone oils, curing conditions). 

3. Supporting diverse therapeutic modalities (biocompatible conditions for molecules ranging 

from 500 Da to >150 kDa) 

4. Successful alignment optimization (magnetic aligner) and bubble minimization (WR=5). 

(Chapter 4: magnetic alignment, width ratios) 

5. Enabling 3D culture validation (Chapter 5: proof-of-concept for drug response evaluation) 

The integrated system overcomes the three primary technical barriers that have prevented 

practical implementation: device leakage, bubble formation, and misalignment. This represents the 

first solution capable of systematic MEC determination under tumor-relevant conditions. 

We identified that the root cause of these issues lies in inadequate sealing between the 

PDMS layers, which leads to uneven pressure distribution and the trapping of air pockets between 

layers. These trapped air bubbles obstruct fluid flow, causing the medium to divert from the 

intended path, thereby resulting in leakage and inconsistent gradient formation. Such anomalies 

directly affect the quality of biological experiments, especially in studies involving cell viability, 

drug screening, and biochemical gradient applications. 

To mitigate these issues, we explored various strategies to enhance the sealing and 

mechanical stability of the SlipChip. A key breakthrough came through the optimization of the 

curing process for the PDMS layers. We found that curing the bottom layer at 60 °C and the top 

layer at 80 °C strikes an ideal balance between achieving smooth slip action and ensuring sufficient 
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adhesion. This thermal strategy minimizes internal stresses while maintaining surface uniformity 

necessary for proper alignment. 

Furthermore, we addressed lubrication challenges, which are critical for the sliding 

mechanism of SlipChip layers. Traditional lubrication methods often leave residual oil between 

layers, interfering with cell imaging and biochemical interaction studies. To overcome this, we 

implemented a spin coating technique using low-viscosity silicone oils at higher RPMs, enabling 

even distribution and reducing oil residue. In addition, we introduced a novel oil absorption 

method by leveraging the porous nature of PDMS. By soaking PDMS layers in silicone oil and 

subsequently cleaning the contact surfaces, we ensured that no free oil remained between layers 

during operation, thus preserving both functionality and biocompatibility. 

We also enhanced the mechanical integrity and precision of the SlipChip using a magnetic 

sealing system integrated with a 3D-printed stage and micro gauges. This assembly allowed for 

tight sealing and accurate microwell alignment, crucial for reliable gradient generation and 

repeatability in assays. 

After resolving sealing and mechanical concerns, we evaluated the device’s 

biocompatibility. Due to PDMS's porous and inert properties, the device supports the creation of 

diverse microenvironments, such as hypoxic conditions mimicking tumor biology. It also provides 

a suitable substrate for mammalian cell culture. As a proof of concept, we studied the effects of 

ascorbic acid on SAOS-2 osteosarcoma cells and found that the PDMS-based 3D encapsulated 

compartments facilitated healthy cell viability and accurate biochemical assessments. We created 

the first integrated platform combining osteosarcoma microenvironment reproduction with 

systematic drug evaluation, enabling personalized therapy development through reliable MEC 

determination. 

6.2 Future Work 

Immediate future work will focus on applying the optimized integrated system for doxorubicin 

MEC determination using: 

• WR=5 SlipChip configuration (established in Chapter 4) 

• Hypoxic culture conditions (validated in Chapter 2) 

• 50 cSt oil lubrication system (optimized in Chapter 3) 
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• Magnetic alignment system (developed in Chapter 4) 

This represents the culmination of our technical development into practical clinical 

application for personalized osteosarcoma therapy. Advancements in the simultaneous generation 

of multiple gradient concentrations and the cultivation of healthy cells within a leak-free, bubble-

free PDMS-based SlipChip at the microscale will support the optimization of the minimum 

effective dose of chemotherapeutic drugs, paving the way for future clinical studies and 

applications. 
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