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A three-dimensional (3D) porous structure on biodegradable or biocompatible 

polymers have attracted tremendous attention in numerous bio-related areas including 3D 

cell culturing and tissue engineering because of their microenvironment similar to ones in 

vivo. In this study, a novel fabrication process, named selective laser foaming, was 

developed to create localized 3D porous structure on a polymer chip. The effects of laser 

power and lasing time on the porous structure were studied both experimentally and 

through finite element modeling. A high throughput two-chamber tissue model platform 

was developed using the proposed selective laser foaming process.   

For comparison, cell culture studies were conducted with both selective laser 

foamed and unfoamed polylactic acid (PLA) samples using T98G cells. The results show 

that by laser foaming gas-impregnated polylactic acid it is possible to generate an array of 

inverse cone-shaped wells with porous walls. The size of the foamed region can be 

controlled with laser power and exposure time, while the pore size of the scaffold can be 

manipulated with the saturation pressure. The finite element modeling results showed good 

agreement with the experimental data; therefore, the model could be used to optimize and 

control the selective foaming process. T98G cells grew well in the foamed scaffolds, 

forming clusters that have not been observed in 2D cell cultures. Cells were more viable in 
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the 3D scaffolds than in the 2D cell culture cases, suggesting that the 3D porous microarray 

could be used for parallel studies of drug toxicity, guided stem cell differentiation, and 

DNA binding profiles.  

As an example, a high-throughput two-chamber 3D tissue model platform driven 

by the centrifugal force was developed for drug screening. The selective laser foaming 

process was calibrated to fabricate 3D scaffold on a commercially available compact disc 

(CD) made of polycarbonate (PC). Laser foaming of gas saturated polycarbonate created 

inverse cone-shaped wells with micro-sized porous structure underneath the surface. The 

open pores were hundreds of micrometers in diameter and depth. The pore size of the 

underneath porous structure was several tens of micrometers. The size of the well was 

dependent on the laser power and laser exposure time. Two laser-foamed scaffolds were 

fabricated in tandem and two mechanically-machined chambers were placed adjacent to 

the scaffolds, respectively. All scaffolds and chambers were in line and all of them were 

connected with micro-channels. The surface was coated with polydopamine (PDA) in order 

to increase the hydrophilicity and biocompatibility. After sterilization, human glioblastoma 

multiforme (M059K) and hepatoblastoma (C3A sub28) were seeded in the two 3D 

scaffolds separately and cultured for up to four weeks. These cells grew well in the 

scaffolds and cell aggregates were observed, suggesting that the developed two-chamber 

tissue model array could be useful for high-throughput biochemical assays.    
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Chapter 1. Introduction 

1.1 MOTIVATION OF RESEARCH 

The traditional two-dimensional (2D) cell culture is a rapid and convenient method 

for cellular studies in biomedical fields. On the other hand, cells in vivo are surrounded by 

three-dimensional (3D) structures known as the extracellular matrix (ECM). In this 

environment, cells conduct complex biochemical and physical signaling [1, 2], performing 

distinct tissue functionality that cannot be observed in 2D [3]. In traditional 2D cell 

cultures, cells grow on 2D substrates, such as Petri dishes, micro-well plates, and cell 

culture flasks. Cells inside the 3D ECM will form various types of structures and perform 

their own biological functions. For example, the surface properties of 3D adult stem cell 

niches will significantly affect the stem cell differentiation process [4]. Lacking of the 

complex and dynamic microenvironment of ECM-like structure could mislead cellular 

behavior by forcing the cells to form an artificial monolayer, which will alter the cellular 

metabolism and cause the cells to lose certain functionality. This is the main limitation of 

2D cell cultures [3].  

Porous polymers play an important role in many biomedical applications from drug 

release to tissue engineering [5-12]. For ECM-like structures, porous polymers have been 

studied and fabricated using various techniques. The concept of cell culture in 3D porous 

polymeric scaffolds are combined with the microfluidic channel to develop 3D perfused 

cell culture devices [13]. The 3D perfusion-based device can mimic not only multi-organ 

interaction, but also key physiological and pathological processes in vivo. It allows realistic 

3D tissue model systems for various biomedical related studies, such as drug discovery.  

Drug discovery is a lengthy and costly process. In the current drug discovery 

process, there are two major steps: tests on a number of 2D cell culture assays and animal 
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tests. At first, thousands of drug candidates are screened based on their efficiency and 

toxicity. Then only 3-5 lead compounds are chosen for animal tests in the next step [14]. 

Through these tests, the most effective and least toxic drug candidate is found for further 

clinical trials. However, the percentage of failures is high due to the lack of efficacy or 

undesired toxicity of those compounds that have passed the 2D cell culture tests. Moreover, 

animal models have intrinsic inaccuracy because of the physiological difference from 

human. They are also of high cost and with moral objections [15]. In-vitro 3D tissue model 

systems can be used to achieve more accurate test results via mimicking the in vivo 

functions of human organs. As an example, liver models have been employed to make 

quantitative and qualitative assessment of pharmacodynamics and pharmacokinetic 

properties of drug candidates [16, 17]. In order to reproduce dynamic process of absorption, 

distribution, metabolism and excretion (ADME), multi-organ tissue model system has been 

developed via combining tissue model systems and microfluidic devices [18, 19].  

Recently Ma et al. developed a 3D two-chamber tissue model system for drug 

studies. The two chambers had liver and brain tumor cells, respectively. The culture 

medium was circulated from the chamber having liver cells to the one having tumor cells. 

Each cell line was cultured in a porous biodegradable polymer scaffold to provide a 3D 

environment for cell to reproduce in vivo tissue-like structures. It was demonstrated that 

the system can be used to study liver metabolism effects on cancer treatment drugs.  

High throughput platforms draw significant interests from both academia and 

industry for drug testing. The 3D two chamber system developed by Ma et al. has certain 

limitations for the high throughput applications. The system has multiple components that 

need to be assembled. Each chamber is filled with a scaffold with a diameter of 13 mm and 

a thickness of 2.5 mm. The size of the system needs to be significantly reduced and multiple 

systems need to be fabricated on one platform to enable high throughput drug study. 
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Therefore, a radically different fabrication process and system design is needed to develop 

a high throughput tissue model platform for drug study.  
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1.2 RESEARCH OBJECTIVES 

The goal of this research is to develop a novel 3D high throughput tissue model 

system through the development of an enabling fabrication process for localized and small-

scale polymer tissue engineering scaffolds. The following objectives have been identified: 

 To develop a scaffold fabrication method, named selective laser foaming, to control 

the scaffold size, shape, and porous structure, 

 To understand the effect of process parameters of the laser foaming process through 

finite element modeling,  

 To demonstrate the biocompatibility of the fabricated 3D porous structures for cell 

culture studies, and 

 To design and fabricate a 3D high throughput tissue model device for drug 

screening using the selective laser foaming and micro-machining. 
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1.3 ORGANIZATION OF THIS DISSERTATION 

This dissertation is organized into six chapters. Chapter 1 is a brief introduction 

followed by motivation and objectives of this research. Chapter 2 provides a literature 

review of the current state-of-the-art. Chapter 3 presents fabrication of 3D scaffolds using 

the selective laser foaming process and feasibility of using the foamed structure for cell 

cultures. Chapter 4 discusses a finite element model to investigate the effects of laser 

parameters on porous structures. Chapter 5 presents fabrication of a high throughput 3D 

two-chamber tissue model platform and its feasibility for drug study. Finally, Chapter 6 

provides a summary of current research and recommendations for future work.  
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Chapter 2. Literature Review 

2.1 THE NEED FOR 3D CELL CULTURES 

Scientists in biology and medicine often use 2D cell culture, which means culturing 

cells on flat bottom of micro-well plates, Petri dishes, or cell culture flask, for drug testing. 

2D cell cultures have their own advantages, such as convenience, low cost, affluent nutrient 

and oxygen exchange, and high cell viability. However, the 2D cell culture has its intrinsic 

limitations. Cells in vivo are surrounded by an extracellular matrix (ECM). The ECM 

allows complex physical and biochemical signals by providing cell-cell or cell-matrix 

interactions. These signals are important to analyze essential cellular functions, such as cell 

adhesion and motility [20, 21]. In addition, different types of cells are situated in evidently 

different 3D environments and organize into diverse architectures [20]. For example, liver 

cells closely aggregate together and form hexagonal-shaped lobules, whereas white blood 

cells are suspended in the blood flow. Moreover, 2D cell culture forces different types of 

cells to form monolayer on a rigid and flat surface, so it has an influence on not only the 

cellular metabolism, but also other functionalities [3, 21], such as cell motility and cell 

differentiation. Three-dimensional (3D) cell cultures are suggested to overcome these 

shortcomings of 2D cell cultures. Highly porous 3D scaffolds can enhance cell growth, 

organization, and differentiation.  

2.2 FABRICATION OF THREE-DIMENSIONAL TISSUE ENGINEERING SCAFFOLDS 

Porous material is a solid matrix that has interconnected pores filled with liquid or 

gas. In medical fields, porous polymer materials have attracted continuous attention. These 

materials composed of repeating subunits can be classified into natural polymers or 

synthetic polymers. The polymers from nature are honey comb, extra cellular matrix, bone, 

and so on. In addition, DNA and protein, examples of natural polymers, are considered as 
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the most important biology function carriers and executors in human body [22]. The ones 

synthesized in the laboratory consist of plastic, synthetic fibers, and synthetic rubbers. 

Porous polymers play an important role in biomedical applications because of their unique 

structures and biocompatibility, for example controlled drug release [5, 6], bio-chemical 

sensor [7], and tissue engineering scaffolds [8-12].   

Among natural and synthetic porous polymers, the natural ones have been preferred 

in biomedical applications. However, researchers have investigated the use of synthetic 

polymers in terms of mass production for clinical applications. Existing fabrication 

methods for extracellular matrix (ECM)-like polymer structures include fiber bonding, 

phase separation, solvent casting, and gas foaming associated with particulate leaching. 

Fiber bonding is a technique easily creating mesh-like porous structures [23]. For example, 

polyglycolic acid (PGA) fiber is first immersed in poly-L-lactic acid (PLLA) and solvent 

solution. After solvent evaporation, the PGA fibers organize into a network in PLLA. The 

PLLA is then removed by heating and dissolving. Phase separation methods can be 

classified into two different groups: emulsification/freeze-drying and liquid-liquid phase 

separation. For the former [24], poly (lactic-co-glycolic acid) (PLGA) is dissolved in 

methylene chloride, and an emulsion is formed by adding distilled water. The solution is 

cast into a mold and frozen via liquid nitrogen. The water and organic solvent were 

removed using freeze-drying at -55 °C. For the later [25], PLLA and PLGA scaffolds have 

been fabricated using polymer-rich and polymer-poor phases in the polymer solution. The 

solvent should have a low melting temperature and be easy to evaporate. The polymer is 

dissolved and cooled below the melting temperature of the solvent, and then the solution 

is vacuum dried to evaporate the solvent. By doing so, the polymer-poor phase is removed 

to lead to a porous polymer network. Solvent casting is a technique using a porogen, such 

as NaCl, and a solvent, such as chloroform, to dissolve polymers [26]. PLLA and PLGA 
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are dissolved in chloroform, and then the porogen is added. The mixture is cast and the 

solvent is removed. After that, the porogen is leached from the polymer/ porogen composite 

by water. Harris et al. saturate a composite of PLGA and NaCl with CO2 [27]. Then, the 

samples are foamed by the sudden pressure drop and particulate leaching in distilled water. 

Most of the methods mentioned above utilize a toxic organic solvent and have limitations 

in biomedical applications.  

Solid freeform fabrication (SFF) methods, so called rapid prototyping (RP), have 

been studied for porous polymer fabrication [28-33]. These techniques uses model data 

designed in Computer Aided Design (CAD) solid modelling programs to created 3D 

objects. Generated 3D CAD data are processed by slicing the physical model into layer of 

equal thickness. Sliced data are utilized by each RP system to fabricate 3D objects layer-

by-layer. In this process, Solid powder or liquid layers are accumulated vertically and fused 

with each other to form the final physical object [34, 35]. SFF methods include selective 

laser sintering (SLS) [28], matrix-assisted pulsed laser evaporation direct writing (MAPLE 

DW) [29], biological laser printing (Bio-LP) [30], stereolithography (SLA) using laser and 

digital micro-mirror-array device (DMD) [31, 33], and two-photon polymerization (2PP) 

[32]. The SFF methods have their own advantages, such as a high reproducibility, but they 

have limitations in material selection and removing supporting materials.  

Solid-state foaming is a technique to fabricate microcellular thermoplastic polymer 

foams. Solid state foaming consists of two major steps [36]. The first step is the saturation 

of blowing agent. The blowing agents commonly used are carbon dioxide and nitrogen. 

The polymer sample is exposed to pressurized gas. The gas saturation of the polymer is 

allowed for a fixed duration so that the gas reaches an equilibrium concentration. The 

second step is nucleation and growth of bubbles in the gas saturated polymer by introducing 

a thermodynamic instability. Either a sudden increase in temperature or a sudden decrease 
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in pressure is commonly used to introduce the thermodynamic instability. The glass 

transition temperature (Tg) of the system is reduced by the dissolved gas and this results in 

the phenomenon of plasticization. The thermodynamic instability reduces the solubility of 

gas in the polymer and leads to nucleation of bubbles. The easiest procedure to nucleate 

bubbles is to increase the temperature of the sample to the reduced Tg. This step can be 

achieved in many ways: immersing in a hot bath maintained at the required temperature or 

placing the sample between two plates heated to the desired temperature. The major 

advantage of this technique is that it provides a way of controlling the pore sizes (300 nm 

– 300 µm) and porosity (10 – 95 %) of the polymer foams [37, 38]. Wang et al. [38-41] 

developed a new method to fabricate porous scaffolds by combining ultrasound and solid 

state foaming. Highly interconnected porous structure can be created by controlling the 

ultrasound power and exposure time. The foam size is determined by the focal zone, which 

is a few millimeters wide. 

2.3 LASER-BASED FABRICATION PROCESSES FOR THREE-DIMENSIONAL TISSUE 

ENGINEERING SCAFFOLDS 

Based on the working principles, the existing fabrication techniques can mainly be 

categorized into three groups: (1) powder fusion based techniques, such as selective laser 

sintering (SLS); (2) particle or cell deposition based techniques, such as laser-guided direct 

writing (LG DW), laser-induced forward transfer (LIFT) and matrix-assisted pulsed laser 

evaporation direct writing (MAPLE DW); (3) photo-polymerization based techniques, 

such as stereolithography and two-photon polymerization (TPP) [42].  

Selective laser sintering (SLS) [28, 35, 43-45] was developed in the mid-1980s 

[46]. This technique uses a laser beam (usually CO2 laser) to sinter slices of powdered 

materials via repeated process of spreading layers and selectively heating and fusing each 

powdered layer in order to fabricate three-dimensional structures. Thus, the objects are 
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formed layer-by-layer from sliced CAD data. During the process, the unmelted powders 

act as the support for the fused object. Figure 2-1 represents the selective laser sintering 

process.  

 

Figure 2-1 Schematic layout of the SLS process [35] 

Laser-guided direct writing (LG DW) [47-51] was first performed for 

micropatterning of embryonic-chick spinal-cord cells [52]. The driving force of the LG 

DW method arises from the scattering of laser light by the micro-particles or cells. In 

contrast to the high-numerical-aperture lens used in the optical trapping systems, the LG 

DW system uses a low-numerical-aperture lens so as to provide an axial propelling force 

to the particle instead of trapping it in the vicinity of the focal point. Once a particle or cell 

interacts with the laser, it is drawn to center of the beam where the intensity is maximal 

and simultaneously pushed along the axial direction of laser beam by the radiation pressure. 

The guided object is deposited on the target surface, which is placed vertically at a certain 

point along the optical axis. By moving the target surface relative to the laser beam, three 
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dimensional patterns of particles can be drawn on the target surface.  The basic concept 

of cell deposition of LG DW method is illustrated in Figure 2-2.  

 

Figure 2-2 Laser-guided direct writing system. (a) Laser light is focused weakly into a 

suspension of particles. The particles are propelled by the light through the 

fluid and deposited on a target surface. Moving the target relative to the 

laser beam results in a line of particles being drawn. (b) Light is coupled 

into a hollow optical fiber and particles are carried through the fiber to the 

target surface. The process can be observed in real time by optical 

microscopy [52].  

Laser-induced forward transfer (LIFT) [53-55] mainly employs a high-powered 

pulse laser and two coplanar glass slides. The experimental setup is described in Figure 2-

3. The upper, so called “donor-slide”, is coated with an energy absorption metal layer and 

a layer of material containing cells. Laser pulses are focused on the metal layer via glass 

slide, evaporating the laser absorbing layer locally. During the process, the laser pulse 

generates a high gas pressure that transfers the underneath cell compound toward the lower 

slide, referred to as “collector-slide”.  The biological materials containing cells are 
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usually a culture medium or hydrogel which provide humid environment preventing from 

cell dehydration. The hydrogel has an additional function to sustain cell structure.  

 

Figure 2-3 Schematic of LIFT 

The setup of matrix-assisted pulsed laser evaporation direct writing (MAPLE DW) 

[29, 56, 57] is similar to the LIFT system shown in Figure 2-3. Instead of using the glass 

slide for the “donor-slide”, MAPLE DW employs an optically transparent quartz support 

called a “ribbon”. The ribbon is coated with biological materials, such as Matrigel® or bio-

ceramic. The biomaterials with cells are referred as the “Matrix”. The substrate, similar to 

the “collector-slide’, might be covered with hydrogel or not. The laser is focused on the 

interface of the quartz support and a laser-absorptive layer containing cells. The laser beam 

causes evaporation of part of the biomaterial layer which generates gas bubbles locally. 

The gas bubbles result in the release and propulsion of the cell-seeded matrix to the 

receiving substrate.  
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Biological laser printing (BioLP) [30, 58-61] was developed by Barron et al. It is 

similar to the previous two processes, LIFT and MAPLE DW, illustrated in Figure 2-3. 

BioLP utilizes an optically transparent quartz instead of glass slide used in LIFT. Metal or 

metal oxide is coated on the quartz support as laser absorption layer. The biomaterial layer 

with cells, such as powder, liquid, or gel, is coated on the laser absorbing layer. The 

incident laser energy is focused and absorbed at the interface of quartz support and laser 

absorption layer. The heat generated by laser-laser absorption layer causes vaporization of 

the water in biomaterials. The biomaterial is then transferred from ribbon surface to the 

receiving substrate surface. Thus, this technique reduces a potential damage to biological 

materials.  

Stereolithography (STL) process was developed in 1986 and was described in a 

patent ‘Apparatus for Production of Three-Dimensional Objects by Stereolithography’ 

[62]. Stereolithography techniques could be classified into two sub-types based on the 

optical source, i.e. laser and UV irradiation. Both systems employ bath that has liquid 

photocurable resin and movable platform.  

Two photon polymerization (TPP) [32, 63-66] has been widely used as a laser direct 

writing technique due to its high fidelity and resolution. TPP systems usually utilizes a 

femtosecond laser to induce two-photon absorption (TPA). TPA is a process by which one 

molecule is excited to a higher energy electronic state by the simultaneous absorption of 

two photons[63]. TPA was described theoretically in 1931 [67] and first demonstrated 

experimentally in 1961 [68] in a CaF2:Eu2+ crystal and in 1962 in caesium vapor [69]. 

Figure 2-4 shows the schematic of a typical TPP fabrication system [63]. The laser used in 

the system is a Ti:Sapphire femtosecond laser (100-femtosecond pulses at a repetition rate 

of 80 MHz and wavelength of 800 nm). The laser beam is expanded and guided by a group 

of mirrors into an inverted microscope. It is then focused by an oil-immersion objective 
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lens onto the sample that is mounted on a motorized stage with high resolution (< 20nm), 

which moves three-dimensionally to draw a defined 3D nanostructure in the sample. The 

3D structure is first designed in AutoCAD and then imported to the software of the 

motorized stage, which controls the motion of the stage in xyz directions. A CCD camera 

is used to monitor the fabrication process in real time. The laser power can be continuously 

adjusted with an attenuator. With this femtosecond laser fabrication system, Zhang et al. 

were able to fabricate defined and complex 3D structures at a resolution of 100 nm [63]. 

 

Figure 2-4 Schematic setup of a TPP fabrication system [63] 

Stereolithography using UV irradiation [33, 70-74] can utilize a digital micro-

mirror-array device (DMD). The DMD is an array of up to several millions of micro-sized 

mirror that can be controlled independently to on and off state [75]. In this approach, the 

structure is not created via point-by-point scanning, but in a layer-wise fashion by curing 

the entire layer simultaneously. After one layer is fabricated, the platform is lowered or 
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raised to accumulate a new layer. The thickness of each layer is controlled by the distance 

between the surface of the platform and the liquid resin surface. Based on the above basic 

concept, Zhang et al. developed a dynamic optical projection stereolithography (DOPsL) 

system for the rapid fabrication of complex 3D extracellular scaffolds [76]. The setup of 

the DOPsL system is shown in Figure 2-5. Since this DMD-based stereolithography 

technology simultaneously utilizes a million micro-mirrors rather than one single focused 

point, the DOPsL system offers superior processing speed compared to other 

nanofabrication techniques, thus making it more suitable for manufacturing large structures 

with complex details in a submicron resolution [76]. With these many advantages, 

including rapid fabrication speed, maskless, flexibility and relatively high resolution, the 

DOPsL system is an appealing platform for the manufacturing of complex 3D designer 

scaffolds for in vitro tissue engineering as well as functional cellular constructs for in vivo 

implantation [76]. 

 

Figure 2-5 Schematic setup of the DOPsL system [76] 
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There are two configurations of additive manufacturing: top-down and bottom-up 

configuration shown as Figure 2-6. Most forms of laser-assisted additive manufacturing, 

such as SLS, LG DW, LIFT, MAPLE DW, BioLP, and SLA, are classified as bottom-up 

approaches. The accumulation starts from the bottom of platform and prepolymer materials 

are supplied for each layer. This approach has the advantage of fabricating multiple layers 

with different materials in each layer [31, 48, 52, 53, 55, 77-79]. SLA employs both the 

top-down and the bottom-up approaches. The top-down configuration consists of a 

container and a movable platform that is located in the container. The platform is immersed 

just below the surface of pre-polymer solution. The laser beam is focused onto the surface 

(x-y plane) of liquid resin to polymerize the resin. Once a layer is photo-polymerized, the 

platform is lowered by a specific distance to fabricate a new layer. In the bottom-up 

approach, the container is a movable platform on which a polymerized resin layer is 

created. The liquid prepolymer is supplied into container for one layer from the bottom to 

the top.  

  

Figure 2-6 A schematic representation of SLA. (a) top-down approach, (b) bottom-up 

approach. 



 17 

2.4 DRUG TESTING USING SINGLE CHAMBER 3D CELL CULTURES 

Drug discovery is a money- and time-consuming process. It is comprised of several 

stages. Initially the screening of thousands of compounds by their efficacy and toxicity is 

done using 2D cell cultures [22]. After that the test of animal models is conducted before 

clinical trials [80]. As discussed in Chapter 1, 3D cell cultures are motivated by the need 

to better mimic physiological tissue. Moreover, cellular or tissue model systems have a 

potential in drug study for efficacy and toxicity [81]. Recent studies have found that 3D 

tissue models can be effective in drug-screening applications for the benefit of cost and 

time. For example, Wu et al. developed a microfluidic self-assembly device for anticancer 

drug assays [82]. Polydimethylsiloxane (PDMS) was replicate molded using soft 

lithography. MCF-7 breast cancer cells were captured and formed tumor spheroid in a U-

shaped trap. Three dimensional micro-patterned arrays were fabricated using deep UV 

irradiation [83].  Micro-well arrays were fabricated and coated with an ECM protein, such 

as fibronectin. HeLa cells were seeded and cultured in the micro-wells. The cellular micro-

array was evaluated using comet assay to prove the suitability of the system for high-

throughput drug screening applications. Tung et al. developed the hanging drop array 

fabricated by injection molding for drug studies [84]. Three different types of cells were 

suspended and formed spheroids. Two type of drugs, tirapazamine (TPZ) and 5-

fluorouracil (5-FU) were tested for anticancer efficacy and the results were evaluated using 

Alamar Blue assay and Live/Dead cell staining.  

2.5 LIVER MODELS 

In the human body, a drug goes through a complicated dynamic process of 

absorption, distribution, metabolism and excretion (ADME) [80]. Liver plays a key role in 

metabolism in human body. A set of Phase I and Phase II enzymes in the liver metabolize 

and bio-transform all the drugs. This leads to activation of prodrugs or detoxicating the 
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effective part of some drugs via a series of biochemical interaction in the liver cells. A 

variety of in vitro liver models have been developed to reproduce the function of a natural 

liver: isolated perfused liver [85, 86], liver tissue slices [87-90], freshly isolated 

hepatocytes in suspension [91, 92], primary hepatocyte culture [93-95], liver microsomes 

[96, 97]. However, these models have not been able to faithfully mimic the liver functions. 

Isolated perfused liver system employs the liver taken directrlyin vivo, thus has most of the 

liver functions. However, these functions can be maintained for only a limited time, a few 

hours, and the usage of the model is too complex. It is hard to use the isolated perfused 

liver as a high throughput platform for drug screening; therefore, perfused liver tissue slices 

were developed to substitute the organ. However, the system can sustain liver functions no 

longer than 10 hours. High throughput screening can be accomplished via freshly isolated 

hepatocytes in a suspension system, and the system also sustains most of the metabolizing 

enzymes. However, it is hard for the cells to form a 3D structure and to survive a long time. 

They can only preserve their functions for about 2-4 hours. Primary hepatocytes culture 

systems can preserve the primary liver functions for a desired time, but hepatocytes in the 

systems would lose the  functions in a long time culture. Liver microsomes can be easily 

used. However, it can only maintain Phase I enzymes, not Phase II enzymes.   

Bio-chips, so called tissue chips, containing engineered tissues have been 

developed as a surrogate for drug testing. Human or animal cells are built on a polymer 

support in order to retain the functions related to the intact organ. Griffith et al. developed 

a physiological liver model. In the bioreactor, liver cells in 3D scaffolds formed tissue-like 

structures via perfusion with culture medium. Primary rat hepatocytes in the bioreactor 

expressed viability for up to two weeks [16]. A perfused multiwall plate was developed to 

engineer 3D liver tissue in micro-sized wells [17]. Constant perfusion in the bioreactor 

maintained 3D tissue culture, and a high throughput rate in the multi-well format was 
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achieved via integrating multiple bioreactors into one biochip. Spheroids of rat liver cells 

were formed and the result of immunostaining demonstrated the tissue was functionally 

viable after seven days of culture. 

2.6 DRUG TESTING USING MULTI-CHAMBER TISSUE MODEL SYSTEMS   

The liver metabolism should be applied to a 3D model for testing liver toxicity and 

its influence on drug efficiency. In this manner, one-chamber systems including high-

throughput microarrays have certain limitations. Perfusion-based multi-chamber systems 

containing liver and disease models can better mimic the in vivo environment by 

reproducing major functions of liver. Viravaidya et al. developed a microscale cell culture 

analog (µCCA) which is a physiologically-based pharmacokinetic (PBPK) model for 

prediction of concentration profiles of a drug and its metabolites [18]. The analog was 

comprised of three chambers containing cell lines representing lung cells (L2 cells), fat 

cells (3T3-L1 adipocytes) and liver cells (HepG2/C3A cells). The toxicity of the liver-

derived metabolite of naphthalene on lung tissue was demonstrated. A hydrogel-cell 

solution was inserted into the µCCA device modified to accommodate a 3-D gel-cell 

structure, and Tegafur–uracil combination had been utilized to observe the metabolism-

dependent toxicity [19]. In this model, three different types of cells were used including 

liver (HepG2/C3A), colon cancer (HCT-116), and bone marrow (Kasumi-1). Cells were 

captured and cultured in hydrogels such as alginate and MatrigelTM. Tegafur is a prodrug 

which needs to be activated in the liver in order to become an active (toxic) metabolite 5-

fluorouracil (5-FU). Tegafur demonstrated a cytotoxic effect in a µCCA due to the liver 

metabolism in comparison to a negligible effect in a 96-well plate assay without liver cells. 

Uracil acts as an inhibitor of the liver enzyme dihydropyrimidine dehydrogenase (DPD), 

which results in the catabolism of 5-FU. Uracil is often used with Tegafur as a modulator, 
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because inhibition of 5-FU metabolism is responsible for increased efficacy of the drug 

[98]. In a µCCA, addition of uracil also improved the cytotoxic effect of Tegafur on tumor 

cells.    

Gel-based 3D cell cultures suffer from diffusion limitations, which could hinder 

nutrient and metabolite exchanges. Ma et al. [13] developed a 3D perfusion-based two 

chamber tissue model system based on porous polymeric scaffolds. Brain tumor cells and 

HepG2 liver cells were seeded in 3D PLA scaffolds and then the cell-containing scaffolds 

were inserted in a perfusion-based 3D tissue model device. The major advantage of this 

system is that liver metabolism similar to in vivo environment can be simulated in the 

system for drug study. However, the system has multiple components that need to be 

assembled. In addition, the size of the system needs to be dramatically reduced to integrate 

multiple systems on the same platform for high throughput applications. 

2.7 SURFACE TREATMENT WITH POLYDOPAMINE 

Polydopamine (PDA) coating has been studied in recent years after Lee et al. 

discovered the facile surface coating [99]. It has drawn much attention due to its universal 

adhesive nature [99-106]. The PDA coating can functionalize a wide range of material 

surface including super-hydrophobic surfaces [107]. PDA is synthesized by pH-induced, 

oxidative polymerization of dopamine-Hydrochloride in alkaline solution (pH > 7.5, 

typically 10 mM TRIS buffer) [107]. Substrates can be coated with a thin PDA film by 

immersing the samples in a dilute aqueous solution of dopamine [99].     

Polydopamine (PDA) shows excellent biocompatibility due to naturally occurring 

melanin. The adhesion of bone marrow cells was studied by Lee et al. [99]. The PDA 

coating enhanced the adhesion of fibroblast cells, while the adhesion of megakaryocytic 

was limited on PDA coatings. This could conclude that the cytocompatibility of the PDA 
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coating depends on cell types. The in vitro biocompatibility of PDA was accessed by Park’s 

group [100] using human umbilical vein endothelial cells. It was observed that 

characteristics of cytocompatibility were highly enhanced including cell adhesion and 

viability. It has been reported that the PDA coating could convert various bioinert 

substrates into bioactive ones such as non-wetting surfaces [103]. The increased adhesion 

of rabbit chondrocytes was exhibited on the PDA coated biodegradable polymers including 

polycaprolactone, polyurethane, poly(L-lactide), and poly(lactic-co-glycolic acid) [102]. 

Tsai el al. suggested that the enhanced adhesion might result from increased 

immobilization and/or adsorption of adhesive proteins including fibronectin.  

 

 

Figure 2-7 (a) Photograph of a mussel attached to commercial PTFE. (b) Schematic 

illustrations of the interfacial location of Mefp-5. (c) The amino acid 

sequence of Mefp-5 ([108]). (d) A schematic illustration of thin film 

deposition of polydopamine by dip-coating an object in an alkaline 

dopamine solution [99]. 

2.8 CENTRIFUGAL FORCE DRIVEN MICROFLUIDICS FOR BIO-APPLICATION  

The high throughput 3D tissue model device in chapter 5 is rotated to enhance the 

diffusion in each system on the device. The idea of using centrifugal force to drive diffusion 

has been proven by many researchers [109-111]. The nutrient and drug diffusion can be 
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accelerated by the centrifugal force driven by rotation [112-114]. For better understanding, 

the basic physical background for the centrifugal force is reviewed as follow [115]. The 

centrifugal force can be expressed as below: 

2

cf m r  (2.1) 

where m, ω, and r are the mass of the sample in channel, the angular rotational frequency, 

and the position of the disc, respectively. The pressure at the far end of a radial column of 

incompressible fluid extending from radius r1 to r2 can be described using following 

equation:  
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where ρ is the density. In the centrifugal microfluidics, additional forces should be 

considered: the Coriolis force (fco) and Euler force (fe). Those forces are given by:  
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Effects of the centrifugal force on the cell were evaluated by Hino et al. [116]. The test was 

conducted using a centrifugation of mouse myoblast cells in a tube. The shapes and 

orientation of the cells were observed using a maker and a phase contrast microscope. Cells 

could be damaged under strong force, but the myoblast cells showed extended pseudo, 

proliferation in confluent manner, and differentiation to the myotube.   

Thomas et al. developed 2D cell based assays on a compact disk (CD) [117]. The 

assay was fabricated using electroplating etched silicon masters, micro-molding, and 

micro-machining. A number of cell lines were cultured in the system including HeLa, 

L929, MRC-5, and CHO-M1. Cell viability was evaluated using Live/Dead cell staining. 

Flow in micro channels was induced by centrifuge force of spinning at a speed up to 6000 
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rpm. Enzyme-linked immunosorbent assay (ELISA) was built on a disc-type device in 

order to evaluate mental stress using biomarkers [118]. Immunoassays are tools in 

proteomics used to measure drug targets (identification of biomarkers) in a high through-

put manner, and to support clinical diagnostics [112]. Nagai et al. fabricated ELISA system 

using PDMS. In that system, micro channels connected a loading chamber to a purification 

chamber and a detection chamber. The loading chamber and injection reservoir contained 

the solution having targeted antigen to be mixed with enzyme-labeled antibodies. The 

solution then reached the purification chamber having a single glass bead functionalized 

with the antigen after the 1st rotation. The purified solution flowed into the detection 

chamber with a substrate of the enzyme by the 2nd rotation. Fluorescence imaging scanner 

was utilized to analyze the result of reaction.  

An automated immunoassay system on a centrifugal platform was developed using 

the sequential control of the multiple pinch-valves [119]. The system was composed of a 

servo-motor, a flyball-governor, an actuation disc, and a microfluidic disc. The pinch-

valves were actuated by mechanical compression of the covering membrane. Mouse 

immunoglobulin G (IgG) was utilized as a model analyte to evaluate the feasibility of the 

device. It was observed that the device achieved targeted antigen detection without any 

cross-contamination. 
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Chapter 3. The Selective Laser Foaming Process for Small Scale Tissue 

Engineering Scaffolds 

3.1 INTRODUCTION 

The last decade has seen rapid development of the microarray technology and its 

successful application in genomic and enzymatic analyses [120-122]. A microarray is a 

two-dimensional (2D) grid of a large number of unique materials deposited at known or 

defined locations on a flat substrate. The advantage of the microarray technology is that 

experiments can be carried out under essentially identical reaction conditions, while only 

using minute amounts of material for parallel interrogation. Conventional microarrays do 

not involve cells [123-125]. Cell-based microarrays have just begun to make inroads in the 

high throughput screening field in the last few years [125], with potential applications such 

as global gene function analysis, selection of biomaterials, and drug cytotoxicity studies. 

Most of the existing cell-based microarrays share the same general procedure, i.e., 

to print microdots or discs of testing compounds, polymers, or biomolecules on a flat 

substrate, incubate the printed substrate in a cell suspension, and analyze the binding 

characteristics of the cells to the microdots or discs. For example, How et al. developed a 

cell-based microarray using small molecules embedded in a gelatin matrix to screen human 

embryonic kidney (HEK) cells with fluorescence detection [126]. Bailey et al. embedded 

small molecules into biodegradable polymer and conducted cell-based screenings for their 

antitumor activities [127]. In both the studies, cells were seeded on top of the printed 

substrate, which is a 2D surface of a biodegradable polymer chip, while the compounds 

slowly diffused out, affecting the proximal cells. Cell-based microarray technology is also 

helping the discovery of new materials in tissue engineering. Anderson et al. developed a 

microarray platform that allowed micro-scale synthesis and screening of a library of 

poly(acrylates) for testing embryonic stem cell (ESC) differentiation [128]. Following the 
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generation of the polymer library, the ESCs were seeded onto the polymer spots of the 

microarray and incubated to form a monolayer of ESCs on the polymer spot surface.   

The challenge of cell-based microarrays has been to provide a suitable 

microenvironment for cells to grow and differentiate in a way closely resembling the 

situation in vivo. The limitation of existing cell-based microarray technology is that the 

cells are cultured on a 2D substrate, which is known for forcing the cells to form a 

monolayer that could cause a loss in  in vivo functionality. There has been research to 

create three-dimensional (3D) microenvironments for cell culture by embedding cells in 

gels or by creating simple micro-well structures to retain the cells [129-133]. One could 

use conventional cell culture plates, loaded with tissue engineering scaffolds to form a 3D 

tissue model array. Cheng et al. fabricated such a device using a solvent casting approach 

[134]. In their method, a thin layer of 3D tissue engineering scaffold was fabricated at the 

bottom of a standard cell culture plate by incorporating ammonia bicarbonate particles in 

a polystyrene or poly-L-lactic acid (PLLA) solution with chloroform as the solvent. This 

device was used to examine neural stem (NS) cell growth, morphology, cell-matrix 

interaction, gene expression, and voltage gated calcium channel (VGCC) functionality. 

The results showed that unlike the NS cells cultured on traditional 2D planar surfaces, cells 

in 3D scaffolds were more physiologically relevant with respect to their in vivo 

characteristics.  

Much of the 3D cell culture research comes from tissue engineering, where a 

patient’s own cells are used to regenerate damaged tissues or organs, leaving only natural 

substances to restore the organ function [135]. For cells to maintain their tissue-specific 

functions, a porous scaffold must be inserted to retain the organ’s shape and structure, 

allow diffusion of nutrients, promote vascular ingrowth, and permit cellular proliferation 

and function [136]. Tissue engineering scaffolds have been fabricated using a variety of 
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techniques such as fiber bonding [137], solvent casting [138-140], phase separation [141-

143], gas foaming combined with particulate leaching [144-148], and solid freeform 

fabrication (SFF) methods include 3D-printing, fused deposition modeling (FDM), and 

selective laser sintering (SLS) [149]. However, most of these methods involve the use of 

organic solvents, which may leave residuals that are detrimental to cells. Others may have 

difficulty in fabricating biomimetic architectures as the tissue microstructures are often 

smaller than the spatial resolution currently achievable. The compatibility of the existing 

scaffold fabrication methods with tissue model microarrays is another issue. 

Fabrication of 3D tissue model microarrays will benefit many applications, one of 

which is screening the interaction effects of chemotherapy drugs after cancer resection. 

The most often used protocol for cancer treatment involves tumor removal followed by 

chemotherapy treatment [150]. Drug administration is crucially important in cancer 

treatment after tumor removal. The type of drug, dosage, and treatment schedule needs to 

be determined early to effectively control tumor recurrence. Standard chemotherapy 

regimens call for a certain dose of chemotherapy given at certain time intervals. However, 

the types of chemotherapy drugs and dosage to be used are currently experience-based. 

There has not been a simple and rapid method for multi-drug efficacy test that will assist 

the doctors to determine a suitable drug or a combination of drugs to use. Tumors are three 

dimensional. The drug effect could be significantly different depending on whether it is 

tested with 3D or 2D cell cultures [13]. Individual patients could react differently to the 

type and dosage of chemotherapy drugs. In addition, multiple drugs are often administered 

at the same time without a clear understanding of the drug interaction effect. A 3D tissue 

model microarray could provide a much needed tool to determine a personalized cancer 

treatment plan.   
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In this chapter, we present a fabrication method for tissue engineering scaffolds 

using laser foaming of gas-impregnated biodegradable polymer. The fabrication method 

employs a laser beam to foam CO2-saturated polymers, creating micro-scale foamed spots 

without any organic solvent or other harmful substances. In addition, the foamed spot size 

and depth of the inverse-cone shape could be adjusted with the laser power and lasing time, 

providing flexibility for process control. The goal is to create 3D tissue model microarrays 

to enable tissue-based parallel study of cancer drugs. Polylactic acid (PLA) samples were 

injection-molded and saturated under high pressure CO2. Micro-scaled tissue engineering 

scaffolds were foamed using a continuous CO2 laser on a computer controlled positioning 

stage. The effects of key process parameters of laser foaming were studied, including gas 

concentration, laser power, and exposure time. Both foamed and unfoamed samples were 

evaluated using a cell culture study with human glioblastoma cells. 

3.2 EXPERIMENTAL 

3.2.1 Materials, cells, and chemicals 

The PLA used in this study was ECORENETM NW40, a mixture of D/L product, 

acquired in powder form from ICO Polymers. The average powder size was 20 µm in 

diameter. The material had a density of 1.25 g/cm3, tensile modulus of 1.5-2.7 GPa, and 

melt flow rate of 15 g/10 min. The melt and glass transition temperatures of PLA were 150-

180 ºC and 60-65 ºC, respectively. A previous degradation study reported that a similar 

foamed PLA sample lost 60% of the initial weight after 20 days in 0.01 N NaOH solution 

[151]. The PLA molecular structure is shown in Figure 3-1. It decomposes into non-toxic 

components via simple hydrolysis of the ester (CO-O) bond, and no catalyst is required for 

hydrolysis [152]. The degradation time is 12-18 months in environment [153]. Medical 
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grade CO2 was used as the physical blowing agent in the laser foaming process. CO2 

(99.95% purity) was obtained from Airgas Nor Pac, Inc.  

 

Figure 3-1. Polymer structure of PLA [153] 

Human brain glioblastoma multiforme cells (cell line T98G, purchased from 

ATCC) were used in the cell culture study. Dulbecco’s modified eagle medium (DMEM) 

with 1000 mg/L glucose, L-glutamine, pyridoxine, and sodium bicarbonate was purchased 

from Sigma-Aldrich (St. Louis, Missouri). Fetal bovine serum (FBS) with endotoxin and 

Hemoglobin levels below 5EU/ml and 10mg/dl, respectively, was obtained from 

Invitrogen (Carlsbad, CA). Dulbecco's Phosphate Buffered Saline (DPBS) was acquired 

from Thermo Fisher Scientific (South Logan, Utah). 

Cell viability was evaluated using the live/dead stain assay and the Alamar blue 

assay. The live/dead staining solution was purchased from Invitrogen Inc. (Carlsbad, CA). 

The Alamar blue assay kit was obtained from Fisher Scientific, Inc. (Pittsburgh, PA). 

Karnovsky’s fixative was acquired from Electron Microscopic Sciences (Hatfield, PA) for 

scanning electron microscope (SEM) examination. 

3.2.2 3D scaffold array fabrication 

PLA powder was dried overnight in a vacuum oven at 60 ºC to prevent moisture. 

The powder was injection molded using a lab-scale injection molder (Haake MiniJet, 

Germany) at 200 ºC barrel temperature and 30 ºC mold temperature under 800 bar injection 
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pressure. The holding time was 10 seconds. Disc-shaped samples were obtained through 

injection molding, with a diameter of 35 mm and thickness of 1.5 mm. 

The laser foaming process consisted of two stages: CO2 gas saturation and foaming. 

In the gas saturation stage, injection-molded PLA samples were impregnated with CO2 in 

the pressure vessel under saturation pressures of 1 and 2 MPa for 80 and 220 hours, 

respectively. The saturation conditions were chosen based on previous research, which 

showed that the most desirable porous structure was obtained with 2 MPa and the pore size 

tended to be larger as gas saturation pressure increased [151]. Before they were processed 

with laser, the gas-saturated samples were retrieved and their weights measured to 

determine the CO2 concentration. The second stage of the process is laser foaming, as 

shown in Figure 3-2. The CO2-impregnated PLA samples were mounted on a computer 

controlled XYZ positioner (MAXNC 10 from MAXNC, Inc.) for laser treatment. The 

foaming conditions in this study are summarized in Table 3-1. Each disc has six foamed 

spots. The laser used was a CO2 laser (Synrad Firestar v30 from Synrad, Inc., WA) with 

10.6 μm wavelength, 2.5±0.5 mm beam diameter, 45 W maximum power, and 917 W/cm2 

maximum laser power density. The average laser power was varied from 2.0 W to 10.5 W, 

corresponding to a power density between 41 W/cm2 to 203 W/cm2, and the lasing times 

used were 0.25 s, 0.50 s, and 1.00 s. The laser was controlled by a Synrad UC-2000 control 

unit through a LabVIEW program developed in house. 
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Figure 3-2. Schematic of the PLA sample fabrication processes 

Table 3-1. Parameters for laser foaming experiment 

Parameters Values 

Saturation pressure (MPa) 1, 2 

Saturation temperature room temperature 

Saturation time (hour) 80, 220 

Laser power (W) 2.0-10.5 

Lasing time (s) 0.25, 0.5, 1 

Foamed samples were exposed under the atmospheric condition to desorb the 

remaining CO2 for four days. This desorption time was suggested in [151], where it showed 

that after four days, the residual CO2 concentration was as low as 2% even for a solid, 

unfoamed PLA sample. Since foaming causes degas of CO2, it is expected that the CO2 

concentration at foamed regions will be even lower. Fully open-celled structure was 

required to culture the cells in the PLA scaffold. The foamed samples were therefore 
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processed with ultrasound (Model VC750 from Sonics Concept, Inc.), a schematic also 

shown in Figure 3-2, to remove any possible solid skin layer of the porous structure. A 

solid skin layer could prevent cells and cell culture media to access the internal porous 

structure. The ultrasonic processor had a frequency of 20 kHz and a maximum power of 

750 W. The samples were held in a vice in distilled water. The distance between the 

sonotrode and foamed specimen was 2 mm. Pulsed ultrasound was applied for one minute 

with a 3:3 on and off ratio. The amplitude setting of the ultrasound was 90%.   

For comparison, unsaturated samples were also processed with laser to obtain 

similar geometric features, except for the porous scaffold structure. Cell cultures were 

conducted with both foamed and unfoamed samples to compare the cell growth behavior. 

3.2.3 Scaffold characterization 

Microstructures of both foamed and unfoamed samples and the morphologies of 

cells were characterized using a JEOL NeoScope JCM-5000 (Nikon®, UK) SEM under an 

accelerating voltage of 5-10 kV and a beam current of 0.1 nA. The samples were freeze-

fractured in liquid nitrogen. A gold and palladium alloy layer was sputter-coated onto each 

sample using an EMS 500x sputter coater (Electron Microscopy Sciences, Hatfield, PA). 

Geometrical features of the laser processed spots were analyzed from the SEM images 

using the image analysis software Image J [154]. Pores were numbered and their areas 

measured to calculate an averaged diameter D using the following formula [155]: 
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D
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(3.1) 

where Ai is the area of ith pore and N is total number of pores.  
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3.2.4 Sterilization and cell culture 

For easy handling in this study, the samples were sectioned into individual pieces, 

each with a laser processed spot. The samples were rinsed using running distilled water for 

20 seconds, sterilized with 1% bleach solution and 70% ethanol for 30 min each, and then 

exposed to ultraviolet light for 30 min. Sterilized samples were soaked in complete cell 

culture medium at 37 ºC and 5% CO2 for more than 3 days before cell seeding. DMEM 

was blended with 10% of FBS and 1% penicillin/streptomycin (PS, from MP biomedical, 

Solon Ohio) using Stericup®/Steritop® and vacuum pump to make the complete cell 

culture medium. The samples were taken out and washed repeatedly in DPBS, then placed 

into a 24 well plate for cell seeding. Human brain glioblastoma multiforme cells (T98G) 

were seeded in the laser process spots in both foamed and unfoamed samples. 

Approximately 6,400 T98G cells were seeded on the foamed and unfoamed samples. 

Seeded samples were cultured with DMEM medium with 10% FBS at 37 ºC and 5% CO2. 

The cell culture medium was changed every 2-3 days. Cell concentration was counted 

under a microscope using a cell counting chamber. 

3.2.5 Cell viability assessment   

A microplate reader (Synergy HT, BioTek Instruments) was used to assess the cell 

viability over time. Before the measurement, it is required to calibrate a microplate reader. 

The glioblastoma multiforme cells were detached from the cell culture flask using 0.25% 

trypsin and centrifuged at 1000 rpm for 5 min. Separated cells were mixed with 2 ml 

complete cell culture medium and directly seeded in 24 well plates. Cell solution was added 

from 10 µL to 230 µL with a 10 µL increment in each well. There were about 2,200 T98G 

cells per 10 µL cell solution. Complete culture medium was filled in each well to a final 

amount of 450 μL. Approximately 50 μL Alamar blue dye was added. After incubating for 

2 hours at 37 ºC and 5% CO2, the plate was scanned to measure the fluorescence intensity 
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and correlated to the cell numbers. The fluorescence signal was detected at 530±25 nm 

emission wavelength with the 590±35 nm excitation band. A linear relationship was 

obtained between the number of cells and fluorescence intensity, as shown in Figure 3-3. 

 

Figure 3-3. Calibration data of a microplate reader 

Once the microplate reader was calibrated, the PLA samples were transferred to a 

24 well plate, and approximately 6,400 T98G cells were seeded on the foamed and 

unfoamed samples. After 4 hours of incubation at 37 ºC and 5% CO2, DMEM culture 

medium was added to a final amount of 450 μl into each well. Two batches of cell culture 

samples were prepared. One batch was incubated under the cell culturing condition and 

scanned every 4 hours to check the viability using the Alamar blue dye. The other batch 

was cultured for 72 hours and stained with a live/dead viability/cytotoxicity kit for 20 

minutes, after which the samples were moved from the 24 well plate to a Petri dish and 

observed under an upright stereo zoom fluorescent microscope (LEICA M250 FA) to 
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obtain the fluorescence images of live/dead cells. The images were used for a qualitative 

analysis as shown in Figure 3-10 and 3-11. For SEM examination, the T89G cells were 

fixed using 1 ml Karnovsky’s fixative consisting of 5% Glutaraldehyde and 4% 

Formaldehyde in a 0.08 M buffer [156]. The samples were submerged in the fixative 

overnight at room temperature and dehydrated using an ethanol gradient (75%, 90%, 95% 

and 3 × 100% for 15 min each step) [157]. After the drying process, the cell morphology 

was characterized with SEM. 

All data were analyzed and described as mean ± standard deviation. Student’s t-

tests were used for comparisons. The probability was calculated and a level of P <0.05 was 

used to determine the statistical significance.  

3.3. RESULTS AND DISCUSSION 

3.3.1 Effects of laser foaming parameters   

Figure 3-4 shows a set of PLA samples at each stage of the fabrication process. The 

first column (a) shows the discs after CO2 absorption. There is no difference in the sample 

appearance from unsaturated samples; however, it required caution to handle the saturated 

sample. The PLA discs were fully saturated and could easily be foamed at the body 

temperature with simple hand touch. Therefore, care must be taken to avoid accidental 

foaming. The second column (b) shows the samples after laser foaming. The third column 

(c) shows individual foamed samples sectioned for characterization. The arrows in the 

figure indicate increasing laser power and exposure time. Each column of the spots shares 

the same laser exposure times, 0.25 s, 0.5 s, and 1.0 s, from left to right. Each row has same 

laser power, 2.0 W, 4.8 W, 8.0 W, and 10.5 W, from top to bottom. In general, the size of 

the foamed spot becomes larger as the lasing power and time increases. 
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Figure 3-4. PLA samples after each step: (a) CO2 absorption, (b) laser foaming, (c) gas 

desorption and cutting, the arrows indicate the direction of power and time 

increase. 
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Figure 3-5. SEM images of the cross-section of a PLA scaffold, scale bars indicate (a) 1 

mm, (b) 100 µm, (c) 200 µm, and (d) 200 µm. Dashed lines indicate outlines 

of selected pores. 

Figure 3-5 shows SEM images of the cross section of a foamed sample. It is seen 

that laser foaming created an inverse cone-shaped well, with porous structure on the wall 

of the well. This unique structure is a result of both laser ablation and heating. The laser 

ablation effect helped remove the material in the center of the well, while the laser heating 

effect induced the gas foaming process. The porous structure obtained in this study is 

different from bulk porous structures that are usually used in tissue engineering, e.g., in 

[13, 41, 158]. However, the laser foamed structure does show a few layers of pores that are 
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mostly interconnected. This can be seen in Figure 3-5(a), where the surface of the foamed 

region has openings that lead to the internal porous structure. The 3D open-celled porous 

structure is also evident in Figure 3-11(c) where a fluorescence image shows cells growing 

inside the porous structure. It is also observed that the pore size varied slightly from the 

bottom of the well to the top. This could be explained by the fact that the center of the 

sample had a slightly higher gas concentration due to the surface desorption effect of gas 

saturated polymer samples [159, 160]. It could also be due to the fact that the center had a 

higher temperature in the laser heating process [160]. 

Quantitative results of laser foaming are shown in Figure 3-6. Broadly speaking, it 

can be observed that as the laser power and lasing time increase, the maximum diameter 

and depth of the foamed region (shown in Figure 3-5(a)) becomes lager. The effect of laser 

parameters on the diameter of the inverse cone-shaped well is shown in Figure 3-6(a). The 

gradient of the diameter is higher at lower laser powers than at higher ones. The laser 

intensity of a continuous laser follows the Gaussian distribution. Therefore, the more power 

is used, the larger foamed region will be obtained. Figure 3-6(b) shows the depth change 

with laser power and exposure time. The laser generated wells become deeper as exposure 

time and laser power increase. The depth difference caused by lasing times becomes larger 

at higher laser powers. In the case of 1.0 s, the depth increase appears to level off after 8W 

laser power. This is because that the maximum depth has been reached, which is 1.45 mm, 

the thickness of the polymer sample. The volume of the inverse cone shaped wells increases 

with the laser power and exposure time, as seen in Figure 3-6(c). The volume is more 

sensitive to laser power when the lasing time is longer. Figure 3-6(d) shows the average 

pore size in diameter as a function of laser power and exposure time. It is interesting to see 

that a longer laser exposure time produced a larger pore size, whereas laser power had little 

effect. This phenomenon could be a result of gas diffusion process in the bubble growth 



 38 

process. It takes time for dissolved gas to diffuse into the bubbles; therefore, a longer 

foaming time (exposure time) corresponded to a larger pore size. 

  

  

Figure 3-6. Effect of laser foaming conditions including lasing time and laser power 

Statistical analysis results for each of the response variables are shown in Table 2. 

Laser parameters including Laser Power, Lasing Time, and the interaction effect between 

them, Power×Time, were examined using a least-squares regression method. The R2 values 

in the parentheses indicate the goodness-of-fit of the models. For each response variable, 

t-ratio and Prob > |t| represents the statistical significance of the corresponding parameter. 

For example, both Laser Power and Lasing Time are statistically significant for Diameter; 
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however, the interaction effect between them is not. For Volume, on the other hand, neither 

Laser Power nor Lasing Time is significant; however, the product of them is strongly 

significant (P<0.0001).  While at least one of the three effects (Power, Time, and 

Power×Time) is significant for Diameter, Depth, and Volume, it is interesting to see that 

none of them is significant for Pore Size. All the samples used for this analysis were 

saturated at 2 MPa. 

Table 3-2. Statistical Analysis Results  

 Diameter (R2=0.88) 

Effects t-ratio Prob>|t| 

Laser Power 5.73 <0.0001 

Lasing Time 3.05 0.0045 

Power×Time 0.43 0.6682 

 Depth (R2=0.93) 

Effects t-ratio Prob>|t| 

Laser Power 5.59 0.0242 

Lasing Time 3.9 0.0570 

Power×Time 22.98 <0.0001 

 Volume (R2=0.96) 

Effects t-ratio Prob>|t| 

Laser Power -0.35 0.7285 

Lasing Time -0.86 0.3978 

Power×Time 9.7 <0.0001 

 Pore Size (R2=0.61) 

Effects t-ratio Prob>|t| 

Laser Power -1.03 0.3110 

Lasing Time 1.99 0.0555 

Power×Time 1.31 0.2000 
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Since the product of Power and Time is energy, it would be interesting to examine 

the relationship between Volume and laser energy. The effect of laser energy on the 

resulting volume of the inverse cone shaped wells is shown in Figure 3-7. There is linear 

relationship between the laser energy and the volume of the wells. The fitted linear model 

has an R2 of 0.96. This suggests that the foam volume is basically a function of laser power. 

However, it should be noted that there are cases where laser power and exposure time need 

to be controlled separately in order to control the diameter and depth of the well 

individually. For example, it would be beneficial to have a small lateral size (diameter of 

the cone) such that a high density tissue model array can be achieved and more foamed 

spots could be packed in a given polymer chip. In the meantime, it would be necessary to 

maintain a certain volume for each of the scaffolds, such that the volume of cultured tissue 

would be large enough to have statistical significance in drug testing. The results in Figure 

3-6 and Table 3-2 show that a separate control of the lateral size and depth could be 

achieved by adjusting Laser Power and Lasing Time. 
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Figure 3-7. Relationship between laser energy and the volume of the laser generated well 

3.3.2 Effects of gas saturation pressure   

Different types of cells may require different pore size for optimal cell seeding and 

growth [13, 158, 160-163]. It is therefore important to control the pore size in the scaffold 

fabrication. Figure 3-8 shows the effect of gas saturation pressure on pore size under 

various laser power conditions. In the case of 2 MPa, the pore size had a range between 30 

µm and 70 µm. At 1 MPa, the pore size ranged from 60 µm to 140 µm. Statistical analysis 

indicated that saturation pressure was significant with P<0.0001. It is also seen that the 

saturation pressure has a stronger effect on pore size than laser power and lasing time. Pore 

size is highly dependent on CO2 gas concentration in polymers, and increases as gas 

concentration decreases [159, 164]. This is because a higher saturation pressure allows 

more CO2 molecules to diffuse into the polymer, inducing a higher nucleation density and 

hence smaller pores in the foaming process [159]. The gas concentrations of 1 MPa and 2 
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MPa samples were 3.3 ± 0.3 wt% and 7.0 ± 0.07 wt% of CO2, respectively [159, 160]. 

Therefore, the lower saturation pressure, 1 MPa, resulted in lager pores in this chapter.  

 

 

Figure 3-8 Comparison of pore sizes with saturation pressures of 1 MPa and 2 MPa 

3.3.3 Cell culture results 

The T98G cells were cultured on both foamed and unfoamed samples. The 

unfoamed samples were fabricated with unsaturated PLA using a laser power of 4.8 W for 

1 s, whereas the foamed ones were fabricated using a laser power of 5.9 W for 1 s. The 

foamed samples were saturated with 1 MPa CO2. These conditions were used to obtain 

inverse cone-shaped wells with similar diameters and depths, thus similar volumes. As a 

result, the unfoamed samples could be a good reference which only shows the effect of 

inverse cone-shaped well on cell culturing. Figure 3-9 shows a SEM comparison of the 

foamed and unfoamed samples for cell culture. Fluorescence images after 72 hours of 
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culturing are shown in Figure 3-10. The left column shows the cells growing in the 

unfoamed sample, representing a 2D cell culture case due to the lack of porous structure. 

The right column shows the cells inside the foamed sample with the 3D porous structure. 

The 1st, 2nd, and 3rd rows show the characteristics of cell morphology at top, middle, and 

bottom part of laser generated wells. Comparing to the unfoamed sample, the cell adhesion 

and proliferation were more efficient in the foamed sample, because of the increased 

surface roughness and the 3D porous structure.  The 3D cell culture also showed a 

stronger fluorescence signal comparing to the 2D cell culture. 
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Figure 3-9 Comparison between 2D PLA sample (a) and 3D PLA scaffold (b) 
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Figure 3-10 Fluorescence images of T98G cells after 72hr of cell culturing. (a-c) T98G 

on two dimensional inverse cone shape surface, (d-f) T98G on three 

dimensional surface of laser-foamed scaffolds. 

The key difference between the 2D and 3D cell cultures can be seen in Figure 3-

11. The left two images in the figure shows the results from the 2D cell culture, whereas 

the right two are from the 3D cell culture. Cells in the 3D cell culture have more cell-cell 

contact because they are organized in small pores. The cells in the 2D cell culture have 

tendency to spread out, as can be seen in Figure 3-13 later. Even though the cells were 

cultured in an inverse cone-shaped well in the unfoamed sample, the well is large enough 

such that the cells treat it as a flat 2D surface. 2D systems are not able to reproduce the 

dynamic 3D microenvironment of the extra cellular matrix (ECM) in vivo [13]. Cancer 
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cells in 3D scaffolds could better represent in vivo tumors by forming hollow cores 

resembling the necrotic area of in vivo ones [3, 165]. The 3D scaffolds in the foamed 

sample provided the T98G cells with a good micro environment for aggregation inside the 

interconnected porous structure. 

 

 

Figure 3-11 Comparison between 2D (a and b) and 3D (c and d) cell culture in unfoamed 

and foamed samples: fluorescence images of T98G cells after 72 hours of 

cell culturing. 

Cross-sections of 3D and 2D cultures after 150 hours of culturing are examined 

under an SEM, and the images shown in Figs. 3-12 and 3-13, respectively. The samples 

were freeze-fractured with liquid nitrogen, and some cells could detach. However, the cells 
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left in the samples revealed different characteristics of these two types of cell cultures. 

Confirming the observations from the fluorescence images, cells in 3D scaffolds 

aggregated and showed clusters of multiple cells. Several cell-cell connections were found 

in the pores. Microvilli and fibers are well shown in both Figs. 3-12 and 3-13. The 3D 

spatial environment enhanced the dynamic viability of the cells, as has been observed in 

[166]. On the other hand, cells on the 2D surface only spread out and attached to the 

surface, similar to those observed in [167].   
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Figure 3-12. Morphology of cultured human T98G cells in a foamed sample after 150 

hours of culturing 
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Figure 3-13. Morphology of two-dimensionally cultured human T98G cells in an 

unfoamed sample after 150 hours culturing  
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For quantitative comparison between the foamed and unfoamed samples, 

approximately 6,400 glioblastoma cells were seeded in each specimen. There were seven 

groups of samples, each with six foamed and six unfoamed specimens. T98G cells were 

seeded in both the foamed and unfoamed specimens with the same cell density. All samples 

were incubated in the same cell culture environment at 37 ºC and 5% CO2. Samples were 

first incubated for 10 hours for cell adhesion. After that the fluorescence intensity was 

measured every four hours. Figure 3-14 shows the cell viability along the culturing time. 

The data were expressed as average ± standard deviation. Overall, the number of cells 

increased with time in both cases. At each time step, t-Tests were performed for foamed 

and unfoamed samples. At almost all the time steps, the difference between the foamed 

and unfoamed samples showed weak statistical significance. However, the linear trend of 

the foamed samples is consistently higher than that of unfoamed samples, which indicates 

that the 3D scaffolds may significantly enhance the cell viability compared to the 2D case. 

The weak statistical significance could be caused by large within-group variation due to 

the error involved in the fluorescence cell number measurement process. 

 

 



 51 

 

Figure 3-14 Experimental results of cell viability in foamed and unfoamed samples. The 

samples were seeded with 6,400 T98G cells. Statistical significance is 

determined by t-Tests. 

3.4. CONCLUSIONS 

A novel laser foaming technique has been developed to create arrays of 3D tissue 

models for parallel drug screening. The effects of major process parameters and the 

morphology of resulting porous structure were investigated, including laser power, 

exposure time, CO2 concentration, size of the foamed volume, and pore size. For 

comparison unsaturated samples were also fabricated with the laser to produce similar 

sized wells without the porous structure. Cell culture studies were conducted with both 

foamed and unfoamed samples using T98G cells. The results show that laser foaming of 
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gas impregnated PLA is able to generate an array of inverse cone shaped wells with porous 

walls. The diameter and depth of the foamed region can be controlled with laser power and 

exposure time, while the pore size can be manipulated with the saturation pressure. The 3D 

porous scaffolds can be fabricated with a volume on the level of a few microliters, allowing 

high density packing of such scaffolds on a small polymer chip. Glioblastoma cells grow 

well in foamed PLA scaffolds, forming clusters that cannot be obtained in unfoamed 

samples which represent a 2D cell culture case. Cells are more viable in the 3D scaffolds 

than in the 2D cell culture. The 3D porous microarray could be used for parallel studies of 

drug toxicity, guided stem cell differentiation, and DNA binding profiles. 
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Chapter 4. Modeling and Simulation of a Selective Laser Foaming 

Process for Fabrication of Microliter Tissue Engineering Scaffolds 

4.1. INTRODUCTION 

Selective laser foaming is a novel material processing technique developed to 

fabricate an array of microliter tissue engineering scaffolds for high-throughput drug 

screening tests [168-170]. Two-dimensional (2D) cell cultures are widely used in the drug 

discovery and development process. However, cells growing on 2D substrates are forced 

to form an artificial monolayer, losing their in vivo three-dimensional (3D) morphology 

and the ability to produce realistic drug testing results [1, 2]. It is well known that for cells 

to recapitulate tissue specific functions a tissue engineering scaffold is needed to support 

the reformulation of 3D tissue structure [3, 4]. Given the fact that experimental drugs are 

often available in minute amounts, these tissue engineering scaffolds need to be small and 

fabricated in a large array such that high-throughput tests could be performed in parallel to 

reduce the time and cost, as well as the statistical variability, of the drug development 

process.  

Figure 4-1 shows a schematic of the developed selective laser foaming process 

[168]. It combines the characteristics of laser ablation and solid state foaming, where a 

polymer sample is first saturated in a high pressure vessel containing an inert gas such as 

nitrogen (N2) and carbon dioxide (CO2). After meeting a certain saturation condition, the 

sample is retrieved from the pressure vessel and treated with laser irradiation. The heat 

induced by laser softens the polymer matrix and lowers the solubility of the inert gas, 

causing gas bubbles to nucleate and grow and the formation of porous structure. As the 

heat is continuously generated, the center of foamed region undergoes photo-thermal 

ablation, creating an inverse cone-shaped porous well that is conducive for cell culturing. 

The selective laser foaming process has been demonstrated with both Poly(methyl 
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methacrylate) (PMMA) and Poly(lactic acid) (PLA) [168, 169]. The volume of scaffolds 

fabricated was on the level of a few microliters. Human glioblastoma cells (T98) were 

successfully cultured in these scaffolds, forming organotypic clusters that could not be 

obtained in 2D cell culture. 

  

Figure 4-1. Schematic of the selective laser foaming process: (a) Gas saturation and (b) 

laser irradiation [168]. 

In this chapter, a finite element analysis (FEA) model is developed to evaluate 

parameter effects of the selective laser foaming process. The ultimate goal is to control the 

size and consistency of fabricated tissue engineering scaffolds, such that the process could 

be used with a range of materials and various cell types that may require different geometric 

features of the scaffolds. With the FEA model the effects of laser power and lasing time on 

the size and shape of the fabricated scaffolds were investigated. 
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4.2. FINITE ELEMENT MODELING 

Finite element modeling is frequently performed to study complex phenomena in 

laser-based manufacturing processes [171-173]. However, little has been done on modeling 

of an integrated laser foaming and ablation process. Figure 4-2 shows the model geometry 

and boundary conditions of the FEA model developed in this study. The polymer sample 

and laser beam are axisymmetric along the center of the beam. Therefore, the model is 

simplified into a 2D model and only half of the domain is considered. 

 

 

Figure 4-2. Geometry and meshing of the FEA model. (1)-(4) denote the model 

boundaries. 

The model is developed based on a heat transfer process in solid and the laser 

irradiation is applied as a volumetric heat source in the domain. A non-linear time 

dependent analysis is used, where material properties are updated according to the local 

temperature. The radiative heat loss from the sample to the ambient is assumed to be 
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negligible. A convective heat loss is considered on boundaries 1 to 3 and expressed as 

follows. 

   0surfn k T h T T


     (4-1) 

where h is a convective heat transfer coefficient, Tsurf is the temperature at the 

sample surface, T0 is the ambient temperature, and n


 is the normal vector of the 

corresponding boundary. The adiabatic condition is imposed on boundary 4. Due to the 

effect of laser cooling fan, a typical forced convective heat transfer coefficient for moderate 

speed air flow, 100 W/(m2K) [174], was used in the simulation. 

The selective laser foaming process involves the following mechanisms: Heat 

conduction through the polymer sample, foaming, ablation, and convective cooling. The 

two dimensional conduction heat transfer process can be modeled as [175] 
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where r and z are the spatial coordinates and  ρ, Cp, k are density, specific heat, and 

thermal conductivity of the material, respectively. The heat source Q(r, z) is the energy 

input induced by the laser. It is assumed that the laser intensity in the radial direction 

follows a Gaussian distribution and the absorption of laser energy by the polymer can be 

defined by the Beer-Lambert law [176]: 
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where α and β are the absorption coefficient and the attenuation coefficient of the polymer, 

and ѡ is the laser beam width. 
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The beam diameter on the polymer substrate is calculated using the near-field 

divergence of the TEM00 beam, since the target substrate is placed within the Raleigh 

range. The divergence is modeled using the following equation [177] 
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where x is the distance between a laser outlet and the sample, w(x) is the beam diameter at 

the distance of x, w0 is the beam diameter at the laser outlet, and λ is the laser wavelength. 

As the polymer is heated by laser irradiation, there are phase changes occurring 

during the foaming and laser ablation processes. After foaming starts, air bubbles are 

generated. As a result, the density (ρ) of the polymer is reduced. At the same time, the 

absorption coefficient (α) and attenuation coefficient (β) are increased, because the bubbles 

scatter the laser and more laser energy is absorbed by the polymer. The material properties 

after the phase changes including the density (ρ), absorption coefficient (α), and attenuation 

coefficient (β) are defined as follows. 
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where χ denotes any of the above three material properties, χs is the material property of 

unfoamed polymer,  χf is that of foamed polymer, χA is that after ablation, Tf and TA are 

the starting temperatures of foaming and ablation [38, 178], respectively, and ∆T1 and ∆T2 

are the temperature ranges of foaming and ablation. Smoothed Heaviside step functions 

between phases are used to avoid extreme discontinuity and reduce convergence error in 

simulation. 
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The latent heats in the phase change processes are accounted with a discontinuity 

in the specific heat of material. The following equation described the relationship between 

the latent heat of phase change and the specific heat. 

end
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T
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where H is the latent heat of phase change, Tstart and Tend are the starting and ending 

temperatures of the phase change, respectively. Radice, et al. and Groulx, et al. [179, 180] 

suggested to define one parameter that can be used to track the progress of material over 

phase change. The specific heat of the polymer is thus defined over different temperature 

ranges as 
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where Cps is the specific heat of unfoamed polymer, Cpf is the specific heat of foamed 

polymer, CpA is the specific heat of ablated polymer, which has a similar value to air, Cp1 

is the changing specific heat during foaming, which follows a smoothed Heaviside step 

function from Cps to Cpf, Cp2 is the changing specific heat during ablation that can be 

expressed again as a smoothed Heaviside step function from Cpf to CpA, and d/dT represents 

a Dirac delta function which is a derivative of the smoothed Heaviside step function. 

In this chapter, CO2 was used as the blowing agent and biodegradable PLA as the 

polymer matrix material. The latent heat of foaming was calculated using the latent heat of 

CO2 sublimation and gas concentration of the saturated polymer sample. The latent heat of 
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CO2 sublimation was chosen to be 25.2 kJ/mol [181]. The gas concentration was 

determined based on previous studies of solid state foaming of PLA [41, 182, 183]. To 

account for bubble growth in the PLA matrix, it was assumed that a certain amount of 

sublimation energy was consumed by CO2 to expand the polymer matrix. This amount was 

determined to be 10% by matching the modeling and experimental results. The latent heat 

of ablation was obtained from a published thermal degradation study of PLA [184]. 

Parameters used in the model are summarized in Table 4-1. 

Table 4-1. Parameters used in the model 

Material property Value 

Ablation ending temperature 553.15 K 

Ablation starting temperature 423.15 K 

Absorption coefficient of foamed PLA 0.8 

Absorption coefficient of PLA 0.4 

Attenuation coefficient of foamed PLA 1075 1/mm 

Attenuation coefficient of PLA 200 1/mm 

Foamed PLA density (f) 376.4 kg/m3 

Foaming ending temperature  343.15 K 

Foaming starting temperature 323.15 K 

Laser beam diameter at laser outlet 2.5 ± 0.5 mm (1/e2) 

Laser peak power density 2.503 x 106 W/m2 

Latent heat of ablation 520 kJ/kg 

Latent heat of foaming 55.250 kJ/kg 

PLA density (s) 1250 kg/m3 

Specific heat of foamed PLA 1.195 kJ/(kg·K) 

Specific heat of PLA 1.8 kJ/(kg·K) 

Thermal conductivity of foamed PLA 0.013 W/(m·K) 

Thermal conductivity of PLA 0.13 W/(m·K) 
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The FEA model was implemented using commercial software COMSOL 

Multiphysics® (COMSOL, Burlington, MA) with a backward differentiation and automatic 

time stepping procedure for computation. An extremely fine mesh was used and the 

minimum element size was 50 μm. The heat source was applied using a user-defined 

function of location and temperature. Once the entire computation process was completed, 

the temperature distribution was stored and utilized to estimate the foamed and laser-

ablated regions within the simulation domain. The temperature of each element was 

compared to the foaming and ablation temperatures of PLA to determine the foaming and 

ablation regions. Figure 4-3 shows a block diagram of the solution procedure. 
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Figure 4-3. Solution procedure of the finite element model  
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4.3. EXPERIMENTS 

The model developed in this study was validated with experimental data. Substrates 

used in the experiment were disc samples having a diameter of 30 mm and average 

thickness of 1.5 mm. The samples were injection-molded with PLA powder (ECORENE™ 

NW40) which is a mixture of D/L product from ICO Polymers (Allentown, PA). The PLA 

samples were placed in a high pressure CO2 chamber until they reach the fully saturation 

condition. The saturation pressure was 2 MPa and the averaged concentration of CO2 in 

the PLA samples was 8.5 wt% after the saturation process. After they were retrieved from 

the pressure vessel, the gas-impregnated samples were exposed under continuous laser 

irradiation by a CO2 laser (Synrad Firestar v30 from Synrad, Inc., WA). For comparison, 

unsaturated samples were treated with the same laser conditions, with which only ablation 

was generated. Table 4-2 summarizes the sample conditions and laser parameters used in 

the experiment. Treated samples were freeze-fractured in liquid nitrogen. A scanning 

electron microscope (SEM) was used to obtain cross-sectional images of treated samples. 

Table 4-2. Substrates and laser conditions used in the experiment 

Parameter Value 

Saturation condition Saturated at 2 MPa, Unsaturated 

Laser power (W) 2.0, 4.9, 7.7, 10.3 

Lasing time (s) 0.25, 0.5, 1.0 

4.4. RESULTS AND DISCUSSION 

4.4.1 Model validation 

Laser attenuation in PLA is not well defined in literature due to its various 

crystallinity and L/D composition [185]. Therefore, the attenuation coefficients of both 
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unfoamed and foamed PLA were estimated with the ablation and foaming results with a 

laser power of 7.7 W and lasing time of 1 s. The attenuation coefficients were varied in the 

simulation and the predicted ablation and foaming regions were compared with the cross-

sectional SEM images of the samples. The ablation and foaming regions were identified 

based on the ablation and foaming temperatures of PLA. Until the results were matched, 

these attenuation coefficients were determined to be 200 1/mm for solid PLA and 1075 

1/mm for foamed PLA. Figure 4-4 shows the comparison between experimental and 

simulation results for both unfoamed and foamed samples under these conditions. The 

laser-ablation profiles were determined by the thermal degradation temperature of PLA. 

The color in Figure 4-4(d) represents the temperature distribution of foamed region 

predicted using the solid state foaming temperature of PLA. In both Figure 4-4(c) and 4-

4(d), the elements in the ablated region were removed from the model. 
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Figure 4-4. Comparison between experimental data and modeling results, (a) cross-

sectional SEM image of laser ablated and unfoamed sample, (b) simulation 

result of the unfoamed sample, (c) cross-sectional SEM image of laser 

foamed and ablated sample, and (d) predicted temperature distribution of the 

foamed sample. 

Once determined, the attenuation coefficients were used for the rest laser foaming 

conditions, with the laser power ranging from 2.0 W to 10.3 W and lasing time from 0.25 

s to 1.00 s. Figure 4-5 shows the comparison between the modeling and experimental 

results. The predicted ablation and foaming profiles were overlaid with the corresponding 

cross-sectional SEM images from experiments. For all the laser foaming conditions, the 

predicted ablation and foaming profiles showed good agreement with the experimental 

results. 
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Figure 4-5. Comparison of predicted and experimental results. Ablation and foaming 

profiles are shown by the upper (red) and lower (blue) curves, respectively. 

Scale bars are all 1 mm. 

In order to examine the combined effects of laser power and lasing time, the 

relationship between the volume of foamed region and laser energy is plotted in Figure 4-

6 for both the simulation and experimental data. The volume of the foamed region was 
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considered to be cone shaped. The prediction from the FEA model is in good agreement 

with the experimental data at low laser energy. As the laser energy increases, the volume 

of foamed region is affected by the sample thickness, and therefore may not be accurately 

predicted. This however will not affect the applicability of the FEA model, since high laser 

energy settings will generate a through hole in the sample, a situation should be avoided in 

normal operations of the process. 

 

  

  

Figure 4-6. Volume of foamed region as a function of laser energy. Each graph has 

different laser power setup, (a) 2.0 W, (b) 4.6 W, (c) 7.7 W, and (d) 10.3 W. 
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4.4.2 Predicted temperature distribution 

Predicted temperature distribution at the sample surface is shown in Figure 4-7. The 

laser power used in the simulation was 7.7 W. It is seen that the temperature profile changes 

significantly with time. Since the laser power density has a Gaussian distribution, the 

temperature at the center is much higher than that in the outer region. In addition, two phase 

change regions are observed for foaming and laser ablation, respectively. The first phase 

change happens at about 340 K when foaming starts. The second happens around 440 K 

when PLA starts to decompose. During the two phase changes, the temperature at the 

center of the laser irradiated region continues to rise. After foaming the center temperature 

increases dramatically due to enhanced laser absorption by the foamed structure. 

 

Figure 4-7. Temperature distribution on the top surface of a saturated sample at a laser 

power of 7.7 W 

Foaming

Ablation
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4.4.3 Effect of laser power and lasing time on the size of ablated region 

The simulation model was used to study the effects of laser power and lasing time 

on the ablated region of foamed samples. The depth of ablated region as a function of lasing 

time is shown in Figure 4-8. Before it reaches the substrate thickness limit, the ablation 

depth has a linear relationship with lasing time. The slope of this linear trend is determined 

by the laser power. If the laser power is higher, the depth of ablated region reaches its limit 

faster. For example, a through-hole can be created within 0.8 s at a 10.3 W laser power 

(16% of the max laser power), while a 7.7 W laser power (12% of the max laser power) 

will not be able to create a through-hole even after 1 s of lasing time. For a lower power, 

e.g., 4.9 W (8% of max laser power), it is possible that ablation will not start until 0.1 s 

after the onset irradiation. For a 2.0 W laser power (4% of max laser power), there is no 

ablation generated. The diameter of ablated region as a function of lasing time is shown in 

Figure 4-9. Similar trends have been observed. The diameters of ablated regions approach 

to a certain limit. However, this limit is not caused by the thickness, but different power 

settings of the laser. 
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Figure 4-8. Depth of ablated region as a function of lasing time at different laser powers. 

100 % indicates the maximum laser power 

 

Figure 4-9. Diameter of ablated region as a function of lasing time with different laser 

powers 
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4.4.4 Effect of laser power and lasing time on the size of foamed region 

The simulation model was also used to study the effect of laser power and lasing 

time on the size of foamed regions. The depths of foamed region are plotted with lasing 

time in Figure 4-10, which shows similar characteristics as the ablation depth seen in Figure 

4-8. However, there is almost no delay in foaming. Foaming occurs as soon as the laser 

starts to irradiate on the samples. This is because the temperature threshold for foaming is 

much lower than that for ablation. 

 

Figure 4-10. Depth of foamed region as a function of lasing time at different laser powers 

The diameters of foamed regions under different power settings are shown in Figure 

4-11. The foamed diameters are plotted in terms of lasing time and each line represents a 

different laser power. Similar to the ablated diameter, the relationship between the foamed 

region diameter and lasing time follows a logistic function. However, the diameter of 

foamed region is much larger and approaches to its steady state value much faster. For 

example, the 7.7 W laser power generates a foamed region about 4 mm in diameter, 
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whereas the ablation region diameter is only 2.5 mm. In addition, the final diameters of 

foamed regions under different laser powers are also different, similar to the trend seen in 

Figure 4-9. This is due to the Gaussian distribution of laser power density, which causes a 

different spot size at any given laser power setting.   

 

Figure 4-11. Diameter of foamed region as a function of lasing time at different laser 

powers  

As seen in Figs. 4-9 and 4-11, both foaming and ablation occur rapidly in the initial 

stage of the process and the diameter approaches to a certain equilibrium value at a given 

laser power. A higher laser power tends to yield a larger foamed and ablated region. This 

is because that the diameters of the foamed and ablated regions are affected by the 

distribution of the laser power density. As shown in Figure 4-12, assuming the same power 

density will lead to the same temperature increase, the foaming and ablation temperature 

will impose two different thresholds on the Gaussian distribution of the lase power density. 
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Different power settings will lead to different diameters of the foamed and ablated regions. 

Therefore, laser power instead of lasing time should be used to obtain scaffolds with 

different diameters. 

 

Figure 4-12. Normalized laser power density along with radial direction of laser beam 

4.5. CONCLUSIONS 

A finite element model has been developed to study the selective laser foaming 

process. The model was validated with experimental data. It has been found that once 

foaming occurs, the temperature increases dramatically because of the enhanced laser 

absorption effect of porous structure. For a fixed laser power, the depths of both ablated 

and foamed regions are linearly proportional to the lasing time before they reach a limit 

defined by the substrate thickness. Laser power has an effect on the slope of this linear 

trend. The diameters of the ablated and foamed regions increase rapidly at the early stage 

of the process and approach to a limit determined by the laser power setting. Therefore, 
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laser power is a more effective variable to use in order to control the diameter of the foamed 

and ablated regions. Laser foaming is a complex process involving heating, foaming and 

ablation. The FEA model developed in this study provides a useful tool to aid future 

development of the process. 
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Chapter 5. Fabrication of High Throughput Three-Dimensional Cell 

Culture Platform on a Compact Disc 

5.1. INTRODUCTION 

As mentioned above, the traditional two-dimensional (2D) cell culture has a lack 

of the complex and dynamic microenvironment of an ECM-like structure and it causes the 

cells to lose certain functionality [3]. On the other hand, three-dimensional structure such 

as porous polymers can provide the in vivo-like environment. The concept of cell culture 

in a 3D structure are integrated with the microfluidic channel to mimic multi-organ 

interaction and key physiological and pathological processes in vivo [13]. Thus, the 3D 

perfusion-based device allows a realistic 3D tissue model system for a variety of 

biomedical related studies, such as drug discovery. The in-vitro 3D tissue model systems 

can be utilized to improve test results via mimicking in vivo functions of human organ 

including liver metabolism [16, 17]. Recently, a 3D two-chamber tissue model system for 

drug studies was developed in our lab [22]. The two chambers allowed liver and brain 

tumor cells to reproduce in vivo tissue-like structures via providing a 3D environment. The 

effects of liver metabolism on cancer treatment drugs could be studied using the system. 

However, it has certain limitations for high throughput applications. The size of the 3D two 

chamber system should be reduced to fabricated multiple systems on one platform. 

Therefore, it is proposed to fabricate a micro-scale 3D tissue scaffold systems on a compact 

disc (CD) with selective laser foaming, as shown in Figure 5-1. Localized foamed wells 

will be fabricated in line and connected with micro-channels on a CD. Reservoirs for 

culture medium will be micro-machined on the center side and waste chambers will be 

positioned on the outer side. All the cell culture wells and chambers will be radially 

arranged in line. Cell seeding and nutrient diffusion will be assisted with the centrifugal 

force generated by disc rotation. 
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Figure 5-1. Schematic of the centrifugation-based tissue model system (a) and actual 

system after cell seeding (b)   

(a) 

(b) 
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A key step to create the proposed high throughput tissue model platform is to 

fabricate the micro-scaled tissue scaffolds on a CD, for which a newly developed selective 

laser foaming process is used in this study. The selective laser foaming process has been 

demonstrated [169] with polylactic acid (PLA), a semi-crystalline polymeric material. 

While PLA could be molded into CDs, in this study we proposed to use commercially 

available CDs for device fabrication. Commercially available CDs are made of 

polycarbonate (PC). As an amorphous, the gas saturation and foaming characteristic of PC 

are significantly different from PLA. On the other hand, the glass transition temperature of 

PC is 150 ºC, allowing it to be sterilized using autoclave, a benefit over both PLA and 

commonly used polystyrene (PS) for 3D cell culture devices. 

In this chapter, we present a study of the selective laser foaming process with PC 

CDs. We determine the effect of process parameters including gas concentration, laser 

power, exposure time, pulsation, and laser energy. Two micro-chambers and micro-

channels were micro-machined on the disc surfaces after laser foaming. The surface of the 

device was coated with polydopamine to increase hydrophilicity. The increased 

hydrophilicity was confirmed by measuring a contact angle. The rotation stage was 

developed and controlled with a stepper motor controller. It was demonstrated that the 

centrifugal force could accelerate diffusion in the system. The high thorough-put 3D tissue 

model was evaluated using human glioblastoma and hepatoblastoma cells. 

5.2. EXPERIMENTS 

5.2.1 Materials, cells, and chemicals 

The commercially available compact disc (CD) used in this study was a business 

card disc acquired from Ritek (Taiwan). For the physical blowing agent, medical grade 

CO2 (99.9% purity) was used in the gas sorption process and it was obtained from Airgas 
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Nor Pac, Inc. Dopamine-hydrochloride and Tris (tris(hydroxymethyl)aminomethane) base 

were purchased from Thermo Fisher Scientific (Waltham, MA). 

Human brain tumor cells representing glioblastoma multiforme (GBM) (cell line 

M09K) were purchased from American Type Culture Collection (ATCC, Manassas, VA), 

and were used in the cell culture study. Human hepatoblastoma (cell line C3A-sub28) were 

obtained from ATCC and the cell line was generated from C3A cells for enhanced 

expression of CYP3A4 mRNA and CYP3A4-mediated activity at the University of Eastern 

Finland [186]. Dulbecco’s modified Eagle medium (DMEM) with 4500 mg/L glucose, L-

glutamine, sodium pyruvate, and sodium bicarbonate was acquired from Sigma–Aldrich 

(St Louis, Missouri). Fetal bovine serum (FBS) with endotoxin (≤ 5EU/ml) and 

hemoglobin (≤ 10mg/dl) was purchased from Thermo Fisher Scientific (Waltham, MA). 

Penicillin/streptomycin (PS) and Dulbecco’s phosphate buffered saline (DPBS) was 

obtained from Sigma–Aldrich (St Louis, Missouri). Cell viability was qualitatively 

evaluated using the live/dead staining solution. The live/dead stain assay was obtained from 

Invitrogen Inc. (Carlsbad, CA). 

5.2.2 3D scaffold platform fabrication 

Polycarbonate CDs were laser-foamed via two stages of selective laser foaming as 

shown in Figure 5-2: CO2 gas saturation and foaming. In the gas saturation stage, the CDs 

were saturated with CO2 in a pressure vessel with a 2 MPa gas pressure for 11, 22, 33, and 

44 hours at room temperature. Gas saturated samples were taken out of the pressure 

chamber and their weights measured to determine CO2 concentration. CO2-saturated CDs 

were mounted on a computer-controlled XYZ positioner (MAXNC 10 from MAXNC, Inc.) 

for laser foaming. The laser conditions in this study are shown in Table 5-1. 
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Table 5-1. Parameters for laser foaming of polycarbonate CD 

Parameter Value 

Saturation pressure (MPa) 2 

Saturation temperature (°C) 21 

Saturation time (hr) 11, 22, 33, 44 

Laser power (W) 0.54-33.7 

Laser exposure time (s) 0.016-1 

Laser pulses 1, 10 

 

  
(a) (b) 

Figure 5-2. Schematics of major experiment processes [169] 

For parametric study, each CD has 26 foamed spots as shown in Figure 5-6. A 

continuous CO2 laser was used (Synrad Firestar v30 from Synrad, Inc., WA). The 

wavelength of the laser was 10.6 µm and the beam diameter was 2.5±0.5 mm. The 

maximum averaged laser power that could be achieved was 35 W. A LabVIEW program 
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was developed to control the laser exposure time and pulse rate. A Synrad UC-2000 control 

unit was used to control the laser power. Laser power according to laser controller setting 

was measured and calibrated using laser power meter, and the result is shown in Figure 5-

3. The dash lines are a curve-fitted line with an R2 value of 0.999. The average laser power 

has a range from 0.54 W to 33.7 W, corresponding to a power density between 11 W/cm2 

to 686 W/cm2, and the lasing time varied from 0.016 s to 1.00 s. Laser pulses having 50% 

duty cycle were generated using the LabVIEW control project, 1 pulse and 10 pulses. For 

a comparison of the samples, other parameters were identical. 

 

Figure 5-3. Laser power according to percentage setting of laser control unit 

After the parametric study, another G-code for XYZ positioner was modified to 

generate aligned foamed spots as described in Figure 5-1. Foamed CDs were exposed to 

ambient conditions for a week to desorb the remaining CO2. A fully open structure was 
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necessary for cell culturing on the foamed area. The skin layer on the foamed spot was 

mechanically removed. The samples were placed in liquid nitrogen for 1 min and the skin 

layer was cut off using a razor blade. Micro-channels and micro-chambers were micro-

machined using PCB prototyping machine (cirQoid, Latvia). The machine was controlled 

manually via several G-codes written based on the schematics in Figure 5-1. During the 

machining, air is blown on drill bits (500 µm and 2 mm) to cool the bits and to remove 

chips. 

A protective layer and a metal reflective-data layer on the back of the CDs were 

removed. The CDs without those layers were submerged in 100 % ethanol and sonicated 

to remove oil that come from the airgun while micro-machining and organic dye on the 

back for 1 hours using a Branson 3510 ultrasonic cleaner (Branso Ultrasonic, Danbury, 

CT). Then, the CD samples were rinsed with running distilled water for 1 min. The samples 

were dried in a vacuum oven at 35 ºC overnight before polydopamine (PDA) coating. 

For polydopamine coating, 1.8 g of dopamine-HCl was dissolved in 900 ml of 

(tris(hydroxymethyl)- aminomethane)-hydrochloride (Tris-HCl) (10 mM, pH8.5). In order 

to get complete dissolution, the solution was stirred for 1 min at 850 rpm (mass 

concentration: 2 mg/mL) [187]. The CD samples were then quickly immersed and 

vertically oriented in the solution for 4 hours. During the polymerization, the solution was 

stirred at 400 rpm, then the polydopamine coated CDs were rinsed with deionized water 

thoroughly. The samples were dried in vacuum oven at 25 ºC for 1 day before sterilization 

and cell culturing. 
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5.2.3 Microstructure characterization and contact angle goniometry 

The samples were freeze-fractured with liquid nitrogen for microstructure 

examination. The fractured foamed spots were sputter coated with gold and palladium 

using an EMS 500x sputter coater (Electron Microscopy Science, Hatfield, PA). The 

microstructure of the laser foamed samples was characterized using a JEOL NeoScope 

JCM-5000 (Nikon®, UK) scanning electron microscope (SEM) under 5-10 kV 

accelerating voltage and 0.1 nA beam current. The image processing software, ImageJ, 

from National Institutes of Health was used to analyze the SEM image [154]. Static water 

contact angles of the bare surface and the PDA coating were measured using FTÅ 200 

contact angle analyzer (First Ten Ångstroms, Inc., Portsmouth, Virginia). The static sessile 

drop method was used to perform the measurement. Deionized water was delivered on the 

surfaces using a syringe controlled by FTA program and images of the droplets were taken 

within 3 s of placing the droplets. 

5.2.4 Disc rotation stage with a humidity chamber 

A chamber was fabricated to maintain humidity during rotation of our system. The 

humidity could not be controlled, but it maintained the maximum humidity at the room 

temperature by adding four Petri dishes filled with distilled water. It was made of acrylic 

sheets (6 mm of thickness) and the sheets were cut using P-series laser cutter (Full 

Spectrum Laser, Las Vegas, NV). A rotation state consists of four parts including stepper 

motor with spindle platter, stepper drive, Arduino Uno, and power supply. The stepper 

motor, stepper drive, and power supply were purchased from AutomationDirect.com Inc. 

(Atlanta, GA). The motor control code was based on a code in open Arduino stepper 

library. The setup is seen in Figure 5-4. The ration speed of the spindle platter was 

measured using a laser tachometer (AGPtek®, Brooklyn, NY). 
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Figure 5-4. Experimental apparatus setup, rotation stage and control system 

5.2.5 Sterilization and cell culture 

After polydopamine coating, the samples were rinsed using distilled water several 

times and sterilized with 70 % ethanol for 30 min. The samples were placed in a vacuum 

oven at 25 ºC overnight and then exposed to ultraviolet light for 30 min. Cell culture 

medium (1.5 µl) was dropped on the foamed regions. The CD samples were placed on an 

acrylic block in a Petri-dish and 4 ml of distilled water was put in the Petri-dish to prevent 

dry-out of the culture medium. The samples with the cell culture medium were at 37 ºC 

and 5 % CO2 for more than two days before cell seeding. The cell culture medium was 

made of DMEM mixed with 10% of FBS and 1% of PS. The blended solution was filtered 

using Stericup®/ Steritop® and a vacuum pump. The cell culture medium on the foamed 

areas was removed. Human brain tumor cells (M059K) and human liver cells (C3A-sub28) 

were seeded in the laser foamed regions as shown in Figure 5-1. After cell seeding, the 

samples were placed in an incubator for 2 hours in order to make cells settled on a foamed 
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surface. The micro-channel and micro-chambers were then filled with cell culture medium. 

Cell concentration was measured using a microscope and a hemocytometer. 

5.2.6 Cell viability assessment 

To evaluate cell viability and morphology of two different cells lines (M059K and 

C3A-sub28), two types of cells were stained using a live/dead viability/ cytotoxicity kit 

(calcein-AM and ethidium homodimer-1). The dyes were diluted with DPBS. Before cell 

staining, the culture medium in our system (including foamed region, micro-channel, and 

micro-chamber) was removed and the staining solution was added in the system. The 

samples were incubated for 20 minutes and then the samples were moved to two types of 

microscopes. Images of two different cell lines were taken using an upright fluorescent 

stereomicroscope (LEICA M205 FA) and an inverted fluorescence confocal microscope 

(LEICA SP8). 

All data were analyzed and expressed as mean ± standard deviation. The statistical 

significance was analyzed using student’s t-tests while comparing data pairs. A p-value 

smaller than 0.05 (p < 0.05) indicated that there is significant difference. 

5.3. RESULT AND DISCUSSION 

5.3.1 Effect of CO2 concentration 

Table 5-2. shows the CO2 absorption behavior of a polycarbonate CD sample under 

2 MPa gas pressure. Four different gas absorption times were chosen to determine the CO2 

gas concentration and to evaluate its effect on the porous structure. The results were in 

agreement with our previous experiment using other materials such as poly methyl 

methacrylate (PMMA) and poly lactic acid (PLA) [169, 188]. The gas concentration 

increases along a gradient which is determined by gas pressure. The increment of the 
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concentration decreases around saturation and then the CO2 concentration in the sample 

reaches saturation. 

Table 5-2. Gas concentration of polycarbonate CDs 

Parameter Value 

Absorption Time [hr] 11 22 33 44 

Weight of CD before gas sorption [g] 5.2571 5.2612 5.6009 5.8245 

Weight of CD after gas sorption [g] 5.3661 5.4198 5.7905 6.0447 

Gas concentration [wt%] 2.07 3.01 3.39 3.78 

The effect of gas concentration on a microstructure of laser-foaming is described 

in Figure 5-5. A previous study demonstrated that the pore size underneath the laser-

foamed surface is mainly dependent on the blowing agent concentration [169]. In order to 

evaluate the effect of CO2 concentration, all the samples were laser-foamed with the 

identical condition, the laser power of 25.83 W for 0.02 sec. As shown in Figure 5-5, the 

pore size decreases and the porous structure gets denser, as the gas saturation time (i.e., 

CO2 concentration in the sample) increases. This result is consistent with bulk foaming 

results, where pore size is strongly affected by the saturation pressure, thus the gas 

concentration in the polymer sample. The difference between laser foaming and bulk 

foaming is that a solid skin layer will form in the bulk foaming process, whereas in laser 

foaming, the top surface of the foamed region has an open cell structure. The pore size in 

the open cell structure tends to be bigger than those underneath, indicating that the surface 

of the laser processed region may be molten during the foaming process. This open cell 

structure is needed for cell culture, since cells need openings to enter the porous structure 

underneath the surface. 
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Figure 5-5. Effect of gas concentration on porous structure 

5.3.2 Effects of laser foaming parameters 

The effects of laser energy are shown in Figure 5-6. The numbers under the spot 

indicate the laser power (in percentage) and exposure time. All these spots were made with 

a single laser pulse. It is seen that the size of the laser-foamed region increases as the laser 

power and lasing time increase, i.e., the total laser energy increases. However, there are 

differences between the PLA and PC samples in the laser foaming process, it requires much 

more energy to generate inverse cone-shaped micro-wells in PC samples. In our study, the 

energy required is determined to be about 1.7 J on the PC sample, whereas PLA was ablated 

with the laser energy of 1 J. Second, there is char forming in the foamed region for PC 
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samples. This may be due to the fact that the ablation mechanisms differ for the two types 

of polymers with different chemical structures [189]. In the case of unsaturated 

polycarbonate, the char formation is related to the kinetic relationships between the rates 

of growth and removal of the charred layer. A char layer can be generated with a low laser 

density up to 50 W/cm2 on PC and no char layer can be produced at higher level power 

densities over 200 W/cm2. This is because the rate of its formation is equal to or less than 

the rate of ablation by sublimation [190]. However, gas-saturated polycarbonate showed a 

different characteristics. The char layer was created over laser power of 200 W/cm2. This 

can be explained by the fact that the gas saturation process changes the thermal and 

physical characteristics of the PC. The char growth rate and its properties highly depends 

on the thermo-physical characteristics of the material, and can be related to the morphology 

and characteristics of the porous structure of the char [189]. The char layer might have a 

negative effect on the cell culture, so the layer needs to be removed from the surface. In 

this study, the char layer was mechanically removed using a razor blade after a sample was 

frozen using liquid nitrogen. The liquid nitrogen was utilized to make the sample more 

brittle, so it would be easier to remove the char layer and the microstructure would have 

minimum damages. 
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Figure 5-6. Polycarbonate CD sample after laser foaming (laser settings are below the 

spots). Samples were saturated for 44 hours. 

Typical microstructures of the laser foamed spots are shown in Figure 5-7. The PC 

sample was saturated for 44 hours under 2 MPa. The resulting CO2 concentration was 3.78 

wt%. The laser foaming parameters are shown at the bottom right-corner of each image. 

Figure 5-7(b) represents a preferable microstructure than Figure 5-7(a), since the open cell 

structure is more uniform. In addition, sizes of the open cell structures have a range from 

100 μm to 300 μm which are a range of optimum pore sizes reported [191-196] As a result, 

more laser energy may be beneficial for PC scaffold fabrication. However, too much 

energy could generate a charred surface, which would need an extra step (a mechanical 

removal) to remove. From the SEM image analysis of all the experimental cases conducted 

in this study, the energy required to generate an inverse cone-shaped well in the selective 

laser foaming process was determined to be 1.7 J. 
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Figure 5-7. Effects of laser parameters on inverse cone-shaped well. (i) diameter, (ii) 

depth. 
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As the laser power and lasing time increase, the diameter and depth of the well also 

increase. The overall volume of the inverse cone-shaped well was calculated using 

diameter and depth defined in Figure 5-7(a). The relationship between the laser energy and 

the volume of the well is shown in Figure 5-8. The relationship exhibits two proportional 

increasing trends. This is because the laser intensity has a Gaussian distribution, so 

different laser powers have an effect on the laser diameter. Therefore, the higher the laser 

power, the stiffer the gradient in the relationship. In other words, higher power laser ablates 

the material faster. The overall relationship between the laser energy and volume of the 

well (3.48 W and 4.92 W) can be analyzed using Figure 5-8. The relationship exhibits an 

exponentially increasing trend, which may be due to the effect of nonlinear heating caused 

by the generation of a porous structure. 

 

Figure 5-8. Relationship between laser energy and the volume of the laser generated well 
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5.3.3 Effects of laser power 

The effect of laser power is shown in Figure 5-9. For comparison, the total laser 

energy is fixed and the laser power was changed from 5 W to 20 W. A single pulse laser 

was used. It can be seen that the lower power setting generated a larger scaffold volume. 

However, the large volume came from a large bubble that formed in the surface of the 

scaffold. The foamed layer was also thicker and the pore sizes bigger. Figure 5-10 also 

describes the effect of laser power on diameter, depth, and volume of the laser generated 

well. There is no noticeable difference in depth. On the other hand, the diameter of the well 

increases as the laser power gets higher. As I mentioned, this is because higher laser power 

results in a larger laser beam size. Therefore, the volume of the laser generated well 

increases according to laser power although they have the same laser energy. 
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Figure 5-9. Effects of laser power on geometry of laser generated well 
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Figure 5-10. Parametric study with the same laser energy level (a) diameter of laser 

generated well, (b) depth of laser generated well, and (c) volume of laser 

generated well 
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5.3.4 Effects of lasing pattern 

In order to compare samples fabricated using different laser pulses, the laser 

parameters were controlled to generate either 1 or 10 pulses. Both cases have identical laser 

power and total lasing time. The total laser energy is the same, 10 J (5 W of laser power 

and 0.5 second of lasing time), for the two different laser patterns. However, the lasing 

time was divided into 10 intervals for generation of 10 pulses. Each cycle has a 50% duty 

cycle. Figure 5-11 shows the pulse effect on the geometry of the laser ablated well. The 

diameter, depth, and volume of the well are similar, which stems from the fact that all the 

samples were laser-foamed with the same energy level. However, the wells fabricated with 

10 pulses were slightly smaller. This is due to the fact that longer total lasing time gives 

more time for heat to dissipate instead of generating a porous structure. 

 

Figure 5-11. Effects of laser pattern on geometry of laser generated well 
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5.3.5 Surface treatment 

The system in this study is an open one including a laser foamed spot, micro-

channel and micro-chamber. Higher hydrophilicity than pipet surface is necessary to put 

the cell culture medium in the system. Various methods have been tested and the 

polydopamine (PDA) coating was finally chosen. This is because it could be done by an 

easy and quick procedure [197]. In addition, the coating can be applied to both hydrophilic 

and hydrophobic surfaces [198]. The PDA layer can serve as a platform for covalent 

immobilization of several serum adhesive proteins [199, 200]. The sample having our cell 

culture systems were coating with the PDA for 4 hours. The hydrophilicity was evaluated 

by measuring contact angles of the bare surface and the PDA coating. Figure 5-12 shows 

contact angles of those surfaces and the angle is decreased after the PDA coating from 75º 

to 60 º. The results are consistent with the data of Dr. Cho’s study [187], and prove that the 

PDA coating makes the surface of the sample more hydrophilic. 
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Figure 5-12. Static contact angle of bare polycarbonate CD and PDA coating 
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5.3.6 Effect of centrifugal force on diffusion 

The effect of centrifugal force generated by disc rotation was described in Figure 

5-13. Food coloring was diluted in distilled water (4 %) and 2 µl of the diluted coloring 

was dropped in the drug chamber. In order to minimize evaporation, a sample without 

rotation was placed on a block in a Petri dish having 4 ml of distilled water. On the other 

hand, the sample with rotation was placed on the spindle platter in a humidity chamber. 

Diffusion in the system driven by concentration differences between the drug chamber and 

the waste chamber can be accelerated by centrifugal force [109-111]. The high throughput 

device in this study will be rotated to assist the nutrient or drug diffusion across the foamed 

spots on which cells will be seeded. This is because it is required for a certain amount of 

time for cells to interact with chemicals used for drug study. In this manner, it is preferable 

that the diffusion is slow in a stationary condition and it is accelerated with the rotation of 

the CD system. The result in Figure 5-13 shows the agreement with the purpose of our 

design. The coloring was diffused to the second foamed spot within 10 minutes under 60 

rpm of rotation, although it could reach only the first foamed spot after 2 hours without 

rotation. In 60 rpm rotation, it is not necessary to discuss damages of cells because it occurs 

in a high speed over 1200 rpm [201]. 
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Figure 5-13 (a). Diffusion test without rotation 
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Figure 5-13 (b). Diffusion test 60 rpm of rotation speed 
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5.3.7 Cell culture results 

The C3A-sub28 and M059K cells were cultured on a foamed chamber, separately. 

Cells after live/dead staining are shown in Figure 5-14. Polycarbonate scaffold was also 

stained by the staining kit, so the depth of an open pore can be estimated by focusing an 

upright microscope. The range of the depth is from 150 ± 0.5 µm to 250 ± 0.5 µm. More 

cells are attached on the bottom of the pore. This is because the cells were settled down 

and moved downward due to gravity, and small pores underneath the surface might be 

beneficial for cell adhesion on the bottom of the open pore [202].  
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Figure 5-14. Depth of foamed hole and cell attachment after 13 hours of cell seeding (a-

b) C3A sub28 cells and (c-d) M059K cells (982500 cells/ml for C3A sub28 

and 1170000 cells/ml for M059K) 
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Figure 5-15 shows the fluorescence images of cells after 24 hour cell culturing. The 

left column represents C3A-sub 28 cells (Figure 5-15(a) and (c)) and the right column show 

GBM cells (Figure 5-15(d) and (f)). The 1st, 2nd, and 3rd rows show the characteristics of 

cell morphology after 24 hours, 48 hours, and 72 hours. It is observed that both cell lines 

maintained high viability. It is seen that the cells began to aggregate each other and to form 

organoid structures. In order to demonstrate the cell aggregation better, 3D images were 

taken using the confocal microscope with Z-stacking. Figure 5-16 clearly depicts the cell 

aggregation inside the open pore structure. Currently, using a 3D cell culture system is a 

fast growing experimental approach due to better mimicking of an in vivo environment 

[203]. In addition, the effects of anticancer drugs were different between 2D and 3D cell 

culture systems [13, 204, 205]. The 3D cell culture system in this study could be suitable 

for drug screening study by providing a good microenvironment for cell aggregation. 

For long term cell culture study, the two types of cells were seeded on laser foamed 

scaffold on each system, respectively. Cell concentrations in each cell solution were 10 

times less than one of the previous cell culture studies in this chapter. The centration of 

each cell solution are shown in Figure 5-17. The cell culture medium was changed every 

24 hours during the first half of cell culturing and was replaced with a new medium every 

12 hours for the rest of culturing. High viability and cell aggregation was apparently 

observed. The long term cell culture study also supports that the scaffold in our device is 

feasible for cell culturing.    
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Figure 5-15 Cell morphology along with times 24 hours, 48 hours, and 72 hours (a-c) 

C3A sub28 cells and (d-f) M059K cells (9272500 cells/ml for C3A sub 28 

and 5617500 cells/ml for M059K) 
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24 hours 

 
  

72 hours 

 

Figure 5-16. Cell morphology of C3A-sub28 cells along with times (a) 24 hours and (b) 

72 hours from the confocal microscope (17635000 cells/ml) 
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24 hours 

 
  

72 hours 

 

Figure 5-16. Cell morphology of M059K cells along with times (c) 24 hours and (d) 72 

hours from the confocal microscope (7022500 cells/ml) 
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Figure 5-17 Cell morphology after 28 days cell culturing (a) C3A-sub28 (1440000 cells 

/ml) (b) M059K (515000 cells/ml) 

5.4. CONCLUSIONS 

A high throughput three-dimensional micro-scale centrifugal force driven two-

chamber tissue model device was developed for drug screening study. Three-dimensional 

porous scaffolds were created on a commercially available CD made of polycarbonate 
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using selective laser foaming. Experimental studies were conducted with different 

saturation conditions and laser parameters. Laser foaming generated an inverse-cone 

shaped well with a perforated inner surface covering the porous structure. The selective 

laser foaming is an integration of solid state foaming and laser machining. This is because 

the scaffold fabricated by selective laser foaming shows the characteristics of both 

manufacturing methods. The size of the ablated and foamed regions is dependent on the 

laser power and lasing time, whereas the open pore structure and underneath pore size are 

a function of the gas concentration. A higher laser energy led to a larger scaffold volume; 

however, a higher power is more preferential due to the less nonlinear heating effect that it 

has by reducing the heating time. A multiple pulse laser will lead to heat dissipation to the 

surrounding area, such that the foam volume is reduced. The tissue model platform was 

accomplished with micro-machining and surface treatment, and the template consists of 10 

micro-scale tissue model systems having two micro-reservoirs and two micro-scale 

scaffolds connected in tandem. It is seen that the diffusion in the system is accelerated by 

centrifugal force induced by rotation, whereas the diffusion is very slow without rotation. 

Two types of cells (M059K and C3A sub28) were cultured in the scaffolds separately in 

one system. The cells shows high viability after 72 hour culturing at 37 ºC and 5 % CO2. 

The results demonstrate that the micro-scale two-scaffold tissue model platform driven by 

centrifugal force could provide a proper in vitro environment mimicking 3D ECM in vivo. 

The cells were seeded on the scaffolds with 1-2 µl, so it is very hard to define quantitative 

cell viability. The quantitative study for cell viability can be conducted in future.  
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Chapter 6. Summary and Future Work 

6.1 SUMMARY 

A novel fabrication process, selective laser foaming, was developed and novel high 

throughput porous polymer-based 3D cell culture platforms including microarray and 

tissue model device were developed in this study. The high throughput microarray was 

fabricated on PLA and a finite element model was developed to evaluate the effect of laser 

parameters on a porous structure on PLA. The high throughput 3D tissue model device was 

laser-foamed and micro-machined on a commercially available PC CD. The centrifugal 

force induced by rotation of the CD enhanced diffusion of nutrients across micro-chambers 

and micro-porous scaffolds in the device. Cell culture studies were conducted to 

demonstrate the biocompatibility of fabricated scaffolds in each platform.  

The contributions of this work are summarized as follows.    

 A novel polymer foaming technique, selective laser foaming, was 

developed to fabricate small size and localized tissue engineering scaffolds 

on a polymer chip. The effects of laser processing parameters on the 

morphology of the resulting porous structure were investigated, including 

size of the foamed volume, and pore size as functions of laser power, 

exposure time and CO2 concentration. The diameter and depth of the 

foamed region were proportional to laser power and exposure time. The 

pore size decreased and the density of the pores increased as the saturation 

pressure increased. The 3D porous scaffolds can be fabricated with a 

volume on the level of a few microliters, allowing high density packing of 

such scaffolds on a small polymer chip. 

 A finite element model was developed to study the effects of laser 

parameters on a porous structure. It was found that the enhanced laser 
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absorption of a porous structure induced a dramatic increase in temperature 

during foaming. For a fixed laser power, the depths of both ablated and 

foamed regions had a linearly proportional relationship with the lasing time. 

The slope of this linear trend was dependent on laser power. The diameters 

of the ablated and foamed regions increase rapidly at the early stage of the 

process and approach a limit determined by the laser power setting. 

Therefore, laser power is a more effective variable to use in order to control 

the diameter of the foamed and ablated regions.  

 A novel high throughput three-dimensional micro-scale centrifugal force 

driven two-chamber tissue model device was developed and tested for the 

drug screening study. Three-dimensional porous scaffolds were laser-

foamed on commercially available CD made of polycarbonate. The micro-

chambers and micro-channels were fabricated using micro-machining. The 

hydrophilicity was enhanced using polydopamine coating. The platform 

consisted of 10 micro-scale tissue model systems having two micro-

reservoirs and two micro-scale scaffolds connected. It was observed that the 

diffusion in the system is accelerated by centrifugal force generated by 

rotation, whereas the diffusion is very slow without rotation. Human brain 

tumor cells and human hepatoblastoma were cultured in the scaffolds 

separately in the system. The high cell viability and cell aggregation were 

observed after 72 hour culturing. These indicated that the device could 

provide a proper in vitro environment mimicking 3D ECM in vivo.  
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6.2 FUTURE WORK 

The current research has paved the way for further study, which could include the 

following. 

6.2.1 Anti-cancer drug study related to liver metabolism using the 3D device   

The cytochrome P450 (CYP) superfamily is one of the drug metabolizing enzymes 

that converts drugs into their primary metabolites. CYP-mediated metabolism eliminates 

about 75% of drugs. Among the CYP family, CYP3A4 which is the most abundantly 

expressed  hepatic cytochrome P450, catalyzes the oxidative metabolism of more than 60 

% of marketed drugs [206, 207]. The variability of genotypes of CYPs might result in 

different isosyme activity and might induce the variation in drug responses among 

individuals [208]. The high throughput three-dimensional tissue model device in this study 

could be used to culture two different types of cells at the same time in one system. Various 

types of GBMs and the hepatoblastoma HepG2 or its derivative C3A cells could be seeded 

and cultured separately in the system. The drug metabolism process would be mimicked 

via centrifugal force induced by rotation. The experimental results could be used to further 

validate the suitability of the platform in this study for anti-cancer drug testing.  

6.2.2 Fabrication of uniform porous structures using flattop laser beam 

A uniform porous structure would be preferred in some area of tissue engineering, 

specifically in studies related to stem cells. In this study, it is found that a laser machined 

profile is dependent on the laser intensity profile. In addition, a porous structure including 

porosity and pore size relies on the gas concentration in a polymer sample. As shown in 

Figure 6-1, there are several laser intensity profiles and they could be shaped by a special 

apparatus, such as a flat top laser beam shaper. Wang et al. reported that gas concentration 
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is a function of the distance from a sample surface [209]. Therefore, a more uniform porous 

structure with a cylindrical shape could be achieved using flattop beam shaper.  

 

Figure 6-1 Normalized laser power intensity profiles  

6.2.3 Improvement of FEA model for pore size estimation 

The FEA model can be improved to estimate pore size during selective laser 

foaming process. It is necessary to understand intrinsic bubble growth phenomena at high 

temperatures. The mechanism of each process is going to be studied including nucleation, 

phase change, cell density, and bubble growth [210-213]. A better estimation of selective 

laser foaming can be achieved by applying those bubble growth mechanisms to the model 

in chapter 4.  
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6.2.4 Fabrication of micro-scale scaffolds for a denser microarray  

As shown in Figure 6-2, a micro-scale scaffold can be fabricated by focusing the 

laser. The beam size can be controlled by adjusting the distance between the focusing lens 

and a target sample. It could be expected that cell morphology and cell viability in the 

scaffold shown in Figure 6-2 are different from those in the scaffold in this study. In 

addition, the laser foamed area could be reduced from millimeter-size to micrometer-size. 

Thus, a 3D microarray with higher volumes of scaffolds would be generated for parallel 

studies of tissue engineering. 

 

  

Figure 6-2 Cross-sectional images of PLA samples using focused laser (a) with gas 

saturation (fabricated with 2 % laser power for 1 s) (b) without gas 

saturation (fabricated with 2.5 % laser power for 1 s) 

6.2.5 Development of a robust method for quantification of cell viability in 3D 

scaffolds 

Both qualitative and quantitative assessments are required to evaluate 

biocompatibility of scaffolds. The live-dead cell staining can be used to obtain cell 

morphology for qualitative assessment of the biocompatibility using a upright fluorescence 

microscope or a confocal microscope. The quantitative evaluation can be conducted via 

cell viability using Alamar blue® and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 
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tetrazolium bromide (MTT) assays. It is hard to achieve those assessments of 

biocompatibility of the scaffolds in Chapter 5. This results from that the scaffolds has 

porous structures and total volume of each scaffold is less than 2 μl. Light could be 

refracted passing through the porous structure. In addition, fluorescence intensity generated 

by enzyme activity in 2 μl of scaffolds could be too low for cell viability measurement. 

Therefore, a robust method to quantify cell viability in 3D scaffolds would be developed 

and morphology assessment could be improved by adding a drop of liquid which has the 

same refractive index to the polymer. 
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