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ABSTRACT 

Kate Gleason College of Engineering 

Rochester Institute of Technology 
 

 

Degree:  Doctor of Philosophy   Program: Microsystems Engineering 

Author Name:  Rong Fan   Advisor Name:  Jiandi Wan 

Dissertation Title: Cell Dynamics in Three-dimensional (3D) Culture Environments 
 

 

A three-dimensional (3D) cell culture system provides an effective platform to study cell 

dynamics in in vivo-mimicking conditions and thus plays an important role in 

understanding cell biology, organ function, and disease model. This dissertation 

investigates cell dynamics in a variety of 3D environments including solid and liquid 

matrix. We study cell dynamics in 3D hydrogel microparticles and show that cells exhibit 

significant differences with that from 2D monolayer culture, including cell cycle, survival, 

morphology and the sensitivity to inflammation. We further develop a 3D printed cell-

laden hybrid hydrogel construct to investigate colon cancer cell dynamics in 

physiologically relevant bowel environment. Such system enables in vivo-mimicking cell 

environment and offers an effective platform to uncover inflammation mechanisms in 

bowel area. Long-term cell culture in 3D solid matrix, however, is challenged by nutrient 

delivering problems. We thus engineer a novel leaf-inspired artificial microvascular 

network to support the long-term cell growth. Apart from the 3D solid environment, we 

also investigate cell dynamics cultured in 3D fluidic environment and study the regulatory 

roles of shear stress in circulating cancer cells. Cancer cells are circulated in suspension 

for mimicking cancer metastasis through blood stream and a previously unrecognized role 



iv 

 

of circulatory shear stress in regulating cancer cell dynamics is revealed. The research 

presented in this dissertation introduces a comprehensive study of cell dynamics in 3D 

environments and paves a new avenue to establish physiologically relevant model systems 

for tissue engineering and artificial functional organs.  
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Chapter 1. Introduction 

 

Cell dynamics is critical to understand body condition, organ mechanism and disease 

models, and serves as fundamental knowledge and principle for the development of tissue 

engineering, biomedical engineering, drug discovery and life science. Therefore, 

construction of effective systems that enable growing and manipulating cells for 

investigating cell dynamics becomes increasingly attractive to people in recent decades. In 

this chapter, cell dynamics is firstly introduced revealing the knowledge of cell growth and 

metabolism. Methods of two-dimensional (2D) and three-dimensional (3D) cell culture for 

understanding cell dynamics are then demonstrated and compared. Moreover, the state-of-

the-art of 3D cell culture is reviewed that introduces the development of the materials and 

techniques in the recent decades. In addition, based on literature, the current application of 

3D cell culture and potential future development are discussed in this chapter, followed by 

the review of the current challenges in this field. To this end, the motivations behind this 

research are first presented.  

 

  



2 

 

1.1 Cell dynamics  

Cell dynamics is significantly attractive to people in the field of biomedical engineering, 

tissue engineering, clinical study, because it serves as cornerstone for understanding cell 

biology and the mechanism of living organisms on earth, and paves avenue for developing 

life science and technology including the construction of artificial transplantable organ and 

drug discovery [1-3]. In particular, cell dynamics refers to the change of cell functions and 

structures at both behavioral and molecular level, because as known by all, the metabolism 

and structure of cells are not static, instead, they are subjected to sustained change 

responding to the intracellular demand and the variation of local biological environment, 

and therefore the organelles, specialized domains, molecule inside the cells become 

significant dynamic [2].  

One of the typical examples of cell dynamics is cell division, which is an important 

criteria to evaluate the vitality of an organism. If a tissue or an organ is vigorous, rapid cell 

growth is needed to maintain the proper renewal and growth [4-6]. For each cell division, 

cells will go through a series of events inside the cell body leading to the division and 

duplication of their DNA, resulted in two daughter cells, so called a cell cycle [7]. As 

shown in Figure 1, several phases are happened during each cell cycle, including G0 phase 

(resting phase between two cell cycles), G1 phase (also called growth phase, where 

biosynthetic activities of cells are motivated at a high rate that causes the growth in size, 

the increase of proteins supply and number of organelles, such as mitochondria, ribosomes), 

S phase (DNA replication), G2 phase (protein synthesis and cell growth becomes rapid for 

preparing cell mitosis) and M phase (mitosis). The cell cycle keeps repeating that lets the 

cells grow in numbers, which is a dynamics process at all time before cell death.  
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Figure 1 Diagram of cell cycle showing different phases of cell dynamics [4]. 

 

On the other hand, signals induced by extracellular matrix (ECM), surrounding 

cells, hormones, growth factors, and mechanical stimuli are sensed by cells and then trigger 

rapid response in cell membrane dynamics and behaviors, cell shape, cytoskeletal 

organization, and gene expressions [8, 9]. Cell migration, for example, responses to 

external cues that initiate the metabolism including dynamic reorganization of the actin, 

microtubule and intermediate filament cytoskeletons, coordination with membrane 

trafficking situation, which involves the transportation of receptors, secretory and 
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endocytic cargo to appropriate location that is necessary for cell function [8, 10]. As a result, 

new membrane can be delivered to the leading edge and internalize adhesive receptors 

from the cell near. It should be noted that each cell serves as a basic unit for the tissue, 

whereas several tissues form the organ structure and realize the organ function. Therefore, 

studying cell dynamics is essential for understanding the cellular function and dysfunction 

at various biological system that enables people understanding the mechanism of organism 

and body system.   

 

1.2 2D Cell culture 

In order to investigate the cell dynamics, construction of artificial system that enables 

culturing cells out of natural environment, treating cells with stimuli and testing cell 

metabolism becomes a necessary task to accomplish. The development of cell culture 

technique provides a powerful platform for understanding biological mechanism of 

organism, studying cancer and disease model, researching drugs and methods for curing 

patients, and opening new avenues to explore other aspects of life science and technology 

[11-15]. In particular, cell culture is a technique that extracting living cells from animal or 

plant tissues through surgical method and subsequently grow them in well-controlled 

condition, which is usually outside of their natural environment but artificial engineered 

[15]. The cell culture condition can vary with cell types, including the supplement of 

essential nutrients, such as carbohydrates, amino acid, vitamins, and minerals, growth 

factors, hormones, gasses (CO2 and O2) and physio-chemical environment that containing 

pH, osmotic pressure and temperature [15, 16]. It has been well-known that most cells 
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require an artificial substrate that can provide a surface for adherence, whereas others can 

grow in culture medium at the status of suspension. 

When cells, especially mammalian cells, grow on the surface at adherent status, 

where cells are spreading to form focal adhesions and a mono-layer culture could be 

achieved by culturing, it is called 2D cell culture. Apart from bringing researcher a platform 

for studying cell dynamics, it has other obvious advantages including simple operation, 

easy-controlled microenvironment, cell observation, measurement and manipulation. For 

example, cells in culture medium suspension could be simply seeded into petri dish and 

cells will grow into mono-layer to confluence through incubation at proper condition 

(temperature, O2, CO2 and nutrient). Moreover, manipulation of cells, such as drug 

treatment, bacterial infection and growth factor stimulation could be achieved by simple 

addition. Due to the mono-layer of cell growth on 2D surface, it is optimal to observe the 

cell behavior and response through placing the petri dish on microscope and extract 

samples from petri dish via pipette.  

 In the recent decades, however, cell culture on 2D flat surface has been 

demonstrated to miss key metabolic activities of found in vivo and leads to biased data 

acquired from animal experiments because it is unable to mimic and satisfy neither the 

structural requirements nor the biological demands in complex physiological condition 

(Figure 2) [12, 17]. In particular, first of all, cells growing in 2D environment only contact 

with each other on edge and most part of cell body are in contact with plastic substrate, 

whereas cells at in vivo situation are surrounded by 3D matrix, in which a strong interaction 

between cell and matrix can be triggered that plays critical roles in regulation of cell 

behaviors and signaling transduction at molecular level (Figure 3). On the other hand, 
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instead of forming mono-layer structure, 3D physiological environment allows cells 

forming into clusters that called spheroid, in which cells attach tightly with each other that 

realizes cellular communication. Moreover, cells growing in 2D environment can reach to 

nutrients without limitation from the surrounding medium and cellular wastes could be 

released to the medium directly, which are different from physiological condition where 

both nutrients and wastes should be delivered through diffusion and a possible limitation 

is presented. Additionally, 2D environment is hard to realize areas of hypoxia, varying cell 

proliferation zone (quiescent and replicating), heterogeneous cell populations, gradient 

effect, and differential nutrient and metabolic waste transport [14]. Therefore, all of the 

issues described above render the conventional 2D culture system lack of biological 

relevance to in vivo situation and fail to serve as a reliable platform to disease study and 

drug testing [14, 18].  

 

Figure 2 Physical, biochemical and physicochemical factors are presented within in vivo cell 

microenvironment [19]. 

 



7 

 

1.3 3D Cell culture 

In recent decades, due to the realization of the limitations of 2D culture system, 3D 

construction of biological matrix possessing the structural and functional features of in vivo 

tissues is of great interest and importance in tissue engineering and biomedical engineering 

[20-22]. In particular, building 3D biological matrix that is physiologically relevant 

significantly contributes to the study of cell dynamics and providing reliable results of cell 

metabolism, which are advantageous for various applications such as investigation of 

tumor model [23, 24], drug delivering [25, 26], testing and screening [27, 28], and 

development of transplantable organ constructs [29, 30].  

3D culture system is desirable for studying cell biology, because 3D environment 

allows cells growing and interacting with surrounding matrix at all three dimensions, and 

therefore providing more contact space for cell adhesion and stimulation input (Figure 3). 

This is critical for achieving in vivo-like cellular function, for example, cell contraction, 

integrin ligation and signaling transduction at molecular level [31, 32]. In such system, 

cells would grow into 3D spheroid structure or 3D colonies, which are believed to enable 

closely resembling in vivo tissue in terms of cellular communication and the development 

of extracellular matrices. As a result, cell behaviors are different from those in 2D culture 

environment. For example, in order to achieve cell migration and proliferation, cells are 

required to modify the surrounding matrix through secreting enzymes to create space, 

which involves the activation of dynamic reorganization of the actin, microtubule and 

intermediate filament cytoskeletons, coordination with membrane trafficking situation. 

The produced daughter cells will tightly attach with each other due to the limited space that 

enhances cell communication and formation of tight junction. Moreover, it has been 
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revealed that, in contract to monolayer culture, fibroblasts can grow faster in 3D and 

become asymmetrical that close to the status at in vivo [33]. The lifespans of cells growing 

in 3D environments are also found to be longer than 2D, and 3D spheroids have been 

reported to be cultured continuously for 302 days with healthy status and non-cancerous 

growth, suggesting the potential for conducting long-term investigation of cell growth and 

effects of drugs [34].  

 

 

Figure 3 Schematics shows the difference of cells growing in 2D and 3D environment [35]. 
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Not only morphological changes of cells when cultured in 3D environments, 

signaling transduction and gene expression are also significantly modified by 3D culture 

systems. For example, when breast carcinoma cells are cultured in 3D environment, the 

beta 1-integrain antibodies hinders the intracellular signaling transmission from receptors 

of epidermal growth factor (EGF), and meanwhile, the receptor EGF antibodies are able to 

inhibit the activity of beta 1-integrain, neither of which are observed when cells are cultured 

in monolayer [36]. In addition, integrin is known as the media for cells to sense 

dimensionality and other physical and biochemical properties of ECM, which controls cells 

to behave in difference according to the environment. During fibroblast cell migration, a 

non-muscle myosin II-B is required for achieving α2β1 integrin-mediated transport of 

collagen fibers and subsequent contraction of cells when cultured in 3D collagen 

environments, but such mechanism is not required for migration on 2D surface [37].  

Moreover, in 3D culture system, the delivery of nutrient, oxygen, hormones, 

effector protein such as growth factor and enzymes, and removal of cellular waste are 

subjected to complex transport dynamics through diffusion, and hypoxia conditions are 

usually created at the center of 3D cell spheroids, which is critical for the establishment of 

tissue scale solute concentration gradient [38, 39]. For example, depending on the action 

modes of anticancer drugs, various responses are observed when cells are cultured in 2D 

and 3D environments respectively. The anticancer drug 5-fluorouracil (5-FU) performed 

higher anti-proliferative effect on monolayer cell culture, whereas tirapazamine (TPZ) 

becomes more effective in 3D culture due to the effective activation by hypoxia condition. 

Such results indicate culture environment and cell status, to some extent, will lead to bias 

results during the testing of drug and other stimulation. 
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Therefore, it is a necessary task to build up a physiologically relevant system for 

creating cell and tissue models, not only at the prospective of developing biomaterials that 

possess similar properties to tissue, but also the exploration of techniques that could be 

helpful to realize the 3D artificial environments. In this way, the knowledge of cell biology 

and potential application, especially drug testing and resembling artificial transplantable 

organs could be conducted with accuracy and efficacy.  

 

1.4 Current status of 3D cell culture 

3D culture environments have been applied to culture different types of cells, including 

carcinoma cells, fibroblast cells, and stem cells, in which obvious cell-type dependent 

manner is usually observed. Cells have various requirements regarding to the structures, 

properties and components of the 3D matrix, the addition of nutrients, hormones and 

growth factors due to the different natural growing environments in vivo. Carcinoma cells 

are growing in similar way that form the spheroid clusters, whereas endothelial and 

fibroblast cells connect with each other into networks [40, 41]. Stem cells usually have 

very strict requirements and exhibit different dynamics in response to the variety of 

environments. For example, intestinal stem cells (ISCs) can only be successfully cultured 

in protein-rich environments, such as Matrigel. They tend to perform proliferation 

dynamics when Wnt signaling pathway is dominating but proceed to differentiation 

function when Notch Signaling pathway is active [42, 43]. Also, special circle or crypt 

structures are formed when intestinal stem cells are growing in 3D Matrigel matrix that 

different from others. Therefore, to satisfy the requirements from different types of cells, 
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it is critical to develop various biomaterials and techniques to create the physiologically 

relevant 3D matrix. 

1.4.1 Materials for 3D cell culture 

Materials for constructing 3D culture environment is essential for realizing proper cellular 

metabolism, because materials are well-known to be able to interact with cells and even 

regulates the cell behaviors, signaling transduction and gene expression. Hence, in order to 

create a microenvironment that is more close to physiological condition for 3D cell culture, 

significant progresses have been achieved in developing biological materials. Traditional 

materials are solid scaffolds, which are fabricated by a wide range of biocompatible 

materials including ceramics [44, 45], glass [45, 46], polymer [47, 48] and metal such as 

titanium [49] and stainless steel [50]. For example, polymers are the most commonly used 

materials, because the controllability over organic synthetic process enables the tuning of 

stiffness, elasticity, porosity, and permeability, which benefits the fabricating process of 

scaffolds with diverse size, structures and properties, as well as facilitates the cellular 

functions in 3D cell culture applications [51, 52]. Polyethylene (terephtahalate) (PET) has 

been reported to fabricate a 3D stacked sheets mesh scaffolds that enabled to apply oxygen 

gradients through layers for studying the mechanism and responses of MDA-MB-231 cells 

[53]. When cultured porcine aortic endothelial cells (PAEC) on PEG or dextran scaffolds, 

increased nanoparticles cytotoxicity has been observed in 3D cell culture than 2D [54, 55]. 

Moreover, ceramics have been mostly applied to the fabrication of replacement parts such 

as artificial joints, hip or dental parts, in which a high mechanical strength is required [56, 

57], but to guarantee the safety of replacement, testing the biocompatibility is necessary. 

On the other hand, ceramics are usually used as supportive scaffolds for 3D cell culture. 
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Bone regeneration was reported by seeding bone marrow mesenchymal stem cells and 

osteoblast cells on ceramic scaffolds [58, 59]. Solid scaffolds have already been applied to 

wide applications, however, major disadvantages including difficulties in cell imaging and 

recovering cells from the matrix, and failures to create tissue-like environment for 3D cell 

culture, limit the further development.  

 Hydrogel, as the most attractive biomaterial, has been developed significantly and 

widely applied in recent. The most common type is the polysaccharide-based hydrogel, 

such as alginate, agarose, and hyaluronic acid. This type of hydrogel usually performs a 

rapid gelation kinetics that contributes to good mechanical properties, which is 

advantageous to the construction of scaffolds containing complex design due to the 

requirements of maintaining the stability of the scaffolds [60, 61]. Vessel-like structures 

[62], porous constructs [63], and aortic valve conduits [64], for example, have been 

reported to be fabricated by using polysaccharide-based hydrogel. However, mechanical 

property is not the only factor critical to the construction of 3D scaffolds for cell culture, 

the biocompatibility also plays significant roles in managing cell fate [65]. Polysaccharide-

based hydrogel is usually criticized for the lack of essential protein components and 

consequently subjected to the limitations with respect to cellular adhesion and functions 

that compromise the purpose of mimicking in vivo environments [66]. For example, cells 

growing in agarose were found with spheroid morphology and failed to spread into the 

spindle-like morphology as observed protein-based hydrogel and in vivo situation (Figure 

4), which results from the missing of protein component, RGD-containing peptide, and the 

absence of bioactive cell attachment ligands with the polysaccharide-based hydrogel [66].  
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Figure 4 Confocal imaging of cell morphology change in different scaffold materials. Cells are stained by 

Live/Dead fluorescent assays. Cells display (A) spherical morphology in alginate and (B) spindle-like 

morphology in gelatin after 7 days culture [66]. 

 

 Protein-based hydrogel, such as collagen, gelatin and Matrigel, contains a 

comprehensive recipe of growth factors and peptides, and therefore can facilitate cell 

growth and adhesion in 3D matrix (Figure 4B) [54, 67]. Recently, collagen has been proved 

to be beneficial to the 3D cell culture and effective to simulate cellular in vivo behaviors. 

Collagen scaffolds were found to enhance the cell proliferation and significantly increase 

the expression of pro-angiogenic growth factors and the transcription of matrix 

metalloproteinases (MMPs) when MCF-7 breast cancer cells were cultured in 3D collagen 

matrix [68]. Human embryonic stem cells (hESCs) and human induced pluripotent stem 

cells (hiPSCs) were co-cultured with Swiss 3T3 cells in collagen type I scaffold to mimic 

the hepatic maturation, and found the gene expression levels of hepatocytes-related 

markers such as P450 enzymes and conjugating enzymes, and the albumin secretion in 

hEHs or hiPHs were significantly up-regulated by 3D collagen matrix comparing to 2D 

culture environment [69]. On the other hand, Matrigel was found to enable a long-term 

culture for intestinal stem cells [6]. Intestinal crypt and organoid were successfully cultured 
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and maintained by using 3D Matrigel scaffold [70]. In addition, a hepatocytes-like 

polarized system was demonstrated by a Matrigel-embedded 3D culture of human 

hepatocytes-derived cell line (Huh-7 cells), in which a continuous networks of functional 

proto-bile canaliculi structures was successfully formed [71]. Even though protein-based 

hydrogel exhibits outstanding performance in improving 3D cell culture, most of them 

exhibit poor mechanical properties that would cause problems during the construction of 

complex structures [72]. 

 Synthetic hydrogel such as PEG and PEGDA provides advantages of tailorable 

physical properties through the controllable synthetic process to suit particular applications 

[73]. For example, the using of PGM4/PEG-4Mal hydrogel enabled highly cyto-

compatible gelation in a spatiotemporally controlled manner, while controlling gel stiffness 

via appropriate light dose during the fabrication of 3D scaffold for cell culture [54]. A 

thermo-responsive hyper-branched PEG-based copolymer (PEGMEMA-MEO2MA-

PEGDA) with multiple acrylate functional groups in combination with thiolated HA was 

synthesized for 3D stem cell culture, which possess desired mechanical properties and 

gelation kinetics [74]. The synthetic hydrogel enables novel applications through 

modifying physical properties, but it usually has disadvantages including poor 

biocompatibility, degradation, toxic degradation products, and loss of mechanical 

properties [73]. 

1.4.2 Techniques for 3D cell culture 

1.4.2.1 Scaffold-free technique 

In addition to the development of biological materials, a variety of techniques has been 

explored as well aiming to apply a more controllable manipulation over 3D cell culture and 
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create a more physiologically relevant environment for long term culture. Scaffold-free 

approach, which does not contain biomaterials and ECM, has been widely applied to 3D 

cell culture due to its simplicity and homogeneity of the cultured spheroids [75, 76]. Cells 

growing in the platform can generate and organize their own 3D ECM, and therefore the 

cell spheroids formed in such platform are believe to closely resemble in vivo tissues [75, 

76]. Hanging drop plate is a good example of scaffold-free approach [27, 77]. In particular, 

there is no supportive structure or porosity. The platform containing a hanging drop culture 

plate, in which the cell suspension could be hung, and a water reservoir around the plate 

(Figure 5). Because there is no bottom substrate for cell attachment, so cells in suspension 

would aggregate into spheroid during the culture. The overall size of spheroid could 

achieve 500-600 µm in diameter, however, a central necrosis may be caused due to the 

insufficient diffusion of nutrient and oxygen. It has been reported that 384 hanging drop 

array plate enabled high-throughput capabilities and significant improvements of spheroid 

culture over existing 3D cell culture method [77]. Well-controlled manipulation, 

homogeneous size, and uniform structures of monkey kidney fibroblast cell (COS7), 

murine embryonic stem cell (ES-D3), and human epithelial carcinoma cell spheroids were 

achieved at high throughput, which provided accurate, controllable, reliable, and efficient 

method for the 5-fluorouracil (5-FU) and tirapazamine (TPZ) anti-cancer drug testing [27]. 

 

Figure 5 Schematics of 384 hanging drop technique for Murine embryonic stem cell (ES-D3) spheroid 

culture [27]. 
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1.4.2.2 Bulk hydrogel technique 

To well mimic the in vivo ECM of the specific tissue being modeled, the materials with 

different porosities, permeability, and mechanical characteristics are used to construct the 

3D scaffold. Hydrogel as the most qualified candidate has been widely applied for 3D cell 

culture [65, 78], which turns the bulk hydrogel technique into a popular conventional 

method due to the simple operation and effectiveness for growing cells. Particularly, cells 

usually are dispersed to the bulk aqueous hydrogel and then gel through manipulation of 

chemical, thermal, or UV crosslinking mechanism in container, after which cells would be 

encapsulated into the 3D hydrogel matrix (Figure 6) [79]. It has been proved bulk hydrogel 

could grow cells into clusters or spheroids and could be maintained for about one week 

with desired viability [80]. Cells were mostly growing better in protein-based hydrogel, 

especially Matrigel, in which cells could spread into spindle-like morphology [71], whereas 

spherical morphology was presented when cultured in polysaccharide-based hydrogel [66, 

81]. Moreover, bulk hydrogel technique can be effective to investigate the influence of 

matrix stiffness due to the simplicity and repeatability [65], and it does not cause any 

concern with the mechanical properties of protein-based hydrogel because of the simple 

structure. With respect to the sustained culture, however, bulk hydrogel has challenges with 

the delivery of nutrient and oxygen. Because the limitation of the diffusion is only 150-200 

µm in hydrogel [82], whereas the dimension of scaffold is usually much larger than the 

threshold, which usually caused the problem of sustained cell culture and resulted in cell 

necrosis and death at early stage. In addition, bulk hydrogel system has problem with 

representing physiological factors, such as cell patterning, zonation and structure design.  
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Figure 6 Schematics of bulk hydrogel technique. (A) Concepts of 3D cell culture in bulk hydrogel 

environment. (B) Fluorescent image of cells cultured in 3D bulk hydrogel scaffold (scale bar: 100 µm, inset: 

10 µm) [83].  

 

 

1.4.2.3 Microfluidic technique 

Recent advances in microfluidics have yielded unprecedented control over the construction 

of physiologically relevant environments, and have significantly improved the 

controllability, feasibility and sustainability of 3D cell culture [84-86]. First of all, 

microfluidics enables cell encapsulation into micrometer diameter hydrogel particles 

which provides a well-controlled, physically isolated microenvironment for studying 

cellular mechanism in 3D matrix (Figure 7A) [25, 87]. By simple manipulation over the 

double-phases fluids, cells can be encapsulated into uniform size of drops at ultra-high 

throughput [88], which serves as thousands of homogeneous micro-bioreactors (Figure 7B). 

The encapsulation efficiency can be obtained over 98.5% [88]. Moreover, it is also possible 

to control the number of cells being encapsulated into each drop [89]. Method of 

encapsulating exact one cell per droplet was reported with the efficiency over 96%, which 

will be helpful to study single cell response to the 3D hydrogel matrix. Encapsulation of 

multi-cells or even multi-type of cells into each droplets were developed that is 

advantageous to investigate the intercellular communication and influence on each other 

[90]. In addition, microparticles can be produced into different morphology through using 
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microfluidics coupled with stop-flow lithography techniques [91]. Cells were successfully 

encapsulated and cultured in hydrogel particles with different morphologies, such as 

rectangular and triangle, and hence provide a useful approach to study the effect of 

geometrical factors of hydrogel matrix on cell homeostasis as well as mimic the in vivo 

geometry.  

 

 

Figure 7 Microfluidic technique for 3D cell culture in microparticles. (A) Schematics of microfluidic 

encapsulation of cells in microparticles (Scale bar: 100 µm) [92]. (B) Fluorescent image of viable fibroblast 

encapsulated in PEG microgel particles [93].  

 

 

 Secondly, microfluidics possesses the significant advantage of manipulating fluids, 

which can be used to construct nutrient delivering systems that favors sustained cell culture, 

as well as investigate the effect of extra stimulation, such as concentration gradient [94-96] 

and shear stress [97, 98] that mimics the physiological factors (Figure 8). For example, 

microwell has been fabricated in microchannel that could trap the cells flowing in 

suspension [99]. Culture medium flowing through the microchannel could supply nutrient 
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to the cells growing in the microwell that supports the cell growth and development of 

clusters and spheroids. Uniform COS-7, HepG2 and  

 

 

Figure 8 Endothelial cells growing in microfluidic channel. Cells are stained with actin-green and nuclei-

blue fluorescent dye. (A) Endothelial cells are cultured in microchannel. Scale bar: 50 µm. (B) The change 

of endothelial cell morphology when subject to static and shear condition respectively scale bar: 50 µm [100]. 

 

MCF-7 cell spheroid were obtained from 3D cell culture and achieved average diameters 

of 80, 200, and 150 µm [84, 101] respectively after 3 days. HT-29 cells grew into spheroid 

and kept high viability for 12 days [95], indicating the perfusion of culture medium through 

microchannel is favorable to achieve sustained 3D cell culture that not only can supply 

fresh nutrients but also remove the cellular waste from the culture environment. On the 

other hand, cells could be cultured in gradient environments by using microfluidics, in 

which cells in hydrogel were cultured in central microchannel, whereas drug solution at 
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different concentration are introduced from adjacent side channel [102]. HepG2 spheroids, 

for example, were cultured in gradient concentration of rifampicin for 48 and 96 hours for 

testing the toxicity of rifampicin to cells [94]. HT-29 spheroids were cultured for 12 days 

and test the toxicity of 5-fluorouracil under gradient concentration range of 0.125-1 mM 

[94]. Clear dose-dependent manner was observed for the drug testing studies in 

microfluidic platform, which indicates the microfluidics can be effective techniques for 

both of the sustained 3D cell culture and the application of extra stimulation. Such system 

could also be developed to realize cellular communication by simply connecting different 

microfluidic scaffolds through tubing, in which cellular metabolites will be transported via 

the flow and start to communicate and influence the cell metabolism at downstream. This 

is significant useful for building the liver-on-chip models, which involves the interaction 

and cooperation between multi types of cells to achieve the function of drug detoxification 

(Figure 9).  

 

 

Figure 9 Concepts of using microfluidic device for 3D cell culture, metabolite analysis and cytotoxicity assay. 

(A) The integrated microfluidic device enables co-culturing for drug detoxification. (B) Controlled 

encapsulation of HLMs inside hydrogel microstructures. (C) Fluorescence image of HLMs entrapped inside 

PEG hydrogel microstructures. The edge of the microstructure was labeled with dash lines [103]. 
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1.4.2.4 3D bio-printing technique 

3D bio-printing, as an outstanding alternatives, has rapidly evolved as a “bottom-up” 

approach to fabricate complex biological constructs for 3D cell and tissue culture. It is able 

to apply additional factors, such as materials, cell types, growth and differentiation factors 

and print the 3D construct with extraordinary spatial control at high resolution through a 

layer-by-layer process (Figure 10A) [104]. Functional skin and cartilage, for example, have 

been fabricated using inkjet printing techniques where controlled deposition of cell-

containing aqueous droplets on a substrate is used[105, 106]. Laser-assisted printing, a 

nozzle-free technique that deposits droplets using focused laser pulses, enables high 

resolution printing (30-100 µm) of cell-containing constructs. This technique has been used 

to fabricate cellularized skin constructs [107]. Microextrusion, on the other hand, extrudes 

continuous viscous bio-ink (up to 6× 107 mPa/s) on substrates with a wide range of spatial 

resolutions (5 µm to millimeters) and hence can fabricate tissue structures with complex 

geometries such as aortic valves [64], branched vascular systems [108] and tumor models 

[109].  

Additionally, many vascular system has been demonstrated by using 3D bioprinting 

techniques. A rapid prototyping bioprinting method for scaffold-free small diameter 

vascular reconstruction, for example, has been demonstrated for the fabrication of single- 

and double-layered small diameter vascular tube (OD ranging from 0.9 to 2.5 mm) [108]. 

Vascularized cell-laden tissue constructs have also been fabricated by 3D printing a 

fugitive ink (Pluronic F127) in cell-containing gelatin methacrylate hydrogel (Figure 10B) 

[110]. Furthermore, 3D printed filament networks of carbohydrate glass [55] and agarose 

template fibers [111] have been used as cyto-compatible sacrificial templates to generate 
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vascular network in engineered tissue, where improved mass transport, cellular viability 

and differentiation within the cell-laden tissue constructs have been observed (Figure 10C). 

Therefore, 3D printing techniques are believed to be able to open new exciting 

opportunities to generate more physiologically relevant constructs, and may also achieve 

next milestone towards the construction of artificial organs such as bone (Figure 10D).  

 

 

Figure 10 Concepts of 3D printing techniques to construct scaffold for 3D cell culture. (A) Schematic of 3D 

printing process [112]. (B) Schematic illustrations, optical images, and fluorescent images of the vascular 

networks printed in hydrogel construct [110]. (C) Fluorescent images of the engineered vascular networks 

lined with TFP HUVECs (red) and GFP Human neonatal dermal fibroblast (HNDF)-laden GelMA ink (green) 

[110]. (D) 3D printed bone structures [113]. 

 

1.5 Application of 3D cell culture  

3D cell culture attracts increasing attention because it can realize cell dynamics and tissue 

organization that is impossible to achieve in conventional 2D system. 3D culture technique 

not only contributes to the understanding of fundamental knowledge of cell biology, but 
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also creates effective platforms for accomplishing wide range of applications in the field 

of biomedical engineering, tissue engineering and drug discovery. 

1.5.1 Construction for tissue model system 

Tissue model system, for example, is a 3D biological structure formed by single cells in 

physiological environment that can represent basic biological functions. Such model can 

be potential to be constructed through 3D cell culture technique. To be specifically, it has 

been found that 3D hydrogel matrix supports cells to grow into clusters and then develop 

into spheroid, which is self-assembled spherical clusters of cell colonies [23, 114]. 3D 

spheroids can closely resemble in vivo tissue that effectively realize cellular 

communication and the development of extracellular matrix. It enables the improvement 

of models for cell migration, differentiation, survival and growth, as well as providing 

accurate depiction of cell polarization [23, 114]. With inherent metabolic, such as oxygen, 

carbon dioxide, nutrients, and waste, and proliferative gradients, spheroids are becoming 

excellent model systems to mimic solid tissues, vascular tumors, embryoid bodies, and 

contribute to the applications in tumor therapy and stem cell research (Figure 11) [23, 114].  

For instance, previous studies have developed approaches to grow cell spheroid 

with defined structure and size at a large production by 3D culturing different types of cells, 

such as embryonic stem cells [115], carcinoma cells [95, 116], and fibroblast cells [117]. 

Cell spheroid composed of multi-type of cells has been accomplished by co-culturing, such 

as HepG2 and fibroblasts [94, 117], MDA-MB-23 breast cancer cells and NIH/3T3 

fibroblasts [118]. Manipulation over spheroid development are reported either by using 3D 

matrix with defined geometry [119, 120] or taking advantages of microfluidics [96, 121, 

122]. By using the current techniques, spheroid cultures can be prolonged from 5 to 45 
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days with cell viability over 90% [84, 123]. It should be noted that it is not necessary to 

grow the spheroid with extremely long duration, but reaching critical size (e.g., 500 µm) 

that could represents the features of tissue will be desirable for biological testing. However, 

relative long term culture of cells is the pre-requisite for growing the size of spheroid and 

realizing the cell dynamics, therefore, approaches to extend the culture duration with high 

cell viability become popular for the investigation on tissue function, formation and tumor 

growth.  

 

Figure 11 Human mesenchymal stem cell (MSC) spheroid culture in gelatin MPs for 7 days in PDMS 

microwells [124]. 
 

1.5.2 Construction for drug testing 

3D cell culture can be particular attractive to drug testing and screening. Investigation of 

cell-drug interactions is crucial for validating and screening potential drug candidates, 

which pose significant challenges to develop efficient, robust, and high-throughput 

instrumentations for pharmacological applications [125, 126]. Current therapeutic 

strategies mostly rely on in vivo animal test which has been drawing serious concerns with 

biological relevance to human and ethical reasons [122, 123]. Therefore, 3D cell culture 

based assays can be developed as in vitro models to fill the gap between molecular level 

drug discovery and animal test, in which the drug-induced impact on cell proliferation, 

apoptosis and migration can be readily studied simultaneously while achieving higher 

throughput [17, 28, 127].  
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Cellular behaviors and responses to extracellular stimulation in 3D culture 

environment are reported to be different from 2D traditional method, and 3D matrix is more 

effective to realize cellular function due to the similarity to in vivo situation, such as cell 

spreading, migration, and differentiation [65, 114, 128], so the 3D cell culture platform is 

believed to provide a more accurate results and convenient method. Previous studies have 

developed several systems to investigate the drug testing, screening and delivery. HT-29 

colon carcinoma cell cultured in 3D matrix, for example, has been used to test the anti-

cancer drugs, 5-Fluorouracil (5-FU), and found spheroid was more resistant to drug than 

regular 3D cell culture, and higher dose of drug induced stronger resistance [95]. A549 

lung adenocarcinoma cell spheroid was treated by twelve drugs to investigate the inhibition 

of signal transduction regarding to epithelial-mesenchymal transition (EMT), which is a 

critical process of switching carcinoma to metastatic tumors [129].  

1.5.3 Construction for artificial organ 

In addition, 3D cell culture is the fundamental technique but a critical step towards the 

future development of organ-on-chip and even the construction of transplantable artificial 

organs [30]. Because cell culture in 3D scaffolds resemble and simulate various functions 

of real tissue, and it would be possible to grow artificial functional organs in vitro if 

physiological requirements can be satisfied, such as vascular transportation, cell-cell 

interaction, and structural guidance [30, 130]. Organ-on-chip or even human-on-chip has 

become increasing popular because it could be the milestones of achieving artificial organ 

and provide not only the biological relevance but also the requisite high-throughput 

applications (Figure 12) [30, 130].  
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Figure 12 Concepts of integrated organ-on-a-chip technology by applying microfluidic circulatory system 

in a physiologically relevant manner [30]. 
 

 

 Liver-on-chip, for example, possesses 3D features and achieves co-culturing of 

multiple types of cells such as Kupffer cells and stellate cells that ensures proper 

functionality [131]. In order to simulate human liver, liver-on-chip should also enable a 

gradient zone of oxygen and the unique morphology of liver lobules [132], which performs 

a cylindrical shape and composes of a hypatocytes core in the middle with cord-like shape, 

non-parenchymal cells at surrounding, and a tiny network of capillaries (Figure 13A) [132-

134]. Previous studies demonstrated the experimental approach for arrangement of cells in 

order to construct the unique morphology of liver. Dielectrophoretic (DEP) force was used 

to direct cell movement in desired directions by applying electric field for cell patterning 

[135, 136]. To be specifically, to arrange the cell pattern, hepatocytes suspension was first 

flowed into microchannel with collagen treatment that enhanced cell adhesion, and pushed 

by positive DEP forces toward the assembly gap in the middle and trapped on the surface 

to resemble the hepatocytes core in liver lobule (Figure 13B). Endothelial cell suspension 
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was then flushed into microchannel to surround the hepatocytes by applying the same 

manipulation. Both the simulation and experimental results showed successful trapping of 

two types of cells as well as the desired sinusoidal arrangement (Figure 13C). On the other 

hand, by using similar approach, radial non-parenchymal cells arrangement of human 

umbilical vein endothelial cells (HUVECs) into sinusoidal morphology on a so-called 

lobule-mimetic-stellate-electrode array was developed [64].  

 

Figure 13 Concept of liver-on-a-chip. (A) Illustration of the basic unit of liver tissue, the classic hepatic 

lobule. (B) The lobule-mimetic-stellate-electrodes array. (C) The configuration and operation principles of 

DEP-based heterogeneous lobule-mimetic cell patterning [58].  

 

In addition, co-culturing of hepatocytes spheroids and hepatic stellate cells (HSCs) 

was achieved in a 3D liver-on-chip device. Because HSCs play crucial roles in producing 

hepatocytes growth factor [137] and liver regeneration [131, 138], these two types of cells 

were cultured in two microchamber respectively and connected by microchannel, which 

facilitated the interaction between cells by releasing and receiving metabolites through 

continuous flow [131]. Results showed that the co-culture system improved the albumin 

and urea secretion rates of hepatocytes spheroid after 9 days comparing to mono-cultured 
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system, indicating the designed liver-on-chip co-culture system is potential to realize the 

physiological function of livers.  

Moreover, liver-on-chip composed of co-culture system has already been applied 

to test the functionality of drug detoxicity [129]. Human liver microsomes (HLMs) were 

encapsulated in hydrogel and cultured in upstream microchamber, whereas hepatic HepG2 

cells were cultured in downstream chamber [103]. Acetaminophen (AP), the most common 

cause of liver disease, was used as drug to introduce into co-cultured system, and could be 

detoxified by Uridine 5'-diphosphate-glucuronosyltransferase (UGT) of HLMs. It was 

found that the co-cultured system improved the viability of HepG2 cells by more than 20%, 

due to the detoxifying function of HLMs, providing potential insights to mimic the liver 

function and knowledge for construction of artificial liver. Furthermore, construction of 

artificial skin [139], cardiac tissue [140], aortic heart valve [64], and bone [141] has been 

reported by seeding cells to pre-constructed supportive scaffolds composed of artificial 

materials such as hydrogel and ceramics. 

1.6 Current challenges in 3D cell culture 

As discussed in previous section, breakthrough progresses and momentous milestones have 

been achieved in these years [17, 142], however, several critical issues still remained 

challenging. For example, most of the 3D matrix constructed could not satisfy the in vivo 

structural or functional requirements, which renders the scaffolds lack of the realization of 

some critical factors, such as structural guidance of stem cell differentiation, cell-matrix 

interaction, and promotion of cell spreading and migration [17, 30, 142].  
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On the other hand, the construction of vascular architectures capable of distributing 

oxygen and nutrients is critically important for 3D sustained cell culture, tissue engineering, 

and the culture of functional organ [143, 144]. Building blood vessel-like vascular system 

in 3D biological matrix for nutrient delivery, however, is difficult. So far, controlled 

fabrication of complex, hierarchical microvascular networks, such as the degree of 

branching, capillary density, and connecting microvascular networks with large vascular 

vessels is still poorly solved.  

In addition, other problems like realizing the culture multi-type of cells and cell-

cell interactions, guiding stem cell differentiate into multi-type of matured cells, and cell 

arrangement have not been well-solved yet [14, 30, 78]. Without solving these critical 

challenges, fully understanding cell dynamics and disease model in vivo as well as stepping 

toward the construction of artificial transplantable organs would be impossible. 

1.6.1 Construction of physiologically relevant scaffolds 

3D scaffolds that enable mimicking physiological characters are attractive, but difficult to 

be constructed yet. Encapsulation of cells in hydrogel microparticles, for example, could 

provide isolated environments for studying the cell growth, differentiation, survival in 3D 

matrix, and the co-culture of multi-type of cells in the microparticles indeed provides good 

platforms to investigate cellular influence and communication with each other, which can 

be used to understand the tumor model [145]. However, due to size limitation and the lack 

of critical factors, such as nutrient delivery and oxygen gradient, it would be insufficient 

to grow tumor into physiological size and structures [75, 146].  

Spheroid culture in microwell by using microfluidic system, on the other hand, 

brings new insights for combining 3D cell culture with nutrient perfusion in a smart 
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manipulation, which is potential to accomplish sustained cell culture and achieve a high 

throughput analysis with large production of cell spheroid [99]. But cell culture in 

microwell would be challenged to mimic the physiological 3D environments, especially 

the construction of tissue structures and arranging multi-type of cells into specific pattern.  

3D printing technique combines the applicability of wide range of biological 

materials with the extraordinary spatial control and high constructing resolution. 3D 

Printing of bone tissues and liver-inspired detoxification device were reported to mimic the 

function of bone [141] and live lobule [73, 147] respectively. Several constructs including 

functional skin [105], cartilage [106], and aortic valves [64] have been achieved to mimic 

the in vivo tissue structures.  

These studies indeed provided a prototype for constructing tissue or organ-

mimicking structures at a relative large scale, the resolution of unique structures, 

development of zonation, application of gradient factors, and possible flow effect, however, 

are still challenged to be realized in the model, which could potentially cause the failure of 

obtaining functional and structural guidance of cell migration, patterning, and 

differentiation, as well as the cellular responses to the extracellular stimulations. 

1.6.2 Construction of vascular networks 

Fabrication of blood vessel-like artificial microvascular networks in 3D physiologically 

relevant construct, which can ensure the delivery of sufficient nutrients and oxygen to the 

cells cultured in the 3D matrix that supports a sustained cell culture, is challenging. In 

particular, effective vascularization in engineered tissues is critical to the development of 

living organs and remains one of the highest priorities in tissue engineering [143, 148, 149]. 

Without a vascular network, for example, the maximal thickness of an engineered tissue is 



31 

 

approximately 150-200 µm due to the limited oxygen diffusion [150]. As a result, large 3D 

engineered tissue constructs quickly develop necrotic regions [151]. Thus, an effective 

transport system including both large vascular vessels and microvascular networks is 

required to sustain the biomimetic functions of thick, complex tissue constructs. To date, 

tissue engineered large and small blood vessels have been demonstrated by using porous 

scaffolds [152] and cell sheet technology [53]. However, controlled formation of complex, 

hierarchical microvascular networks, such as the degree of branching, capillary density, 

and connecting microvascular networks with large vascular vessels is challenging. 

 Recent advances in micro-fabrication technology have enabled the generation of 

microvascular networks in tissue constructs. Microfluidic-based systems, for example, 

have been developed to control the fabrication of vascularized patterns in a variety of bio-

substrates where endothelial cells can be seeded and form monolayers [153]. To be 

specifically, the development of biodegradable microfluidics and 3D vascularized 

microfluidic scaffolds [154, 155] highlights the potentially implantable 3D microfluidic 

tissue constructs. 3D bioprinting, on the other hand, is essentially a microfluidic technology 

and has been emerged rapidly as an effective bottom-up approach to fabricate vascularized 

3D tissue constructs (Figure 14A) [156, 157]. A rapid prototyping bioprinting method for 

scaffold-free small diameter vascular reconstruction has been demonstrated for the 

fabrication of single- and double-layered small diameter vascular tubes (OD ranging from 

0.9 to 2.5 mm) (Figure 14B) [108]. Vascularized cell-laden tissue constructs have also been 

fabricated by 3D printing a fugitive ink (Pluronic F127) in cell-containing gelatin 

methacrylate hydrogels [158]. Furthermore, 3D printed filament networks of carbohydrate 

glass [159] and agarose template fibers [111] have been used as cytocompatible sacrificial 
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templates to generate vascular networks in engineered tissues. Improved mass transport, 

cell viability and differentiation within the cell-laden tissue constructs have been observed. 

Formations of microvascular architectures using methods such as direct writing (Figure 

14C) [160] and electrical discharge [161, 162] have also been demonstrated. In addition, 

studies using micropatterning and microfluidics have been investigated to fabricate 

vascularized hydrogel for 3D cell culture, such as grid networks and hollow hydrogel fibers 

[159] [163]. The majority of the studies, however, failed to demonstrate the rationale of 

the construction of hierarchical networks that enables to mimic the blood vascular system, 

e.g., how the diameter of the channel and the degree of branching change with hierarchical 

levels, in order to maintain the maximum flow efficiency in the network. This is 

particularly of interest when maximum flow efficiency for material delivery at a given 

input pressure or flow rate is required or becomes a concern. Most importantly, 

establishments of artificial vascular networks into physiologically relevant 3D construct 

are still less reported.  

 

Figure 14 Construction of vascular structures realized by (A) scaffold-free 3D bio-printing [102], (B) 

microfluidics-based bio-printing [100] and (C) direct writing (scale bar: 10 mm) [164].  
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1.6.3 Realization of in vivo-like cellular communication 

Realization of the cellular communication between cell and cell or cell and matrix in an 

appropriate manner is critical but difficult. It has been well-known cell growth, migration, 

differentiation, and survival are under the influence of other cells and surrounding 

environments [165, 166]. To realize specific functions, such as detoxification of hepatic 

cells and development of crypts, cellular interactions and matrix guidance are required. For 

example, Hepatic stellate cell (HSC) is a type of non-parenchymal cells presenting about 

5-8% of total cells in human liver [167], which plays crucial roles in hepatocytes growth 

factor [131] and liver regeneration [167], [168]. Co-culture of HSCs and hepatocytes 

showed that with the support of growth factor secreted from HSCs, viability of hepatocytes 

increased significantly and surface of spheroid becomes smoother [169]. The arrangement 

of cells into in vivo-like pattern, however, was still not realized, even though cellular 

communication was achieved. On the other hand, it was reported that only when human 

liver microsomes (HLMs) were presented in the cultured environment, the detoxifying 

functions can be realized and protect the HepG2 cells from death, indicating the growth of 

liver tissues and obtain of tissue function require cellular cooperation and communications 

[103], but the pattern of lobule that enables function such as zonation and oxygen gradients 

has not be developed. Therefore, even though several techniques have been proposed to 

study the cell-cell interaction and communication, desirable methods that can pattern multi-

type of cells into complex physiologically relevant structures with high resolution and 

ensure the proper cellular communication and functions have not been well demonstrated. 
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1.7 Research motivation 

Significant advances have been achieved in 3D cell culture and provides fundamental 

knowledge of cell mechanism at both cellular behavioral and molecular level that are 

advantageous for the application of tissue model construction, transplantable organ 

resembling, and drug discovery. Current 3D culture systems, however, could not fully 

represent the physiological features at either structural or functional aspects, which could 

refer to the missing of several critical factors, such as vascular delivering system, gradient 

effect, and fluidic shear stress, or the failure of providing in vivo-like environment by using 

the constructed 3D system. As a results, the cell dynamics in such 3D culture system cannot 

perform as it presents in physiological condition, and therefore would not be able to provide 

a sufficient scaffold for growing artificial transplantable organ, or exhibit reliable results 

for disease model testing and drug screening.  

 In this dissertation, several researches are presented aiming to make the 

contributions toward the development of artificial organ. In particular, the objective of this 

dissertation is constructing 3D biological in vitro toolbox that could mimic the 

physiological conditions for investigating cell dynamics in 3D environments. Microfluidics 

and 3D printing techniques are employed to create physiologically relevant systems, in 

which several various critical biological factors could be addressed, including 3D physical-

isolated microenvironment, extracellular matrix, cell-matrix interaction, cell-cell 

communication, gradient zone, fluid shear stress, vascular structures for nutrient delivery, 

circulatory microenvironment, colon shape-like tubular structures and Salmonella 

interactions. In these developed systems, cancer cell dynamics in either solid or liquid 3D 

environments has been elucidated and different biological features of cells, such as cell 
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proliferation, cell survival, cell aggregation, formation of spheroid, cell-Salmonella 

interaction, and gene expression are investigated. Moreover, the mechanism of cell 

metastasis and cell sensitivity to inflammatory factors have been studied through using the 

developed 3D system, which provides potential application for therapeutically method of 

cancer and drug testing.  

 

1.8 Dissertation overview 

The dissertation presents the experimental design, theoretical development, manufacture, 

characterization and implementation of the 3D culture systems that are constructed by 

either microfluidics or 3D printing techniques for investigating cell dynamics.  

Chapter 1 introduces the background of cell culture in 2D conventional method and 

recent developments of 3D system with the review on the advantages and disadvantages 

respectively. The State-of-the-art and current challenges remaining in the field of cell 

biology are presented based on the literature review. Chapter 1 also includes the motivation 

behind the research and the proposed microfluidic and 3D printing methods for studying 

cell dynamics in 3D culture environment.  

Chapter 2 presents a study about using microfluidic approach to encapsulate 

HCT116 colon epithelial cells into hydrogel particles that could mimic the physiological 

environment of tumor model. The advantage of this study could be the realization of 

producing cell-laden hydrogel microparticles in an oil-free environment through using 

microfluidics, while maintaining the extraordinary controllability of production rate, 

microparticle size and numbers of cells encapsulated in microparticles. The model of cell 
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growth in this physical-isolated microenvironment and cell sensitivities to inflammatory 

factor (TNF-α) are exhibited with the comparison with 2D monolayer culture, which 

contributes to the knowledge of cancer cell proliferation and homeostasis.  

Chapter 3 demonstrates a study of using 3D printing techniques to construct 

hydrogel tubular structures to mimic the physiological bowel microenvironment and thus 

investigate the dynamics of colorectal epithelial cells. In this study, different types of 

hydrogel are used for building the tubes and the measurement of both the mechanical and 

the biological properties are describe in details in this chapter. In addition, the proliferation, 

survival and cellular response to Salmonella interaction of HCT116 cells are analyzed and 

presented that reveals the cell dynamics in tubular structural oriented and bacterial 

microenvironment. The developed system addresses several key influencing factors in 

colon environment that could be potential for creating intestinal tissue model and studying 

bowel disease.  

Chapter 4 describes a study of creating artificial microvascular networks for 

nutrient and oxygen delivery throughout the 3D hydrogel construct by using leaf skeleton 

and designed model. This study is aiming to solve the delivering problem in 3D hydrogel 

culture environment. An artificial model of vascular system construction has been 

proposed and tested by applying several advanced laws that summarized from lumen and 

branching system on earth. Efficiency of water transport phenomena and supportive role 

of vascular structures are examined. Long-term cell growth and formation of spheroid 

tissue are achieved in such developed 3D vascular system that will be advantageous for 

using as the platform of drug testing system and provide necessary techniques for 

constructing artificial organ in future opportunities.  
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Chapter 5 introduces a study about creating microfluidic circulatory system to 

mimic the blood circulation for understanding regulatory role of shear stress in colon 

cancer cells under 3D liquid environment, which is expected to enrich the knowledge of 

cell dynamics during cancer metastasis in vivo. Such system addresses several key factors, 

such as close-loop circulation, periodic change of shear stress, physiological condition of 

shear stress, suspension status of cancer cells and peristaltic driving forces of in vivo blood 

circulation. The manufacture of such circulatory system is described in detail and cell 

dynamics is analyzed in both behavioral (survival and proliferation) and molecular (RNA 

expression) level. This study reveals previously unrecognized role of circulatory shear 

stress and contributes significantly to the core knowledge of cancer metastasis.  

Chapter 6 addresses a summary of the research along with the potential 

opportunities to explore in this field following the research present in this dissertation.  

Finally Chapter 7 includes all the references cited in this dissertation.  
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Chapter 2. Evaporation-based Microfluidic Production of Oil-

free Cell-Containing Hydrogel Particles 

 

3D hydrogel microparticle can be employed as a good scaffold to investigate the cell 

dynamics and tumour model, because it provides a physically isolated microenvironment 

to study cell-cell communication, cell-matrix interaction and cellular response to drugs 

without being influenced by the surrounding environments. Microfluidics is the most 

effective method to generate cell-laden microparticles with extraordinary control over the 

size, shape and number of microparticles and encapsulating efficiency. However, oil phase 

has to be unavoidably participated into the process to generate the microparticles based on 

the emulsion science and it becomes extremely hard to remove that may interfere with the 

cell metabolism. Here, we demonstrate an evaporation-based microfluidic strategy to 

produce oil-free cell-containing hydrogel particles. Perfluoro-n-pentane, which is used as 

the continuous oil phase to generate cell-containing hydrogel particles, is removed at an 

elevated temperature. Hence, human colon cancer cells can be encapsulated and cultured 

in the hydrogel particles without the oil disturbance, and cell dynamics in 3D solid 

environment and the mechanism of interaction between cells and 3D matrix can thus be 

investigated. This study reveals that cell dynamics including cell survival, cycle and 

sensitivity to inflammation in 3D environment perform significant difference from 2D 
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monolayer, highlighting the necessary roles of 3D matrix for realizing in vivo-like cellular 

function.  

2.1 Introduction 

Cells cultured in a 3D hydrogel matrix resemble and simulate various functions of real 

tissue, and have drawn significant attentions in the fields of tissue engineering [22], stem 

cell research [20], drug screening [21] and cell-based drug delivery [170]. In particular, 

because micrometer diameter hydrogel particles provide a well-controlled, physically 

isolated microenvironment for 3D cell culture [171, 172], numerous methods including 

extrusion [173], complex coacervation [174], and emulsification [175] have been 

developed to encapsulate cells in hydrogel particles. The majority of approaches, however, 

produce hydrogel particles with relatively large sizes (hundreds of micrometer to 

millimeter in diameter) and a broad size distribution. Most importantly, cell encapsulation 

efficiency, i.e., the percentage of particles with encapsulated cells, is low and the number 

of cells per particle is poorly controlled. Recent advances in microfluidics, on the other 

hand, have yielded unprecedented control over the generation of hierarchical emulsion 

drops and hydrogel particles [176-178], and thus have significantly improved the efficiency 

of cell microencapsulation. By adjusting the size of aqueous droplets via microfluidic 

approaches, for example, cell-containing drops with a narrow size distribution [179] and 

98.5 % of cell encapsulation efficiency have been achieved [88]. Furthermore, 

microchannel with a high aspect-ratio has been developed to control the number of cells in 

droplets and exact one cell per droplet can be obtained with an encapsulation efficiency of 

96.6 % [89]. When hydrogel precursors are included in these cell-containing drops, 
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hydrogel particles with encapsulated cells can be obtained by polymerizing the hydrogel 

precursors. Last but not the least, stop-flow lithography, a recently developed microfluidic-

based approach for particle synthesis, has been used to encapsulate cells in hydrogel 

particles with different morphologies, such as rectangular and triangle particles, and thus 

provides a useful approach to study the effect of geometrical factors of hydrogel matrix on 

cell homeostasis [91]. 

2.2 Motivation 

Although microfluidic-based approaches are effective in encapsulation of cells in drops 

and particles, generation of cell-containing aqueous drops and/or particles usually occurs 

in a continuous oil phase, which unavoidably results in oil contamination of particles and 

cells. Most importantly, oil contamination is toxic and can inhibit cell growth, accelerate 

cell death and damage the formation of tissue [180]. Therefore, oil removal is necessary 

for acquiring accurate knowledge of cell dynamics in 3D culture environment and precise 

results of drug testing.  

 

2.3 Objective 

In this study, we are aiming to create an oil-free environment for investigating cell 

dynamics in 3D hydrogel microparticles by using microfluidics, in which cell metabolism 

under 3D solid matrix could be revealed and provide essential knowledge of tumor model. 

In particular, during the microfluidic production micro-droplets, perfluoro-n-pentane (PFP) 

is used as the continuous oil phase to generate aqueous cell-containing droplets. Because 
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PFP has a boiling point of 29 °C, it can be removed effectively by evaporating the oil phase 

at 37 °C. Meanwhile, hydrogel precursors, which are widely used for cell culture including 

colon cancer cells [181], are added to the aqueous cell-containing droplets and become 

gelation at 37 °C. As a result, oil-free hydrogel particles can be generated by 

simultaneously evaporating the PFP oil phase and solidifying the hydrogel precursor-

containing aqueous drops at 37 °C. Cell viability in hydrogel microparticles produced by 

PFP oil and HFE7500 oil is compared. In addition, the regulatory role of 3D matrix in 

HCT116 cell cycle and the cell sensitivity to inflammatory stimuli are going to be 

investigated under the comparison with 2D monolayer culture system. Hence, the 

knowledge of cell dynamics under the interaction with 3D solid matrix can be acquired and 

the advantage of 3D culture environment can be validated. 

 

2.4 Design and fabrication 

2.4.1 Cell culture and maintenance  

HCT116 human colon cancer cells (kindly provided by Jun Sun, Medical Center at 

University of Rochester) [182] were cultured in DMEM (Life Technologies, CA) 

containing 10 % (v/v) fetal bovine serum (Life Technologies), 1 % (v/v) 

penicillin/streptomycin (Life Technologies). The cells were maintained in a T-25 culture 

flask and incubated in an incubator at 37 °C with 5 % CO2.  

For cell passage, cells growing on the surface of culture flask were rinsed by PBS 

for three times, followed by trypsizing for 5 min incubation, which cause the detachment 

of cells from the surface. Fresh DMEM was then added to cease the trypsin stimulation. 
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Cell suspensions were transferred to centrifuge tube and centrifuged at 1500 rpm for 5 min. 

Supernatant was then removed and cell pellets were suspended with fresh DMEM culture 

medium, followed by transferring to T-25 culture flask and incubation at 37 °C with 5 % 

CO2. 

 For preparing the cell samples for experiment, the protocol is same as the operation 

of cell passage until centrifugation. After the removal of supernatant, cells were dispersed 

in controlled volume of fresh DMEM medium (depending on experimental requirement), 

which were then mixed with other reagents.  

2.4.2 Device manufacture 

Flow-focusing microfluidic devices were fabricated according to the established soft 

lithography technique in Semiconductor Manufacture Fabrication Laboratory (SMFL) at 

Rochester Institute of Technology (RIT) [183]. In particular, 3 inches wafers were 

purchased from UniverstiyWafer and cleaned by using acetone and isopropyl alcohol 

(IPA). Then photoresist SU-8 (MicroChem) was deposited on the silicon wafer by spin 

coating following recipe. 2 min soft bake at 95 °C was conducted to remove the parts of 

the solvents and promote the adhesion between substrate and resist. Lithography mask was 

then aligned on the silicon wafer with SU-8 coating and exposed to UV light following 

protocol. After the UV exposure, silicon wafer was post baked at 105 °C for 2 min, in order 

to remove parts of the solvent and improve the resist sidewall profile by reducing the effect 

of standing waves. The photoresist coated on the silicon wafer was next developed by using 

SU-8 developer (MicroChem) and rinsed by acetone. Finally, wafer was baked at 115 °C 

for 2 min to improve the mechanical robustness of the resist for subsequence process and 
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measured the dimension of pattern by using profilometer. In this study, the height of the 

microchannel is 37 µm everywhere. The widths of aqueous inlet channels are 100 µm; the 

widths of oil and main channels are 150 µm; the width of the orifice is 50 µm.  

 By using the silicon wafer, which is called master for poly(dimenthylsiloxane) 

(PDMS) mode, PDMS was prepared through mixing the monomer reagent with the 

crosslinker, followed by vacuum for 60 min. Then PDMS was poured on the silicon master 

and incubated at 95 °C for 1 hour, in which crosslinking reaction was triggered and PDMS 

would form into solid status. PDMS replica was then cut out by using knife and attach on 

clean glass slide after punching inlet and outlet holes. The final step is heating the 

resembled device at 85 °C for 1 hours to ensure the proper attachment. 

2.4.3 Microfluidic generation of cell-laden microparticles  

To generate hydrogel particles with encapsulated HCT116 cells, a HyStem-C Hydrogel Kit 

(BD Biosciences) was utilized as the hydrogel precursors, which consisted of Glycosil 

(thiol-modified sodium hyaluronate), Gelin-S (thiol-modified gelatin), Extralink (PEGDA, 

polyethylene glycol diacrylate), and degassed, deionized water (DI water). The Glycosil 

and Gelin-S powder were dissolved in 1 mL DI water separately and Extralink powder was 

dissolved in 0.5 mL DI water. The cell-monomer mixture was prepared by well mixing 150 

µL Glycosil and 150 µL Gelin-S in a 1 mL centrifuge tube, followed by adding 150 µL 

HCT116 cell suspension (1 × 108 cells mL-1). Oil as continuous phase was prepared by 

adding 2 wt % PEG-157 surfactant, which is synthesized based on the previous report, into 

perfluoro-n-pentane (Strem Chemicals). 7500 Engineered Fluid (3M™ Novec™) (HFE 

7500) was prepared by adding 2 wt % Krytox.  
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In the experiment, 1 mL monomer solution and 1mL crosslinker solution were 

loaded into two 1 mL syringes (Med Lab Supply), which were connected to the inlets of 

the microfluidic device via polyethylene tubing (Scientific Commodities Inc., 0.015" (0.38 

mm) I.D. × 0.043" (1.09 mm) O.D.).  A syringe pump (KD Scientific) was then used to 

inject the solution to the microfluidic device. Oil was introduced from the side channel via 

another syringe pump (New Era) as the continuous phase. The typical flow rates of both 

aqueous phases and the oil phase varied from 3 to 5 µL min-1, and 30 to 50 µL min-1, 

respectively, which give a generating efficiency of 500 droplets per second. The generation 

process of droplets was monitored directly by a high-speed video camera (Phantom, 

Ametek) mounted on the microscope (AmScope).  

2.4.4 Manipulation and measurement of cell-laden microparticles 

To evaporate the oil phase, cell encapsulating droplets with excess oil were collected in a 

1 mL centrifuge tube and then incubated at 37 °C. The tube was taken out and weighed 

every 5 min to monitor the weight change.  

For cell culture in hydrogel particles, a 35 mm petri dish (In Vitro Scientific) was 

used to collect hydrogel particles with encapsulated cells, which were then incubated in an 

incubator. The number of cells in each hydrogel particle throughout the whole petri dish 

was counted under a Leica microscope (DMI 6000, Leica Microsystems) from day 0 to day 

4.  

To study the proliferation of single cells in particles, a time-lapse video of cell 

growth was recorded by using a camera (C10600-10B-H, Hamamatsu) coupled to the Leica 

microscope. To study the effect of TNF-α (Sigma-Aldrich) on the cell viability, HCT116 
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cells or encapsulated HCT116 cells were cultured in different concentrations of TNF-α 

(0.1, 1.0, 10, 50, 100 ng mL-1) at 37 °C in an incubator. TNF-α was diluted in DMEM 

culture medium containing 10 % FBS and 1 % P-S. Normal culture medium without TNF-

α added was used as control.  

2.4.5 Statistical analysis 

The size of cell-laden droplets was analyzed by using Image J. The viability of cells in 

microparticles was measured based on microscopic image and time-lapse video, and was 

then characterized by N/N0 × 100 %, where N is the number of living cells measured every 

day by counting, and N0 is the number of living cells at Day 0. Plots were prepared by using 

Igor software, whereas figures were drew by Canvas software. 

 

2.5 Results and discussion 

2.5.1 Generation of cell-laden hydrogel microparticles 

To control the generation of hydrogel particles, we have developed a flow-focusing 

microfluidic device that has two individual inlets to prevent hydrogel precursors from 

gelation during the process of sample introduction (Figure 15A). One of the inlets is for 

hydrogel monomers (Glycosil and Gelin-S) and the other inlet is for the crosslinker 

(Extralink). The crosslinker solution and hydrogel monomers mixed with a HCT116 cell 

suspension (1 × 108 cells mL-1) are injected respectively into the two separated inlet 

channels, flowing through the confluence area and form droplets downstream in a 

continuous oil phase. Because a droplet with a diameter of 50 µm has a volume of 6.5 × 

10-8 mL and a cell suspension with a concentration of 1 × 108 cells mL-1 gives a volume of 
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3 × 10-8 mL per cell, controlled generation of drops with a diameter of 50 µm is expected 

to encapsulate approximately two cells per droplet. Indeed, when a typical aqueous flow 

rate of 4 µL min-1 (for both aqueous phases) and oil flow rate of 40 µL min-1 are used, we 

are able to generate cell-containing aqueous drops with an average diameter of 50 µm. As 

shown in Figure 15B inset, the diameters of the majority of particles (> 70 %) fall into the 

range of 46-54 µm. Only 6 % and 5 % of the particles have the diameters in the range of 

30-38 µm and 54-62 µm, respectively. Cells encapsulated in drops are clearly evident in 

Figure 15B. The percentage of droplets with two cells is 65 % among all the cell-containing 

drops. 

 

Figure 15 Microfluidic encapsulation of HCT116 colon cancer cells in hydrogel particles. (a) Experimental 

image of a flow-focusing microfluidic device used to encapsulate cells in hydrogel particles (scale bar = 100 

µm). (b) Image of hydrogel particles with encapsulated cells. Arrows indicate the encapsulated cells in 

particles (scale bar = 50 µm). Inset: Size distribution of particles. 

 

2.5.2 Oil removal and measurement 

To remove the PFP oil phase by evaporation, we collect the cell-containing drops in a 1 

mL centrifuge tube and incubate the mixture solution at 37 °C. The progress of evaporation 

is monitored by measuring the weight of the mixture solution at different incubation time 
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(Figure 16). For comparison, we also generate cell-containing drops in a HFE 7500 oil 

phase.  

The results show that the weight of the PFP mixture stops decreasing after 

incubating at 37 °C for 35 - 40 min, suggesting that the oil phase is evaporated completely 

(Figure 17A). In contrast, the removal of the HFE 7500 solution via evaporation is 

ineffective and the weight of HFE 7500 solution remains almost constant within 40 min.  

 

 

Figure 16 Schematics of the rapid oil removal process and cell culture in hydrogel particles. 

 

 

Figure 17 Effect of oil on particle aggregation and cell viability. (a) Evaporation-induced change of weight 

percentage (W/W0 × 100 %) of the mixture solution of droplets and oil. Inset: Image of aggregated hydrogel 

particles after the removal of PFP (scale bar = 50 µm). (b) Evaporation-induced change of weight percentage 

with time when particles are collected in the DMEM cell culture medium. Inset: Image of a centrifuge tube 

containing layers of culture medium, particles, and PFP (scale bar = 5 mm).  

 

For a long time incubation, the weight of HFE 7500 solution decreases slowly over 

1200 min (Figure 18). Note that separation of the oil phase from particles by using 
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conventional approaches such as centrifugation and filtration is not effective (Figure 19). 

Rapid evaporation of PFP, however, results in an aggregation of cell-containing particles 

(Figure 17A inset). To prevent particles from aggregation, we collect the cell-containing 

drops in a centrifuge tube that is prefilled with a DMEM culture medium. As shown in 

Figure 17B inset, PFP from the continuous oil phase remains at the bottom of the centrifuge 

tube and the cell-containing drops form a layer between the culture medium and PFP. After 

the mixture is incubated for about 90 min, the weight of the mixture stops decreasing 

(Figure 17B) and particles are obtained without any aggregation in the DMEM culture 

medium.  

 
 

Figure 18 Evaporation-induced change of weight percentage of the mixture solution of droplets and HFE 

7500 oil.  

 

 



49 

 

 

Figure 19 Conventional method for removing oil phase from the culture environment. (A) Image of a layer 

of hydrogel particles floating on top of the HFE 7500 oil phase after centrifuge (scale bar = 5 mm). (B) Image 

of a layer of aggregated matrigel particles sticking to a filter paper after filtration (Scale bar = 50 µm). 

 

2.5.3 Measurement of cell growth in microparticles 

We then study the cell viability by culturing the cell-containing particles at 37 °C in the 

DMEM medium where nutrients in the medium are expected to be delivered to cells 

through diffusion. Our results show that the majority of cells (> 90 %) survive in the first 

72 hours, but the percentage of living cells shows a descending trend within the next 144 

hours (Figure 20). In contrast, when HFE 7500 is used as the oil phase to generate cell-

containing hydrogel particles, the percentage of living cells starts to decrease sharply after 

24 hours and drops to 0 % within 120 hours. HFE 7500 has been used extensively as the 

continuous oil phase in microfluidic-based generation of droplets or micro-particles due to 

its inertness and ability to provide superior droplet stability [184]. Our results, however, 

demonstrate a toxic effect of the residue HFE 7500 oil on the growth of encapsulated colon 

cancer cells.  
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Figure 20 Percentage of living cells in hydrogel particles (N/N0 × 100 %) at different culture time (t).  

 

 

We further investigate the cell proliferation dynamics at the single cell level and find that 

cells encapsulated in hydrogel particles have a prolonged cell cycle and a relatively low 

proliferation rate. Encapsulated cells spend 3 days to grow before reaching the division 

stage and the division process normally takes about 2.5 hours, which is much longer than 

that of cells growing in petri dish. In particular, encapsulated cells always keep a spherical 

morphology in contrast to the spindle-like shape of cells cultured in petri dish. During cell 

division in particles, cells elongate firstly, followed by the formation of two daughter cells. 

Notably, newborn daughter cells always stick tightly to their maternal cells and keep their 

spherical morphology. Occasionally, remerging of newborn daughter cells with their 

maternal cells is observed (Figure 21A). As a result, the proliferation rate of encapsulated 

HCT116 cells is much lower than that of HCT116 cells growing in petri dish (Figure 21B).  

In addition, we notice that when encapsulated HCT116 cells are cultured for 4 days, 

there are more particles containing 3 cells than that with 2 cells (Figure 21C).  In particular, 

when the number of cells at different culture time is evaluated by using (nn - n0)/n0 × 100 
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%, where nn is the number of particles containing 2 or 3 cells quantified at day n, (n = 1, 2, 

3, and 4) and n0 is the number of particles containing 2 or 3 cells collected at day 0, the 

percentage of particles containing 3 cells increases dramatically within 4 days. The 

observation might result from a declined proliferation rate when more cells are 

encapsulated in one particle. Assuming cells encapsulated in particles with 3 cells stop 

growing on day 3, for example, there would be more particles containing 3 cells on day 4 

because of the high proliferation rate of cells encapsulated in particles with 1 or 2 cells. 

Thus, accumulation of particles containing 3 cells is expected when the growth rate of cells 

in particles with 3 cells is lower than that of particles with 1 or 2 cells. Indeed, because 

encapsulated cells are required to overcome the effect of physical impediments from the 

matrix and remodel their extracellular microenvironment to create enough space to migrate 

and proliferate [185, 186], it is likely that a crowded microenvironment due to increased 

numbers of cells per particle exerts additional physical confinement that suppresses the 

proliferation of encapsulated cells. 
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Figure 21 Proliferation of human HCT116 colon cancer cells in hydrogel particles. (a) Time-series image of 

the growth of a single cell in a hydrogel particle (scale bar = 10 µm). (b) Percentage of living cells at different 

time when cells are cultured in petri dish and hydrogel particles. (c) The net growth rate (nn - n0)/n0 × 100 %) 

of cells encapsulated in hydrogel particles.  

2.5.4 Cell dynamics to TNF-α stimulation 

Last, because chronic inflammation is associated with colon cancer, we further study the 

dynamic responses of encapsulated colon cancer cells to inflammatory cytokines such as 

TNF-α [187]. TNF-α is a cytokine involved in systematic inflammation and stimulation of 

acute phase reaction [188]. It has been demonstrated previously that TNF-α is able to 

inhibit the growth of HCT116 cells cultured in petri dish and induces programmed cell 
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death [189]. In our experiment where encapsulated human HCT116 cells are treated with 

different concentrations of TNF-α, the cell viability decreases with the increase of 

concentration of TNF-α. High concentrations of TNF-α, e.g., above the pathological 

concentration of TNF-α in colon (5 ng mL-1) [188], accelerate cell death (Figure 22A), 

which is similar with the results obtained from cells cultured in petri dish (Figure 22B). 

Cells cultured in petri dish, however, live longer than cells cultured in particles, and can 

adapt to a low TNF-α concentration, e.g., 0.1 ng mL-1. Cells cultured in particles undergo 

apoptosis rapidly between 70 and 140 hours depending on the concentration of TNF-α and 

do not show the ability to adapt to a low concentration of TNF-α. The observed phenomena 

may arise from the fact that there is a critical concentration of TNF-α above which cells 

start to undergo apoptosis [190]. When cells are encapsulated in a 3D hydrogel matrix, e.g., 

hydrogel particles, however, hydrogel matrix may act as a constrained, stiff network that 

impairs cell migration and proliferation via regulations of cellular signaling pathways such 

as integrin ligation, protein kinase activity and activation of Rho family GTPases [191, 

192], and thus leads to a descending cell viability. In this case, the additional stimulation 

by TNF-α may accelerate cell apoptosis by further activating TNF-α–induced cell 

apoptosis pathways. However, it should be noted that in the first 24 hours cells 

encapsulated in particles have a higher viability than cells cultured in petri dish do. The 

reason for this phenomenon remains unclear to us. A possible explanation is the slow 

diffusion rate of TNF-α in hydrogel particles or a gradient of TNF-α across the particle that 

may delay the effect of TNF-α on cell viability in the early stage of treatment. 
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Figure 22 Effect of TNF-α on the viability of human HCT116 cells cultured in hydrogel particles and petri 

dish. The change of percentage of living cells, (N/N0 × 100 %), with time at different concentrations of TNF-

α when cells are cultured in hydrogel particles (a) and petri dish (b).  

 

2.6 Conclusion for Chapter 2 

We have demonstrated a microfluidic approach to generate oil-free, cell-containing 

hydrogel particles by utilizing PFP as the continuous oil phase. Highly efficient removal 

of PFP by evaporation contributes to a comparably long time, 216 hours, culture of 

encapsulated human HCT116 colon cancer cells. Cell cycle is found to become slower than 

2D monolayer culture. An apparent cell growth in hydrogel particles is observed at both 

population and single cell levels. In addition, when cells are treated with an inflammatory 

cytokine TNF-α, encapsulated cells are more susceptible the TNF-α stimuli than cells 

cultured in petri dish, highlighting the regulatory role of matrix in cancer cells growth under 

inflammatory conditions. The present study declares useful understanding of cell dynamics 
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in 3D solid environment and the necessary role of 3D matrix for achieving in vivo-like cell 

function and accurate results in biological application. On the other hand, the developed 

strategy provides an effective approach to obtain cell-containing hydrogel particles without 

oil contamination and may serve as a potentially useful platform for the development of 

hydrogel particle-based 3D cell culture, tissue engineering, and cell-based drug delivery.  
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Chapter 3. Cell Dynamics in 3D Bio-printing Cell-laden 

Matrigel/Agarose Construct  

 

3D printing of biological architectures that mimic the structural and functional features of 

in vivo tissues is of great interest in tissue engineering and the development of 

transplantable organ constructs. In this study, we are aiming to create a platform that can 

mimic the physiological bowel environment by 3D printing cell-laden hydrogel tubular 

structures for investigating colon cancer cell dynamics, which addresses several critical 

influencing factors including 3D tubular biocompatible environment, bacterial interaction 

and flow condition. The rheological and biological properties of hydrogel construct is 

firstly evaluated, and cell growth and morphology are assessed according to various 

hydrogel condition. The interaction between colon cancer cell and Salmonella bacteria is 

further studied, which offers valuable knowledge of colon cancer cell dynamics and bowel 

disease mechanism. Therefore, the developed 3D printed hybrid hydrogel system enables 

addressing several critical factors in vivo and will be effective to mimic the physiological 

bowel environment for studying intestinal stem cell dynamics and bowel inflammation 

disease. 
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3.1 Introduction 

3D bio-printing has evolved rapidly as a “bottom-up” layer-by-layer manufacturing 

technique for the construction of complex biological constructs. Functional skin and 

cartilage, for example, have been fabricated by applying the inkjet bio-printing technique, 

in which controlled volumes of cell-containing aqueous droplets can be deposited on 

substrate via using thermal or acoustic forces to fabricate construct [105, 106, 193], but 

rapid post solidification of bio-ink is required and resolution may become a concern. Laser-

assisted bio-printing, a nozzle-free technique that deposits droplets by applying well-

controlled focused laser pulses, enables high resolution printing (30-100 µm) of cell-

containing structures and thus has been used to fabricate cellularized skin construct [107]. 

However, the stability of the printed structures depends on the gelation kinetics due to the 

use of aqueous drops which resulted in challenge for printing construct with complex 

geometry. Microextrusion, on the other hand, extruding uninterrupted viscous bio-ink (up 

to 6 × 107 mPa/s) on substrate with good spatiotemporally controlled deposition while 

keeping a proper resolution (5 µm to millimeters), is able to fabricate complex tissue 

structure, such as aortic valves [64], branched vascular system [108], and tumor models 

[108]. The high pressure applied during the extrusion is concerned to affect cell viability, 

however, the strong mechanical properties of the viscous bio-ink are desirable for building 

organ-like complex construct as well as maintaining the printed structures for biomedical 

applications.   

 In addition to the development of printing technique, the composition and material 

properties of bio-ink play essential roles in 3D bioprinting complex structure for cell and 

tissue culture. For example, polysaccharide-based hydrogel, such as alginate, hyaluronic 
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acid, and agarose, has rapid gelation kinetics and perform excellent mechanical property 

after printing, which contributes to the construction of vessel-like structures [62, 194], 

porous constructs [63, 195] and aortic valve conduits [64] for cell culture. However, due 

to the lack of essential proteins, polysaccharide-based hydrogel is usually criticized for the 

failure of supporting cellular function [66]. On the other hand, protein-based hydrogel has 

been well-known as one of the most biocompatible materials for 3D cell culture, since the 

containing of necessary growth factors and peptides facilitates the cellular activities and 

performs desired cell viability [65, 145, 196, 197]. For example, Matrigel composed of 

collagen IV, entactin, and laminin has been reported for construction of vascular network 

and culture of colonic crypt, as well as used as additives in 3D printed structures for bone 

regeneration [65, 145, 196, 197]. Nevertheless, the obtain of the outstanding biocompatible 

properties sacrifices the mechanical property and resistance to the enzymatic degradation 

that leads to the difficulties for bioprinting and structural maintenance [72]. Additionally, 

synthetic hydrogel like polyethylene glycol is developing for printing complex 3D 

structures, such as vessel-like structures and mechanically heterogeneous aortic valve 

construct [198, 199]. It has tailorable physical property, but poor biocompatibility and toxic 

degradation products, and the synthetic process is time consuming [200].  

 

3.2 Motivation 

From the technical issue, at current stage of 3D printing biological construct for 3D cell 

culture, finding proper materials that are not only compatible with biological function and 

printing process, but also has desired mechanical property to maintain the printed 3D 

complex structures is still challenging. Apart from the materials, although significant 
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progresses of constructing 3D structures have been accomplished, most of the system 

cannot represent the physiological condition for realizing cell dynamics and metabolism, 

which renders the problem for culturing tissue with proper structures and functions, and 

testing the drug efficacy.  

From the aspect of life science, on the other hand, bowel environment is one of the 

most complex environment in human body, which involves bowel inflammation disease 

and cancer metastasis. It has been reported that over 50% patients with colorectal cancers 

developed cancer metastasis, which leads the colorectal cancer to become the second 

leading cause of cancer-related death in United States [201]. Hence, construction of a 

bowel-like physiologically relevant system is necessary for understanding the dynamics of 

colorectal cancer cells and method for cancer therapy. In addition, self-renewing stem cells 

in intestinal crypts play a critical role in maintaining the vigorous proliferation of intestinal 

epithelium [202, 203]. Impaired activity of intestinal stem cells has been linked to 

colorectal cancer [204, 205]. Therefore, achieving the ability to modulate ISCs in a well-

controlled microenvironment is of great interest for both fundamental research of stem cells 

and clinical applications. Development of in vitro culture systems to sustain the growth 

and differentiation of ISCs, however, is challenging and in part this is because of the loss 

of 3D architecture of the tissue [206] and preservation of epithelial viability is difficult 

[207]. Such demands push the development of a 3D architecture that enables supporting 

ISCs growth and differentiation to understand ISCs dynamics. The successful completion 

of this research will contribute a missing, fundamental element to our base of knowledge 

of colorectal cancer and ISCs, without which the long-term culture of ISCs for tissue 

engineering and ISCs-based therapy can hardly be achieved. 
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3.3 Objective 

The overall goal of this present study is aiming to build up a biological system by applying 

3D printing technique that can mimic the physiological bowel environment for studying 

the dynamics of colon cancer cells and contributing to the knowledge of bowel 

inflammation disease. In particular, hydrogels are firstly being investigated for not only 

supporting the cell growth and cell to matrix interactions, but also are 3D printable and 

stable for maintaining the 3D structures, and hence provides a proof-of-concept for 3D 

printing intestinal stem cells at the final stage. Colorectal cancer cells are used as model to 

test the feasibility of 3D printing system and its supportive role for cell dynamics. Several 

critical factors in physiological bowel environment will be addressed, including 3D tubular 

biocompatible environment, bacterial interaction and flow condition. Moreover, to 

improve the biocompatibility of the 3D culture system and prepare for seeding ISCs in 

future steps, the development of hybrid hydrogel by incorporating Matrigel into agarose 

will be studied. The hybrid hydrogel is expected to take the advantages of the mechanical 

stability from agarose and the biological property from Matrigel, which can achieve proper 

cellular function and structures while maintaining the stable tubular structures. In addition, 

the interaction between the seeded colorectal cancer cells and Salmonella bacteria, which 

is a common bacteria found in bowel environment, is going to be evaluated according to 

various pre-cultures and flow conditions from behavioral and molecular examination. 

Therefore, such 3D printed biological architectures are expected to mimic the structural 

and functional features of human bowel environment, which can contribute an effective 

platform for ISCs differentiation and intestinal tissue growth.  
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3.4 Design and fabrication 

3.4.1 Cell culture and maintenance 

Human colonic epithelial HCT116 cells (ATCC) were cultured in a T-25 culture flask 

supplied with DMEM (Life Technologies) containing 10% (v/v) fetal bovine serum (FBS) 

(Life Technologies) and 1% (v/v) penicillin/streptomycin (Life Technologies) under 37°C 

and 5% CO2. For preparation of the cell suspension, cells were washed by a PBS solution 

(Life Technologies) and treated by Trypsin (Life Technologies) for 5 minutes to detach 

them from the culture flask. The cell suspension was then centrifuged and re-dispersed in 

a fresh DMEM solution without adding FBS (1 × 108/ml) for further experimental use. 

Since dead cells were not attached on the culture flask and could be washed away by the 

PBS buffer during the washing step, the viability of cells in the suspension was 

approximately the same for all experiments.  

3.4.2 Hydrogel preparation 

Agarose stock solution was prepared by dissolving agarose powder (Sigma) in DI-water at 

2 wt% or 3 wt%, and then homogenized and sterilized by boiling. The stock solution was 

then stored in an incubator at 37°C. Matrigel (50 µg/ml) (Corning) was stored at -18°C and 

pre-warmed overnight at 4°C before experimental use. To produce a gel mixture for 3D 

printing, agarose stock solution was first poured into a tube (Cristalgen) that had been pre-

warmed at 37°C. Matrigel was then added by continuously mixing with a sterilized spatula, 

followed by the addition of cell suspension ( 1 × 108 /ml). The gel mixture was 

homogenized by continuously stirring, and then transferred to the printing head of the 3D 
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printer (Seraph Robotics) for printing or to the plate of a rheometer (Discovery Hybrid 

Rheometer, TA Instrument) for rheological testing.  

3.4.3 Rheological measurement 

The storage modulus (G') and loss modulus (G'') of the hydrogel mixture at each 

concentration ratio were measured using a Discovery Hybrid Rheometer (TA Instrument) 

with a 40 mm diameter parallel plate. The measurements were conducted at room 

temperature and performed using six different angular frequencies from 1 to 10 rad/s. As 

soon as the Matrigel and agarose were mixed, the G' and G'' of samples were measured 

every 3 minutes for 21 minutes.  

3.4.4 3D bio-printing 

A dual syringe 3D printer (Seraph Robotics) was used for the 3D bio-printing. The printing 

process was controlled by Seraph Print (Seraph). The programming code was written to 

design the shape of the printing structures point by point and imported to the Seraph Print 

software to be recognized by the printer. The 3D printer was sterilized with 70% ethanol 

before printing and was placed in a bio-cabinet to avoid contamination. During the printing 

process, a 0.9 mm diameter dispensing needle was used which produced printed line width 

on the order of 2 to 2.5 mm. The printing head was moved in x- and y-directions, and the 

platform was moved in z-direction. A motorized plunger inside the printing syringe 

continuously pushed the hydrogel out of the syringe. Hydrogel was printed layer-by-layer 

at a speed of 6 mm/s to build tubular structures in a collecting petri dish (Corning) or on 

glass slides (VWR) in air. The printed cell-laden tube was then filled with a DMEM culture 

medium and placed in an incubator at 37°C with a 5% CO2 atmosphere for culturing. In 



63 

 

order to facilitate microscopic imaging and observation of cell growth, some of the tubular 

structures were controlled at a height of 5 mm during printing.  

 All printing experiments without the syringe heater were conducted at room 

temperature and each printing cycle took approximately 20 minutes. Note that the initial 

temperature of agarose has to be kept at 37°C. This is due to agarose gelation process at 

temperature below 37°C, which results in blockage of the printing head. When the 

temperature is above 37°C, on the other hand, agarose solution has a relatively low 

viscosity, which compromises the printing resolution and 3D constructs. For 3D printing 

with temperature control, a syringe heater (New Era) was wrapped around the printing 

syringe and the temperature was maintained at 37°C during printing. 

3.4.5 Determination of cell growth and cell viability 

The growth and morphology of HCT116 cells cultured in hydrogel were examined using 

an inverted fluorescence microscope (Leica Microsystems, DMI 6000). Cell viability was 

determined using Live/Dead assays (Life Technologies) following the manufacture's 

protocol. To image cells encapsulated in the printed hydrogel, cells were stained with 

nucleus-blue (Life Technologies) and/or actin-green (Life Technologies) and imaged using 

a confocal microscope (Leica, TCS SP5). The percentage of cells that exhibited spreading-

out morphologies was calculated by dividing the total number of cells counted each day 

with the number of spreading cells. Each set of experiments was repeated three times with 

at least 100 cells being counted for each experiment. Error bars are presented as the 

standard deviation of the mean.  
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3.4.6 Salmonella bacteria preparation 

Bacteria LB plate was prepared by seeding bacteria on agar plate through streaking. After 

overnight incubation at 37 °C overnight, a clone from LB plate was picked and dispersed 

in 7 mL LB broth, followed by shaking at 37 °C for about 5h. Inoculate 100 mL of LB with 

0.1 mL of a stationary phase culture followed by overnight incubation at 37 °C without 

shaking for 18h. The LB broth was then centrifuged at 5000 rpm for 10 min at room 

temperature, and supernatant was removed for acquiring the bacteria pellets. Finally, 

bacteria was suspended in HBSS using ratio at 100:3 (LB: HBSS) for treating samples. 

3.4.7 Bacterial treatment for cell-laden tube 

Cell-laden tubes were cultured for 0 h (control), 24 h, 48 h and 168 h before bacterial 

infection, which is called pre-culture. Then culture medium were removed and tubes were 

placed into petri dish horizontally. When treated the tubes at static condition, bacterial 

suspension was added into the petri dish and emerged the tubes. When treated the tubes at 

flow conditions, bacterial suspension was loaded into syringe and injected into the lumen 

of tube through polyethylene tubing with the control of syringe pump. The flow rates were 

controlled at 63, 126, and 413 µl/min, which produced shear stress at 0.00075, 0.0015, and 

0.005 dyne/cm2 that within the physiological magnitude of bowel environment. The 

bacterial infection was controlled at 30 min for both static and flow condition, then tubes 

were rinsed by HBSS for three times, followed by confocal imaging or incubation with 

DMEM containing gentamicin (100:1) for 30 min (post-culture). Finally, after post-culture, 

tubes were collected for PCR analysis and medium were collected for cytokine analysis. 

This part was conducted by our collaborator at University of Illinois at Chicago.    
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3.4.8 Evaluation of bacterial adhesion 

After the infection and rinse by HBSS, cell-laden tubes contained in petri dish were placed 

on the stage of microscope. Because the Salmonella bacteria was genetically labeled and 

could be detected by GFP fluorescent mode, the bacterial adhesion at the lumen of the tubes 

was assessed through microscopic imaging under GFP fluorescence.  

3.4.9 Statistical analysis 

The viability of cells growing in 3D construct was measured based on using Live/Dead 

fluorescent assay and microscopic image, and was then characterized by N/N0 × 100 %, 

where N is the number of living cells measured every day by counting, and N0 is the number 

of living cells. To determine the bacterial adhesion, Matlab program was coded to measure 

the area of fluorescent and calculated based on a standard image. To determine significant 

differences of data between experimental parameters, Student's t-test was performed where 

P<0.05 was considered significant. Each set of experiment was conducted for more than 

three times. The data was expressed as mean +/- standard deviation. Plots were prepared 

by using Igor software, whereas figures were drew by Canvas software. 

 

3.5 Results and discussion 

3.5.1 3D printing agarose structures  

Agarose has desirable temperature-based gelation features and proper mechanical 

properties for 3D printing [208, 209]. The printability of agarose was initially examined 

using a Seraph Robotics 3D printer. A circular pattern was designed by defining the 
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coordinates of printing pathways in the Seraph Robotics code, which was then imported to 

the Seraph Print program to control the movement of the printing head. 2 wt% agarose 

solution heated at 37 oC and cooled down during the printing process, which improved its 

elastic properties. Agarose solution was loaded into the print head syringe, and was 

continuously extruded while printing (Figure 23A). As a result, agarose extruded from the 

printing head had enough mechanical strength to support the printed structure. By adjusting 

the tool path and the number of printed layers, tubular structures of agarose with a height 

of 5 cm, a wall thickness of 2 mm and diameters of 12, 17, or 25 mm were printed (Figure 

23B). By changing the design of printing patterns, tubular structures with star, triangle, and 

square morphology were constructed (Figure 23C). In addition, our study shows that 

tubular structures with a height of 8 cm can be achieved in air without the need of external 

structural support (Figure 24). However, it shall be noted that the printing process is 

accomplished within 20 min, otherwise the gelation of agarose will block the printing head. 

 

 

Figure 23 Experimental setup of 3D printed agarose constructs. (A) Schematic of the 3D printing setup. (B) 

3D printed agarose tubes with different diameters (from left to right: d = 12, 17, and 25 mm) (scale bar = 10 

mm). (C) 3D printed agarose constructs with a star, triangle, or square shape (scale bar = 8 mm). 
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Figure 24 3D printed tubular structure with a height of 8 cm using 2 wt% agarose. 

 

3.5.2 3D printing cell-laden agarose structures 

We then printed agarose with encapsulated human HCT116 colonic epithelial cells to study 

the cell viability in such printed constructs (Figure 25A). As shown in a 3D constructed 

confocal image of the tube (Figure 25B), cells were dispersed throughout the entire 

structure of the agarose tube including the inner and outer surfaces. We found that cells 

were able to stay alive in the agarose tube after printing. However, the cell viability started 

to drop rapidly after 3 days culture (Figure 26). It was also observed that in contrast to the 

spindle shaped cells cultured in protein-based hydrogels such as Matrigel [67], cells 

growing in the agarose tube exhibit spherical morphology (Figure 26), indicating the lack 

of essential proteins that support cell attachment and spreading in agarose [210]. 
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Figure 25 Image of the 3D printed cell-laden agarose tube. (A) Side view and top view microscopic images 

of the 3D printed cell-laden agarose tube. (B) Confocal imaging of cell distribution at the top, middle and 

bottom part of the tube.   

 

 

Figure 26 Cell growth in 3D printed agarose tubes. Cells are stained with Live/Dead assays and imaged by 

confocal microscopy at (A) 0 day, (B) 1 day, (C) 3 days and (D) 7 days.  
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3.5.3 3D printing Matrigel/agarose hybrid hydrogel 

In order to improve cell growth and attachment in printed agarose constructs, we added 

Matrigel into the agarose matrix to form the Matrigel/agarose hybrid hydrogel. Agarose 

solidifies at temperatures below 32°C, whereas gelation of Matrigel occurs at temperatures 

above 4°C. The mixing of cold Matrigel with hot agarose solution therefore causes partial 

gelation of the hydrogel mixture immediately. We thus investigated the time-dependent 

change of the storage modulus (G') and loss modulus (G") of the agarose solution mixed 

with different volumetric fractions of Matrigel. Briefly, Matrigel was added to a 2 wt% 

agarose solution in volumetric ratios of 15%, 30%, or 50%. G' and G" as a function of time 

were then measured using a rheometer. As shown in Figures 27A and B, increase of G' and 

G" with time was observed for all formulations. However, G' was much larger than G" and 

increased fourfold within 21 min, indicating that the mixed hydrogel became a more 

elastic-like polymer along gelation. When volumetric fractions of Matrigel increased from 

15% to 50%, the value of G' decreased, suggesting that adding Matrigel compromises the 

elastic property of the hybrid hydrogel.  
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Figure 27 Characterization of Matrigel/agarose hybrid hydrogel. Dependence of the (A) storage modulus 

(G') and (B) loss modulus (G'') of hybrid hydrogel on time at different compositions of Matrigel and agarose.  

 

 

We further tested the printability of these hybrid hydrogels and found that 15% and 

30% Matrigel possessed the desired mechanical properties (G' > 1800 Pa at 21 minutes) 

for printing (Figure 28A and B), whereas 50% Matrigel (G' ~ 850 Pa) failed to maintain 

the printed structure (Figure 28C). Note that since the printing process was usually 

completed within 20 minutes, the rheological performance and printability of 

Matrigel/agarose hydrogels were examined within 21 minutes. 
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Figure 28 Images of tube printed using hybrid hydrogel composed of (A) 15%, (B) 30%, (C) 50% Matrigel 

and 2 wt% agarose (scale bar: 5 mm). 

 

3.5.4 3D printing cell-laden Matrigel/agarose hybrid hydrogel structures 

We further tested cell viability in the hybrid hydrogel with different volumetric factions of 

Matrigel. Our results showed that the percentage of spreading cells increased with the 

increase of volumetric factions of Matrigel (Figure 29). When the volumetric factions were 

15% and 30%, there were 9% and 23% of cells that exhibited spindle-like morphology 

after 3 days culture (Figure 29). Higher percentage of spreading cells (37%) was found 

when Matrigel fraction was 50%, which was consistent with a previous study of 3D 

colonoid culture in Matrigel [196]. Although hybrid hydrogel with 50% Matrigel supported 

more cells to spread and grow, it had poor printability due to the low G' (Figure 27A and 

28C). In order to increase G', the concentration of agarose stock solution was increased to 

3 wt% while the volumetric faction of Matrigel was kept unchanged as 50%. As a result, a 

relatively high G' (1250 Pa) of Matrigel/agarose hydrogel system was obtained. The hybrid 

hydrogel with 3 wt% agarose and 50% (v/v) Matrigel were then printed into a stable tubular 

structure with a diameter of 17 mm and a wall thickness of 2 mm (Figure 30).  
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Figure 29 Percentage of cells that exhibit spreading morphology after 3 days of culturing in 3D printed 

tubular structures composed of 2 wt% agarose and 15, 30, or 50% (v/v) Matrigel.  

 

 

 

Figure 30 An image of a 3D printed tubular structure using 50% (v/v) Matrigel and 3 wt% agarose. The tube 

has a diameter of 17 mm and a wall thickness of 2 mm (scale bar: 5 mm).  

 

 Therefore, human HCT116 cells were introduced to the tube composed of 3 wt% 

agarose and 50 v/v% Matrigel and culture the cells for 11 days. The results showed that, 

before day 8, the number of cells with spindle-like shape increased and that 72% of cells 

maintained spreading morphology (Figure 31A). Cells also tended to form clusters and 

spheroids (Figure 31A, inset) after seeding, consistent with reported 3D cell culture in 

hydrogel [208, 209]. The percentage of spreading cells, however, decreased from 70% to 
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47% between day 8 and day 11. Cell viability remained relatively high within the first 6 

days (77%) but dropped after 7 days (Figure 31B), which was consistent with the observed 

decrease of the percentage of spreading cells after day 8 (Figure 31A).  

3.5.5 3D printing Matrigel/agarose hybrid hydrogel at constant temperature 

Because printing was conducted at room temperature (25oC) whereas the initial 

temperature of the hybrid hydrogel was 37oC, the change of temperature along printing led 

to the change of rheological properties of the hybrid hydrogel with time (Figure 27). We 

therefore tested whether the hybrid hydrogel could be printed at constant temperature (37 

oC). A syringe heater was used to wrap around the printing syringe and maintained the 

printing temperature at 37 oC (Figure 32A). By repeating the printing process described 

above, a tubular structure with the same dimensions as the one printed without temperature 

control (a diameter of 17 mm and a wall thickness of 2 mm) was printed (Figure 32B). The 

tube printed at constant temperature was more transparent than that printed without 

temperature control (Figure 30), probably due to a more homogeneous composition. When 

the tube was cut at its top, middle and bottom sections and examined under a microscope, 

no massive hydrogel clusters or granular structures were observed, indicating a relatively 

homogeneous composition (Figure 32C). Most importantly, when HCT116 cells were 

introduced to the hybrid hydrogel and printed at constant temperature (37 oC), percentage 

of spreading cells increased with culture time and reached 75 % after 11 days culturing 

(Figures 32D and 33). Cell viability was also improved and maintained over 70 % after 11 

days culturing, even though a slight decrease was found at the end of the culture (Figures 

32E and 33). Most importantly, formation of cell clusters, or called cell spheroids, was 
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observed at day 7, indicating this 3D printed architecture is effective for growing tissues 

and studying cell dynamics. 

 

Figure 31 Cell growth in 3D printed Matrigel/agarose tubes composed of 3wt% agarose and 50% (v/v) 

Matrigel. (A) Percentage of cells that exhibit spreading morphology for 11 days culturing. Inset: A 

fluorescent confocal image of spreading cells and clusters formed in the printed tube. Cells are stained with 

actin-green and Nuc-blue (scale bar = 50 µm). (B) Cell viability over 11 days culturing.  
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Figure 32 3D printing Matrigel/agarose hybrid hydrogel at constant temperature (37oC). (A) An image of 

the experimental setup in which a syringe heater was wrapped around the printing syringe to maintain the 

temperature at 37oC during printing. (B) An image of 3D printed tubular structure composed of 3wt% agarose 

with 50% (v/v) Matrigel (scale bar: 5 mm). (C) Microscopic images of the 3D printed hybrid hydrogel tube 

cut at the top, middle, and bottom sections (scale bar: 100 µm). (D) Percentage of cells that exhibit spreading 

morphology for 11 days culturing. (E) Cell viability over 11 days culturing.   
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Figure 33 Fluorescent images of cells stained with Live/Dead assays in the hybrid hydrogel tubes after 

culturing for (A) 0 day, (B) 1 day, (C) 2 days and (D) 7 days. Inset: images of a single cell spreading with 

the culture time and forming into cell clusters in the hybrid hydrogel tubes. 

 

3.5.6 Compensation between mechanical and biological property of hybrid hydrogel 

In the current study, we developed Matrigel/agarose hybrid hydrogels and examined their 

rheological properties and 3D printability. Using human HCT116 cells in the printing 

hydrogels, cell growth and viability were evaluated. The desired mechanical properties of 

the hybrid hydrogel should firstly ensure a successful printing process and provide 

mechanical support for the printed structures. In addition, the mechanical properties of the 

hybrid hydrogel should not play a negative role in supporting cell growth. Furthermore, 

because Matrigel has been demonstrated for intestinal stem cells culture [70, 211], we 

expect the application of the developed hybrid Matrigel to benefit intestinal stem cells 
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culture in 3D-printed structures. Hence, this can contribute to the construction of in vivo-

mimicking intestinal model systems. 

 Agarose performed outstanding mechanical features during construction of 3D 

architectures, however, it lacks essential proteins to which cells can adhere and develop 

cell-matrix interactions [66]. HCT116 cells cultured in the printed agarose exhibited 

spherical morphology (Figure 26) and failed to generate tensions against the 3D matrix to 

exhibit critical spindle-like morphology. This has been observed in protein-based 

hydrogels such as Matrigel and collagen [67, 212]. When Matrigel was added into the 

agarose matrix, HCT116 cells started to spread out and the number of spreading cells 

increased with the increase of volumetric fractions of Matrigel (Figure 29), indicating that 

adding Matrigel improves cell growth and adhesion in the 3D matrix. The percentage of 

spreading cells with spindle-like morphology in 50 % Matrigel was 37 % after 3 days of 

cell culturing. In fact, a previous study has shown that the growth of intestinal stem cells 

depends on the amount of Matrigel: the highest efficiency of colonoid formation (33±5 %) 

has been observed when 50 % Matrigel is used [196]. 

 Adding excess Matrigel significantly affects the rheological performance and 

printability of agarose. It is known that when agarose solution (37 oC) is placed at room 

temperature (25 oC), G' increases with time due to the gelation of agarose at low 

temperature [213]. This is consistent with what we observed here (Figure 27A). The 

temperature drop due to the addition of Matrigel (4 oC) to agarose solution (37 oC) did not 

increase the G' of the hybrid hydrogel significantly; instead, G' decreased with the increase 

of volumetric fractions of Matrigel. Since solidified Matrigel has a relative low G' due to 

its high water content [214], it is likely that adding Matrigel dilutes the hybrid hydrogel 
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and compromises its elastic properties. Indeed, when the Matrigel/agarose was used to print 

tubes, 2 wt% agarose with 50% (v/v) Matrigel had the poorest printability (Figure 28C). In 

order to increase the printability of Matrigel/agarose bio-ink while maintaining the high 

percentage of Matrigel to support cell growth and spreading, the concentration of agarose 

stock solution was increased to 3 wt% while Matrigel was kept constant at 50 % (v/v). 

Because the volumetric fraction of Matrigel was kept constant, the increase of wt% of 

agarose did not affect the concentration of Matrigel in the mixture. The concentration of 

Matrigel in the hybrid hydrogel was 7.5, 15, and 50 µg/ml corresponding to 15 %, 30 % 

and 5 0% (v/v) Matrigel, respectively. As a result, not only was G' of 1250 Pa (G" ~ 60 Pa) 

obtained for the hybrid hydrogel (Figures 27) due to the increased wt% of agarose, but cell 

growth and cell-matrix interactions were improved. Stable tubular structure can therefore 

be printed and maintained (Figure 30). Although previous studies have shown the 

development of hybrid hydrogel for 3D printing [64, 215], our study shows the correlation 

between the formulation of hybrid hydrogels with their rheological properties and 

biocompatibility, and hence provides quantitative understanding of the material properties 

and biological activities of hybrid hydrogels for 3D bio-printing. 

 The results of culturing of HCT116 cells in 3D printed hydrogel constructs show 

that cells can spread and exhibit stretched non-spherical morphology during culture (Figure 

31A, inset), indicating that the matrix supports cell adhesion and growth and cell-matrix 

interactions are established. The component of Matrigel also supports the cell growth with 

high viability in first 7 days. However, a decrease of cell viability and reduced percentage 

of spreading cells in the late stage of culture was observed, which may arise from the 

heterogeneous structures of the tube when printed without temperature control. Because 
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temperature of the hybrid hydrogel decreased with time, agarose would solidify during 

printing resulting in granular and non-uniform microstructures in the printed tube (Figures 

23 and 24). The heterogonous structure could render a various physical properties such as 

stiffness at different locations of the tube and affect cellular behavior and direct cell fate 

[51, 98, 216]. In fact, our results show improved percentage of spreading cells and cell 

viability when cells are printed in more homogenous hybrid hydrogels. This indicates that 

homogeneous hydrogel matrix is supportive for cell growth and spreading. Note that it is 

also possible that the relative high modulus (G' ~ 1250 Pa) of the printed hybrid hydrogel 

negatively affects cell viability [217-219]. In addition, the diffusion length of oxygen and 

nutrient in hydrogel is around 150-200 µm [82], whereas the wall thickness of the tube is 

2 mm. Although the entire hydrogel tube is immersed in a culture medium during cell 

culture, it is likely that the cells had insufficient uptake of nutrients and oxygen through 

the tube wall. Indeed, from the COMSOL simulation results (Figure 34), it can be found 

that the diffusion is inhibited by the thick tube wall that impaired the nutrient and oxygen 

delivery, which caused the diffusion of culture medium failed to cover the cells growing at 

whole tube structures. Therefore, our results highlight the much needed strategies for the 

development of physiologically relevant biomaterials and construction of vascular systems 

for 3D cell culture and tissue engineering, as shown by many recent efforts including 

results from our laboratory [55, 81, 108]. 
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Figure 34 COMSOL simulation result shows the diffusion model in thick hydrogel construct. 

 

3.5.7 HCT116 and Salmonella interaction in cell-laden agarose tube  

We further investigated the HCT116 colon cancer cell and Salmonella bacteria interaction 

in such developed hydrogel culture system, which is expected to provide the knowledge of 

cell-bacteria communication and mechanism of bowel inflammation. In particular, 

Salmonella is a type of bacteria that can be found in the digestive tracts of humans and 

animals, especially reptiles, and it is well-known to cause illness including typhoid fever, 

paratyphoid fever and food poisoning [220]. Significantly, in recent decades, it has been 

proved that cells growing in digestive tracks could have strong intereaction with the local 

bacteria, in which critical communication is happened. For example, Salmonella was found 

to penetrate the intestinal barrier and interact with CD18-positive immune cells [221], 

during which toxins are usually released by bacteria that triggers the signaling tranduction 

of cells. In turns, the release of cytokine from cells, is then induced by such Salmonella 

infection [222], which could render inflammation that causes risks for developing chronic 

inflammation and may lead to tumor [223]. Indeed, bacterial infection was found to evade 
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the immune system or stimulate immune responses that plays defensive role in tumor 

formation, then causes carcinogenic changes through cytokines released by inflammatory 

cells, including such as interleukin-6 (IL-6), IL-8 [224], tumor necrosis factor-α (TNF- α) 

[222], reactive oxygen species (ROS) [225, 226], cyclooxygenase-2 (COX-2) [225] and 

nitric oxide (NO) [227]. On ther other hand, cytokines released by cells also play critical 

roles in activating immune system and suppressing bacterial growth and inflammation [228, 

229]. The interaction between cells growing in disgestive tracks and bacteria, however, is 

still remaining elusive due to its complexity. Hence, in this part of the study, 

communication between HCT116 colorectal cancer cells and Salmonella is being 

exmained aiming to provide understainding of the mechanism behinds the bowel 

inflammation disease.  

 As shown in Figure 35, cell-laden agarose tubes constructed by 3D printing were 

firstly being examined due to its robustness for bearing flow condition. The tubes were 

culutred for various duration before Salmonella infection, so called pre-culture. The 

purpose of pre-culture is to let cells become more adapatable to the 3D environments and 

start to proceed their metabolism, including morphology adjustment, modification of 

surrounding matrix and trigger signaling pathways. Such pre-culture is expected to 

influence the cellular response during bactrial infetion, because longer pre-culture time will 

render the cells become more preparable for the interaction and hence more cytokines could 

be released in response to the infection. Then bacterial infection was conducted by injecting 

Salmonella suspension through the lumen of cell-laden tube for 30 min at different flow 

rates, 0 (control), 63, 126 and 413 µl/min, in which flow conditions were applied to mimic 

the physiological bowel environment. After the infection, Salmonella were removed by 
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washing and the cell-laden tubes were cultured for extra 30 min for fully responding to the 

infection, which is called post-culture. Finally, medium in post-culture were collected for 

analyzing cytokine released by cells and cells were collected for detecting the RNA 

changes.  

 

 
 

Figure 35 Schematics of experimental process, including 3D printing cell-laden tube, pre-culture tube, 

Salmonella infection and post-culture for sample collection.  

 

 

Salmonella suspension was incorporated into the 3D printing cell-laden system, 

which is on the purpose to trigger the release of cytokine from HCT116 cells that growing 

in 3D environments, because the toxins secreted from Salmonella are expected to diffuse 

through the hydrogel barrier and stimulate the cells. On the other hand, after the secretion 

of cytokines from cells induced by bacterial infection, the released cytokines are expected 

to attract more Salmonella to this area, which forms a cycle. This expected phenomenon 

will explain how the HCT116 colorectal cancer cells communicate with the bacterial 

environment when grow in 3D conditions [187, 188]. As a results, bacterial adhesion was 

found to be significantly increased by prolonging pre-culture time, indicating pre-culture 

indeed played a positive role in letting cells become more adaptable to the 3D environments 

and respond to the infection more actively (Figures 36 and 38). On the other hand, 
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comparing to the static condition (0 µl/min), when cell-laden tubes were treated with 

Salmonella bacterial flow, the bacterial adhesion was dropped significantly (Figures 36 and 

38). The adhesion was found to be decreased with the increasing flow rates, indicating the 

flow played inhibited roles in cell-bacteria communication. This observation could be 

explained by two factors. The first reason for the decrease could be the flow took the toxins 

or cytokines away from the system, which impaired the communication between cell and 

bacteria. The second possible explanation is the shear flow exerted on the wall of the tube 

inhibited the bacteria to attach. Hence the bacteria adhesion was found to drop with 

increasing flow rates. 

Meanwhile, we run a control experiment with exact same condition apart from 

without cell seeding, which could be helpful to rule out the effect of agarose tubes (Figure 

37). Results show when there were no cells growing in the agarose tubes, the bacterial 

adhesion was significantly dropped comparing to the conditions with cell seeding, and it 

did not change too much with the pre-culture, suggesting pre-culture time has no effect on 

promoting bacterial adhesion (Figure 38). This phenomenon indicates that the presence of 

cells enhanced the bacterial adhesion due to the communication at molecular level. On the 

other hand, it demonstrates the pre-culture indeed only facilitated cells to interact with 

bacteria during the infection. Also, similar observation was found when flow condition was 

incorporated. The bacterial adhesion was reduced with increasing flow rates. It should be 

noted that high flow rate 413 µl/min caused low adhesion for both experiment, implies the 

shear condition is too high for the cells and bacteria to communicate with each other. 
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Figure 36 Fluorescent images of Salmonella bacterial adhesion at the lumen of agarose tube when HCT116 

colorectal cancer cells were encapsulated. While dot line indicates the wall of tube lumen. 

 

 

 

 
 

Figure 37 Fluorescent images of Salmonella bacterial adhesion at the lumen of agarose tube when there were 

no HCT116 colorectal cancer cells seeded. The while dot line indicates the wall of tube lumen.  
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Figure 38 Bacterial adhesion changes with flow condition and pre-culture time when cells were seeded and 

not seeded in the agarose tube respectively. Agarose tubes were pre-cultured for (A) 24 h, (B) 48 h and (C) 

1 week before infection.  
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3.5.8 Salmonella treatment of cell-laden hybrid hydrogel tube  

Cell laden agarose tubes were tested by the Salmonella infection at flow condition due to 

its robustness, however, it is still concerned that agarose failed to provide a physiologically 

relevant condition for cell growth and cellular function, which may be failed to let the cells 

fully realize its communication to bacteria. Therefore, we applied the hybrid hydrogel cell-

laden tube to test the Salmonella infection. After printing, cell-laden hybrid hydrogel tubes 

were pre-cultured for 1 week to fully adapt the cells into 3D culture environments and 

promote its cell dynamics. Then same protocol was followed to test the cell response during 

Salmonella bacterial infection. As a result, in control experiment where there is no cell 

seeding in the tube, a decreasing trend of bacterial adhesion was observed with increasing 

flow rates, but cell adhesion was increased by two-fold comparing to 3D agarose system 

shown in previous section (Figure 39A), indicating Matrigel is capable of improving the 

cell-bacterial interaction due to its possible essential component. 

 

Figure 39 Fluorescent images of Salmonella bacterial adhesion at the lumen of hybrid hydrogel tube when 

there were (A) no cell seeding and (B) with cell seeding respectively. The while dot line indicates the wall 

of tube lumen. 
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When cells were seeded into the hybrid hydrogel, however, significant increase of 

bacterial adhesion was exhibited (Figure 39B). The bacterial adhesion was found to 

increase by two-fold comparing to 3D agarose condition (Figure 40), suggesting the 

Matrigel served as a critical role in facilitating cell dynamics, proceeding signaling 

transduction and molecular expression, and hence could interfere with bacterial in a more 

effective manner. In addition, the regulatory role of flow in bacterial adhesion was found 

being non-significant when flow rate was increased from 0 to 126 µl/min, indicating the 

interaction between HCT116 cells seeded in hybrid hydrogel tube and Salmonella was 

significantly enhanced and became strong to overcome the negative regulation from shear 

flow. Therefore, the hybrid hydrogel with incorporation of Matrigel component has been 

proved again for not only promoting cell growth and cell dynamics in 3D culture 

environments, but also providing a potential effective platform to investigate cell-bacteria 

interactions, which is critically helpful for disease model and drug testing.  

 

Figure 40 Bacterial adhesion changes with flow condition when cells were seeded and not seeded in the 

hybrid hydrogel tube respectively. Hybrid hydrogel tubes were pre-cultured for 1 week before infection.  
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3.6 Conclusion for Chapter 3 

In this study, 3D printing technique has been applied successfully to construct the tubular 

structures for mimicking the human bowel environment. Comparing to other approaches 

such as biological film and microfluidics, 3D printing method brings well-controlled 

manners in both designing and constructing process. Complex structures could be created 

with extraordinary resolution and cells could be distributed homogenously in the whole 

tube through the accurate deposition. Disadvantages including the shear rate arises from 

the printing process that may influence the cell viability, and the blockage of printing head 

may occur from the gelation of bioink should be considered, but could be overcame by 

using a nozzle with relative large size.  

On the other hand, Matrigel/agarose hybrid hydrogel has been developed with 

desired rheological properties for both 3D bio-printing and culturing human intestinal 

epithelial cells. The elasticity of the hybrid hydrogels increases with gelation time but 

decreases when the volumetric concentration of Matrigel increases. An optimized 

formulation of hybrid hydrogel with 50 % (v/v) Matrigel and 3 wt% agarose was identified 

to be 3D printable and showed the ability to support cell growth and adhesion. It is 

important that both cell spreading and cell viability were significantly improved when 

printing was performed at a constant temperature (37 oC).  

In addition, the developed system has been employed successfully to test the 

interaction between HCT116 cells and Salmonella. Bacterial adhesion was found to be 

enhanced with prolonging pre-culture time and incorporating Matrigel, but impaired by 

increasing flow rate. It should be noted that there is a part of study about the analysis of 

cytokine level released by cells and Salmonella regulation in RNA expression of cells 
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during the infection still in progress by our collaborator at University of Illinois at Chicago, 

and will be proceeded in the future. Therefore, such developed system enables to mimic 

several critical factors in the physiological bowel condition for studying cell dynamics, and 

also provides useful guideline to develop Matrigel-based hydrogels for 3D printing and 

tissue engineering.  
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Chapter 4. Leaf-inspired Artificial Microvascular Networks 

(LIAMN) for Three-dimensional Cell Culture 

 

Construction of vascular architecture capable of distributing oxygen and nutrients is 

critically important for 3D cell culture, tissue engineering, and the development of 

functional living organs. However, controlled engineering complex, hierarchical vascular 

structures that could address critical factors including the degree of branching, capillary 

density, and connecting microvascular networks with large vascular vessels still remains 

challenging. In previous section, cells growing 3D hydrogel constructs are subjected to the 

lack of nutrient supply due to the missing of vascular delivering system, which resulted in 

hindering long-term cell culture. Here, we construct an effective leaf-mimicking vascular 

system for 3D cell culture through applying leaf skeletal structures, which shows 

significant supportive roles for cell growth in 3D environments. On the other hand, we 

demonstrate a concept of leaf-inspired artificial microvascular networks (LIAMN) that 

artificially developed a hierarchical vascular structure for serving as an effective perfusion 

system for 3D cell culture in hydrogel. Because cell-containing hydrogel constructs with 

desired thickness can be constructed using embedded LIAMN layers, our strategy paves a 

new avenue to engineer effective vascular transport system for 3D cell culture, understand 

cell dynamics and the development of functional artificial organs. 
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4.1 Introduction  

Effective vascularization in engineered tissues is critical to the development of living 

organs and remains one of the highest priorities in tissue engineering [143, 144, 230, 231]. 

Without a vascular network, for example, the maximal thickness of an engineered tissue is 

approximately 150-200 µm due to the limited oxygen diffusion [232]. As a result, large 

three-dimensional (3D) engineered tissue constructs quickly develop necrotic regions 

[151]. Hence, an effective transport system including both large vascular vessels and 

microvascular networks is required to sustain the biomimetic functions of thick, complex 

tissue constructs. To date, tissue engineered large and small blood vessels have been 

demonstrated by using porous scaffolds [233] and cell sheet technology [234] However, 

controlled formation of complex, hierarchical microvascular networks, such as the degree 

of branching, capillary density, and connecting microvascular networks with large vascular 

vessels is challenging.  

 The rapid development of micro-fabrication technology has realized the fabrication 

of microvascular networks in tissue constructs. Controlled engineering of vascularized 

structures in various bio-substrates, in which endothelial cells are growing into monolayer, 

has been reported to be realized by microfluidic-based systems [235]. Recent advances in 

biodegradable microfluidics and 3D vascularized microfluidic scaffolds pave new avenue 

for achieving implantable 3D microfluidic tissue constructs [236]. On the other hand, 

generation of vascular networks in engineered tissues has been accomplished by using 3D 

printing filament networks of carbohydrate glass [55] and agarose template fibers [111] as 

cytocompatible sacrificial templates. Such systems enable the improvement of mass 

transport, cell viability and differentiation when cells are seeded in 3D tissue construct. 
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Moreover, 3D printing technique, as a popular tool in recent years, has been emerged 

rapidly as an effective bottom-up approach to fabricate vascularized 3D tissue constructs 

[157, 237]. A rapid prototyping bioprinting method for scaffold-free small diameter 

vascular reconstruction has been demonstrated for the fabrication of single- and double-

layered small diameter vascular tubes (OD ranging from 0.9 to 2.5 mm) [108]. 

Vascularized cell-laden tissue constructs have also been fabricated by 3D printing a 

fugitive ink (Pluronic F127) in cell-containing gelatin methacrylate hydrogels [110]. In 

addition, formations of microvascular architectures using methods such as direct writing 

[164] and electrical discharge [162, 238] have been demonstrated.  

 

4.2 Motivation 

Evolutionary innovations in the venation patterns of leaves, on the other hand, allow the 

effective transport of water, nutrients and carbon throughout the entire leaf [239, 240], and 

thus might provide an alternative approach to overcome the supplying difficulties in 3D 

cell culture and enable an effective distribution of nutrient and oxygen. Indeed, hydraulic 

analysis of water flow through leaves of sugar maple (Acer saccharum) and red oak 

(Quercus rubra) has shown that the hydraulic architecture of leaves minimizes construction 

costs relative to hydraulic capacity [241]. Venation patterns of leaves also have an 

optimized vein density [242]. Furthermore, studies of the isotopic composition of leaf 

water have demonstrated the presence of hydraulic capacitance in the ground tissues of 

vein ribs and a lateral exchange of water from veins [243], suggesting that major veins 

serve as high-capacity supply lines to minor vein system. All these characteristics of 
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venation patterns of leaves including minimized construction costs, optimized vein density, 

and hierarchical connection of microvascular vein with large vessels are ideal features of 

microvascular networks for 3D cell culture [244]. Furthermore, the presence of the 

diversification of low-order vein architecture and the commonness of reticulate, 

hierarchical leaf venation provides tolerances to hydraulic disruption through wounding 

[244], highlighting the advantages of leaf vascular architecture in hydraulic (or nutrient) 

transport. Thus, over 400 million years evolution, the hydraulic system of leaves has been 

evolved as such transport system that no portion of the leaf is under-supplied, and therefore, 

is likely be able to act as an effective microvascular perfusion system for 3D cell culture. 

 

4.3 Objective 

The objective of this study is to propose an innovative but effective principle to offer 

solution of delivering problem in 3D solid matrix that enables supporting long-term cell 

growth and formation of tissue structures. In particular, a concept of leaf-inspired artificial 

microvascular networks (LIAMN) will be proposed and the feasibility and advantages of 

the LIAMN will be validated for 3D cell culture. This will be shown by developing both 

leaf-mimicking (Figure 41A) and leaf-inspired (Figure 41B) microfluidic perfusion 

systems to support the growth of HCT116 colon cancer cells in a 3D hydrogel matrix. In 

addition, approach for fabricating thick hydrogel construct with vascular structures 

embedded and its supportive role in cell growth is going to be demonstrated. Therefore, 

our approach is expected to opens a new avenue that enables the efficacious engineering 
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of vascular networks in thick hydrogel constructs and provides a novel conceptual and 

experimental framework for vascular tissue engineering. 

 

 

Figure 41 Schematics of the fabrication of leaf-mimicking and leaf-inspired microfluidic devices for 3D cell 

culture. Fabrication process of (A) leaf-mimicking microfluidic device and (B) multilayer leaf-inspired 

microfluidic device. 

 

4.4 Design and fabrication 

4.4.1 Cell culture and maintenance 

HCT116 human colon cancer cells were cultured in DMEM (Life Technologies, CA) 

containing 10 % (v/v) fetal bovine serum (Life Technologies) and 1 % (v/v) 

penicillin/streptomycin (Life Technologies). The cells were maintained in a T-25 culture 

flask and incubated in an incubator at 37 °C with 5 % CO2. To prepare cells for culturing 

in agarose, cells cultured in the T-25 culture flask were washed by PBS solution and 

trypsinized for 5 min to detach cells from the culture flask. The cell suspension was then 

centrifuged and re-dispersed in a DMEM culture medium for further experimental use (1 ×
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108/ml). Because dead cells were not attached on the culture flask and were washed away 

by PBS solution, the viability of cells in the suspension is approximately the same for all 

experiments. To image cells under a confocal microscope, cells were stained by nucleus-

blue (Life Technologies) and/or actin-green (Life Technologies) fluorescent dye following 

the manufacturer's protocol. 

4.4.2 PDMS-based leaf-mimicking microfluidic device 

 Poly(dimethysiloxane) (PDMS) (Sylgard 184, Dow Corning) was poured to the leaf 

skeleton of Hevea Brasiliensis (Nature Bounty Supply) at the ratio of 10 : 1 for elastomer 

base and curing agent. After heated at 85 ºC for 1 hour, the PDMS replica was peeled off 

from the leaf skeleton and punched with holes as inlets and outlets. The PDMS replica was 

then bound to a clean microscopy glass slide using oxygen plasma treatment and fabricated 

into the leaf-mimicking microfluidic device (Figure 42A). The inlet of the leaf-mimicking 

microfluidic device was always located at the petiole of the original leaf (main vein, d ≈ 

700 µm), whereas outlets were located at either the end of the main vein, the 1st order 

branch (d ≈ 300 µm), or the networks between the 1st order branches (d ≈ 50 µm) (Figure 

42B).  

4.4.3 Agarose-based leaf-mimicking microfluidic device 

Agarose solution was prepared by dissolving agarose powder (Sigma) in DI-water at 2 

wt%, and then mixed with HCT116 cells in DMEM (Life Technologies) dispersion (1 ×

108/ml). Leaf skeleton of Hevea Brasiliensis (Nature Bounty Supply) was used as template 

and sterilized by exposing to UV light for 5 min before use. Agarose-cell mixture solution 

was poured onto the leaf skeleton and gelled at room temperature for 1 hour. The agarose 
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replica was then peeled off from the leaf skeleton and holes were punched at the main 

petiole (inlet) and the network area (outlets). The agarose matrix was placed on a glass 

slide and DMEM was injected into the device from a syringe (Norm-Ject) by using a 

syringe pump (Harvard Apparatus, PHD, Ultra). The device was then immersed in 2 ml 

DMEM in a petri dish and cultured at 37 °C in an incubator (Binder) for 24 hours. Cell 

viability was determined by using Live/Dead fluorescent assay (Life Technologies) on an 

inverted Leica fluorescence microscope (Leica Microsystems, DMI 6000). Each set of 

experiment was repeated by at least three times, and error bar presented as standard 

deviation of all trials. Note that, cell growth and viability were determined by cells growing 

within 200 µm to the branches, which was measured by microscope. 

 

Figure 42 Analysis of the hydraulic transport efficiency of leaf-mimicking PDMS microfluidic devices. (A) 

Image of a typical leaf-mimicking PDMS microfluidic device. Scale bar: 2 cm. (B) Schematics of positions 

of inlets and outlets in the leaf-mimicking PDMS microfluidic devices 

.  
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4.4.4 Agarose-based leaf-inspired microfluidic device 

Leaf-inspired microfluidic master was fabricated using established soft lithography 

technique. In particular, 3 inches wafers were purchased from UniverstiyWafer and cleaned 

by using acetone and isopropyl alcohol (IPA). Then photoresist SU-8 (MicroChem) was 

deposited on the silicon wafer by spin coating following recipe. 2 min soft bake at 95 °C 

was conducted to remove the parts of the solvents and promote the adhesion between 

substrate and resist. Lithography mask was then aligned on the silicon wafer with SU-8 

coating and exposed to UV light following protocol. After the UV exposure, silicon wafer 

was post baked at 105 °C for 2 min, in order to remove parts of the solvent and improve 

the resist sidewall profile by reducing the effect of standing waves. The photoresist coated 

on the silicon wafer was next developed by using SU-8 developer (MicroChem) and rinsed 

by acetone. Finally, wafer was baked at 115 °C for 2 min to improve the mechanical 

robustness of the resist for subsequence process and measured the dimension of pattern by 

using profilometer. In this study, the height of the microchannel is 37 µm everywhere.  

HCT116 cell-containing agarose mixture was then prepared as described above and 

poured onto the microfluidic master to form a single layer of agarose hydrogel replica at 

room temperature. The thickness of agarose replica was controlled by adjusting the volume 

of agarose mixture solution being used and measured under a microscope. To assemble the 

3D LIAMN, three pieces of agarose replica were aligned and stacked together. The 

assembled device was placed under room temperature for additional 30 min so that the 

agarose became slightly dry and adhered better to each layer. Inlet and outlet holes were 

then punched throughout the three-layer construct. The inlet and outlet tubing, however, 

were only inserted at the top layer. The assembled device that was continuously supplied 
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by DMEM through the embedded perfusion channels was then immersed in 5 mL DMEM 

and cultured in an incubator. Cell growth, viability, morphology, and distribution were 

measured under an inverted Leica fluorescence microscope or confocal microscope (Leica 

Microsystems).  

4.4.5 Statistical analysis 

Hydraulic transport efficiency of leaf-mimicking microfluidic device was characterized by 

measuring water coverage when inlets were punched at different location. Water coverage 

was characterized by the ratio of the water-covered area of the device to the total area of 

the device. Images were took before and after the water injection, and analyzed by using 

Image J and Matlab software. On the other hand, the viability of the cells growing in 3D 

construct was measured based on using Live/Dead fluorescent assay, microscopic image 

and time-lapse video, and was then characterized by N/N0 × 100 %, where N is the number 

of living cells measured every day by counting, and N0 is the number of living cells at Day 

0. To determine significant differences of data between experimental parameters, Student's 

t-test was performed where P<0.05 was considered significant. Each set of experiment was 

conducted for more than three times. The data was expressed as mean +/- standard 

deviation. Plots were prepared by using Igor software, whereas figures were drew by 

Canvas software. 
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4.5 Results and discussion 

4.5.1 Hydraulic measurement of leaf-mimicking microfluidic device 

To develop leaf-mimicking microfluidic devices, we used the skeleton of leaves with 

pinnate venation, e.g., rubber tree leaves (Hevea Brasiliensis), as the template. Pinnate 

venation has a main vein that extends from the bottom to the tip of the leaf, from which 

small veins are branching off. The main vein can serve as the high-capacity supply lines 

for fast, long-distance water transport [245], whereas the hierarchical structure derived 

along the central axis into higher order branches (network area) can carry out local 

dispersion. In addition, pinnate-veined leaves (with an elliptic shape) have a high density 

of minor veins comparing to parallel- or palmate-veined leaves [246], and thus are expected 

to have a better hydraulic conductance [247]. We then fabricated PDMS-based leaf-

mimicking microfluidic devices and studied the hydraulic conductance in such devices.  

To study the hydraulic transport efficiency of the leaf-mimicking PDMS 

microfluidic device, water were injected into the device by applying pressure to a water-

containing syringe (Norm-Ject), which was connected to the device via a polyethylene 

tubing (0.015" (0.38 mm) I.D. × 0.043" (1.09 mm) O.D.). A gas regulator with precision 

of 0.1 psi (Omega) was used to control the applied pressure. The pressure at which water 

started to flow out of the device through the outlets is recorded as the input pressure. 

Devices with outlets located at the main vein required the lowest input pressure, whereas 

devices with outlets located at the 1st order branches and networks required relatively high 

input pressure (Figure 43A).  



100 

 

 
Figure 43 Analysis of hydraulic transport in leaf-mimicking microfluidic device. (A) Effect of position of 

outlets on the input pressure. (B) Dependence of fluid coverage on the position of outlets in leaf-mimicking 

PDMS microfluidic devices.  

 

Most importantly, devices that have outlets at the 1st order branch and networks had 

80% area covered with water, while only 50 % and 63 % water coverage was obtained 

when outlets were located at the main vein and at the half of the 1st order branch, 

respectively (Figure 43B). Therefore, the results show that, given a relatively high input 

pressure, high water coverage can be obtained when the outlets of the device are located at 

the network area replicated from the original leaf. Because we are interested in the 

development of perfusion systems for 3D cell culture where a high coverage of culture 

medium in the device is desired, the outlets of the devices in the following studies are 

always located at the network area. 
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4.5.2 Agarose-based leaf-mimicking microfluidic device for 3D cell culture 

We next fabricated the leaf-mimicking microfluidic devices using cell-containing agarose 

and examined the growth of HCT116 colon cancer cells in such devices (Figure 44A). 

Briefly, agarose (2 wt%) was mixed with HCT116 cells in a DMEM culture medium (1 ×

108/ml) and used as the hydrogel matrix to fabricate the agarose-based leaf-mimicking 

microfluidic device. After the device was fabricated, it was then immersed in a 2 ml 

DMEM culture medium and cultured for 24 hours. In addition, a continuous supply of 

culture medium through the leaf-mimicking microfluidic channel was applied. We then 

examined the viability of cells within 200 µm to the channel and found that after 24 hours, 

cells located at the network area, near the 1st order branches and main vein had a viability 

of 97 %, 91 %, and 90 %, respectively (Figure 44B). In contrast, cells died rapidly in 

agarose constructs without the leaf-mimicking microfluidic channels: the overall cell 

viability dropped to 40 % after 24 hours. Because diffusion-based medium delivery in both 

devices is approximately the same, the enhanced cell viability in the leaf-mimicking 

devices suggests that a continuous supply of culture medium and oxygen [244] through the 

leaf-mimicking microfluidic channel is essential to maintain the cell homeostasis in 

hydrogel. In addition, the high viability of cells located at different locations of the leaf-

mimicking devices implies a relatively homogeneous distribution of culture medium in the 

hydrogel construct, and thus shows the advantages of leaf-based microvascular network 

for 3D cell culture. It should be noted, however, that because the leaf used here has 

approximately a two-dimensional structure, e.g., the thickness of the leaf is much smaller 

than that of its size, leaf-mimicking microfluidic devices are marginally effective to deliver 

culture medium in thick hydrogel constructs.  
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Figure 44 HCT116 colon cancer cells in agarose-based leaf-mimicking microfluidic devices. (A) Image of 

cultured HCT116 cells in the network area of the leaf-mimicking agarose microfluidic devices. Scale bar: 

100 µm. (B) Viability of HCT116 cells cultured near the main vein, the 1st order branch, and the network 

area.  

 

4.5.3 Theories for developing leaf-inspired artificial microvascular networks  

In order to improve the feasibility and controllability of leaf-based microvascular structures 

for 3D cell culture, we further develop a leaf-inspired artificial microvascular networks 

(LIAMN). We combine the Murray's law, area preserving assumption, volume filling 

assumption, and L-system to determine the key parameters that control the patterns of the 

leaf-inspired microfluidic devices. Specifically, the degree of branching of channels is 

determined by L-system, which has been primarily developed for description of the 

branching model of plants [248]. L-system translates generated strings into the derivation 

of alphabet symbols for illustrating the relationships between plant branches, and thus 
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allows the generation of complex models by using short numbers as input parameters. For 

example, a typical approach to generate branches in L-system is (A → AB) and (B → A). 

(A → AB) means that the parent branch A bifurcates into daughter branches A and B leading 

to the 1th order of the level increase. (B → A) indicates that daughter branch B returns to 

branch A for further bifurcation, without addition of the order level. By repeating the 

process, complex branching structures with high orders of levels can be generated [248]. 

 The radius of branches at different levels, on the other hand, is determined by the 

Murray's law and area preserving assumption. Most of branching vasculatures including 

leaf venations and mammalian circulatory and respiratory systems obey the Murray's law, 

because maximum flow efficiency is found to occur when the law is obeyed [249, 250]. 

When flow is laminar and the volumetric flow rate is conserved, Murray's law equalizes 

the sum of the radii cubed between the parent and bifurcated daughter branches, 

∑ 𝑟𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟
3

∑ 𝑟𝑝𝑎𝑟𝑒𝑛𝑡
3 = 1, where rdaughter is the radius of daughter branches, and rparent is the radius of 

parent branches. However, large branches with diameter greater than 1 mm follow closely 

to the area preserving assumption [251, 252], which states that the sum of the square of the 

radii of the daughter branches (rdaughter) equals the square of the radius of the parent vessels 

(rparent), 
∑ 𝑟𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟

2

∑ 𝑟𝑝𝑎𝑟𝑒𝑛𝑡
2 = 1. Area preserving assumption has also been verified by studying the 

transport efficiency in larger hydraulic architecture like xylem, canopy area, and branches 

derived from trunk. Therefore, in our study, the area preserving assumption is used when 

the branch diameter is larger than 1 mm, whereas the Murray's law is applied only for small 

branches. Last, to determine the length of each branches, we utilize the volume filling 

assumption, which states that the product of the number of daughter branches and the cube 
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of their length equals the product of their parent branches, 𝑁𝑘 × 𝐿𝑘
3 =  𝑁𝑘+1 × 𝐿𝑘+1

3 , where 

Nk and Nk+1 is the number of branches at level k and level k+1, while the Lk and Lk+1 are 

their branch length respectively. Assuming the network is composed of identical tubes of 

equal length, volume filling assumption ensures each of the branch would receive equal 

supply from the parent branch, and meanwhile maintain a constant flow [253]. This 

assumption has been found well-fit in trees and shrubs, particularly Angiosperms and 

Conifers [253, 254]. 

 Based on the principles discussed above, we have constructed a leaf-inspired 

microfluidic network with five levels of branches (n = 5). The radius (d) and length (l) of 

each branch (channel) at specific levels are calculated accordingly (Figure 45A and Table 

1). In addition, two leaf-inspired microfluidic networks are combined together by 

connecting channels at the 5th order of the network and form a single microfluidic perfusion 

system, in which two main veins from each network serve as the inlet and outlet 

respectively (Figure 45A). Transport efficiency is examined by running the COMSOL 

simulation, which indicates the flow is not compromised by the designed structures (Figure 

46). A single layer of cell-containing agarose replica with thickness of 300 ± 52 µm is then 

developed using the leaf-inspired microfluidic perfusion system as template. By 

assembling three pieces of such agarose replica, we are able to construct 3D multi-layer 

agarose constructs with a thickness about 1 mm (Figure 45B). Bright field image of the 

cross-sectional area of the constructs shows the microfluidic channels at each layer (Figure 

45C).  

Although some of the channels are partially collapsed (presumably due to the 

cutting process), aqueous solution such as fluorescein sodium salt solution can be delivered 
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throughout the whole construct (Figure 45B). Indeed, when fluorescein sodium salt 

solution is injected into the 3D construct, we find that not only does the dye solution flow 

through the vascular structure laterally, diffusion between agarose layers is also observed, 

e.g., the appearance of blurred fluorescence between layers (Figure 45B). This 

phenomenon has not been observed in PDMS devices where diffusion of fluorescein into 

PDMS is negligible (Figure 45D). Because cells encapsulated in the middle of the agarose 

layer is approximately 150 µm apart from the perfusion channel located at the upper and 

lower agarose layers, cells can receive oxygen and nutrient from the perfusion channel by 

diffusion. To verify the diffusion efficiency in such system, a COMSOL simulation was 

run that proving the culture medium can be delivered through layers and cover the whole 

structures (Figure 47). 

 

Figure 45 Leaf-inspired microfluidics for 3D cell culture. (A) Schematic of the design of leaf-inspired 

microfluidics. Unit: mm. (B) Assembly of a three-layer agarose microfluidic device. Scale bar: 2 mm. (C) 

Image of the cross-sectional view of the assembled three-layer agarose microfluidic device. Scale bar: 200 

µm. (D) Image of a three-layer PDMS microfluidic device when fluorescein solution is flowing through the 

device. Scale bar: 3 mm. 
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Level (n) Diameter (d, mm) Length (l, mm) 

0 (main vein) 2.00 5.00 

1 1.41 3.97 

2 1.00 3.15 

3 0.79 2.50 

4 0.63 1.98 

5 0.50 1.57 
 

Table 1 Calculated parameters of the leaf-inspired branching system. Note that the distances between the 

smallest branches (5th order branches) are from 400 to 500 µm. 

 

 

 

 

 

Figure 46 COMSOL simulation of fluid velocity through the LIAMN structures. 
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Figure 47 COMSOL simulation of the diffusion model in the thick vascularized hydrogel construct that 

realized by LIAMN. 

 

4.5.4 Short-term culture of cells in leaf-inspired microfluidic device 

As a result, cells cultured in the entire 3D agarose construct will receive supplies by either 

lateral flow or vertical diffusion. When HCT116 cells are encapsulated in each agarose 

layer (Figure 48A) and cultured for 24 hours in the stacked agarose constructs, for example, 

the viability of cells is 72%, 80% and 85% for top, middle, and bottom layer, respectively 

(Figure 48B), implying that the perfusion system is able to effectively deliver the culture 

medium to cells at each layer. Note that the cell viability is measured in the area of 3rd-5th 

order branches but throughout the entire hydrogel construct.  
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Figure 48 Cell growth in a short-term manner in leaf-inspired microfluidic device. (A) 3D construction of 

confocal images of HCT116 cells in the three-layer agarose microfluidic device. Cells are stained by nucleus-

blue fluorescent dye. Scale bar: 200 µm. (B) Viability of HCT 116 cells cultured in the three-layer agarose 

matrix.  

 

4.5.5 Long-term culture of cells in leaf-inspired microfluidic device 

To examine the feasibility of the developed LIAMN for long-term cell culture, we have 

monitored the growth of cells inside the 3D agarose constructs for 14 days. Figure 49A 

shows the distribution of cells in the 3D agarose constructs at the beginning of the culture 

(day 1). After three days, most of the cells start to divide for proliferation, which can be 

observed by the increased fluorescent intensity of living cells on day 3 and 9 (Figure 49B 

and C). Notably, formation of cell spheroids has been observed at day 9 (Figure 49C). 

Figure 49D shows the cell spheroids stained by actin-green and nucleus-blue. Evidently, 

nucleus forms cluster whereas secreted actin are mostly surrounding at the edge of the 

spheroid. Because actin is involved in many cellular processes, such as cell motility, cell 

division, and maintenance of cell shape [255], the abundant secretion of actin suggests an 

active cellular response to the 3D environment. At day 14, however, dead cells start to 

appear, presumably due to the nature of the agarose matrix [210]. Nevertheless, the 

developed LIAMN system has realized the superiority of microfluidics for nutrient supply 
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and removal of metabolic waste through the embedding vascular systems and provides a 

new approach to obtain long-term spheroid culture.  

 

Figure 49 Growth of HCT116 cells in the developed three-layer leaf-inspired agarose matrix. 3D 

construction of confocal images of HCT116 cells stained with cell Live/Dead assay at day 1 (A), 3 (B), and 

9 (C) of culture. Scale bar: 200 µm. Inset: Merged bright-field and fluorescent images of cells at the single 

cell level. Scale bar: 5 µm. (D) Merged bright-field and fluorescent image of cell spheroids stained with 

actin-green and nucleus-blue fluorescent dye. Scale bar: 100 µm. Inset: Fluorescent image of a single 

spheroid. Scale bar: 10 µm. 

 

4.6 Conclusion for Chapter 4 

In summary, we have introduced microfluidic approaches of exploiting direct replication 

of leaf venation and LIAMN for the construction of complex and hierarchical 

microvascular networks for solving the delivering problem for cell culture in 3D solid 

matrix. Our approach begins with leaf-mimicking microfluidic perfusion system fabricated 

via direct replication of leaf venation structures and shows that such perfusion system can 

maintain high cell viability for short-term 3D cell culture. We subsequently incorporate the 
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framework of branching models to construct the leaf-inspired microfluidic perfusion 

systems that support cell growth in 3D hydrogel constructs for at least two weeks. 

Comparing to the majority approaches of 3D cell culture where highly porous scaffolds 

have to be used to ensure the diffusion of nutrients to embedded cells, LIAMN not only 

maintains a high cell viability in less porous agarose gel, but also exhibits desired 

mechanical property to support hydrogel constructs, which is critical for the construction 

of artificial organs.
 
Because hydrogel constructs with desired thickness embedded with 

LIAMN can be constructed by assembling multiple LIAMN hydrogel layers, our strategy 

using LIAMN as a perfusion system paves a new way to engineering effective vascular 

transport system for 3D cell culture and the development of functional artificial organs.
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Chapter 5. Circulatory Shear Flow Regulates the Viability and 

Proliferation of Circulating Colon Cancer Cells 

 

Cell dynamics in 3D culture environments not only refer to solid matrix, but can be liquid 

condition. In this chapter, cell dynamics in 3D flow condition is investigated for 

understanding the cancer metastasis. In particular, circulating tumor cells constantly 

experience hemodynamic shear stress in the circulation. Previous efforts have been 

contributed to investigate the cell dynamics under shear stimulation and general 

understanding of cell metabolism under shear condition has been acquired. Most of the 

system being used for testing cell dynamics in shear condition, however, failed to represent 

the physiological condition, which may cause bias for the knowledge achieved from the 

studies. Here, a microfluidic approach has been developed to establish a circulatory 

microenvironment for studying circulating human colon cancer HCT116 cells in response 

to a variety of magnitude of shear stress and circulating time. The developed microsystem 

enables addressing several critical factors to mimic the physiological circulatory 

environment for studying cancer metastasis, including driving force, fluidic pattern, shear 

stress magnitude and cell status. Cellular responses at both behavioral and molecular level 

to circulatory shear stimulation are discussed in this chapter. This study provides a new 

insight to the roles of shear stress in cellular responses of circulating tumor cells in a 

physiologically relevant model, and hence will be of interest for the study of cancer cell 

mechano-sensing and cancer metastasis. 
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5.1 Introduction 

Cancer metastasis, a multistep process in which cancer cells migrate or flow from the 

primary tumor site to a distal location, causes over 90% of cancer-related deaths [201, 256]. 

Over 50% patients with colorectal cancer, for example, develop distant metastasis, making 

the colorectal cancer the second leading cause of cancer deaths in the United States [201]. 

During metastasis, circulating tumor cells (CTCs) are transported through the blood 

circulatory system and are subjected to hemodynamic forces [257]. Although it is known 

that fluid shear-forces resulted from the bloodstream cause destructions of CTCs and only 

a small fraction of CTCs can survive and generate metastasis [256, 258, 259], the effect of 

circulatory shear flow on the viability and proliferation of CTCs remains elusive. 

Recent studies have employed a variety of techniques aiming to understand the cell 

dynamics under shear condition. In particular, it has been found that shear stress mediates 

intracellular signaling pathways that are essential to the homeostasis of colon cancer cells. 

β-catenin/Wnt signaling pathway, which is associated with cell proliferation and cancer 

development, for example, is inhibited by shear stress [260]. On the other hand, when 

laminar shear stress is applied to SW480 and HT29 colon cancer cells adhered to a flow 

channel, the expression of β-catenin is inhibited [260]. The inhibition of β-catenin, in turn, 

suppresses cell proliferation and induces cell apoptosis [261, 262]. Similar effects have 

also been observed in adhered SW620 colon cancer cells [260, 263]. Moreover, the 

expression of α6β4 integrin, which serves as a mechanosensor in SW620 colon cancer 

cells, is increased by shear flow [264]. The increased expression of α6β4 integrin activates 

the PI 3-kinase activity, causing the up-regulation of Rac 1 expression and the depletion of 

the active β-catenin [260, 265]. In addition, phosphorylation of p38, which is the third 
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branch of the mitogen-activated protein kinase (MAPK) family and participates in cell 

shape change and migration [266, 267], increases in SW620 (and SW480) upon laminar 

shear stress [260]. The activation of p38 results in reorganization of the actin cytoskeleton 

and induces a robust increase of Dickkopf-1 (DKK1) expression, which is a well-known 

negative regulator of Wnt signaling [268]. Furthermore, the gene of GADD45b, an inhibitor 

of β-catenin dephosphorylation, is up-regulated by shear stress and induces inhibition of β-

catenin signaling [269]. 

 

5.2 Motivation 

Progress has been made to understand the mechanism of shear stress in the regulation of 

cancer cells. However, the majority of studies investigate the effects of shear on cells that 

are immobilized in micro-wells or adhered to microchannels [270-272]. The effect of shear 

on circulating cancer cells in suspension, however, remains less understood. Approaches, 

such as cone-and-plate viscometer and stirring bath, have been developed to study the 

effect of shear on cell suspensions [263, 273, 274]. However, the shear conditions are less 

physiologically relevant, and thus are marginally effective to evaluate the effect of 

circulatory shear stress on CTCs. Most importantly, previous studies have mainly focused 

on cell viability after shear stimulation [270, 273, 275], the proliferation of cells that are 

survived from shear, which plays an important role in the development of secondary 

tumors, remains unknown. 
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5.3 Objective 

In this study, a microfluidic circulatory system to study the effect of shear stress on the 

viability and proliferation of circulating HCT116 human colon cancer cells will be 

presented. The microfluidic circulatory platform is a close-loop circulating system that 

consists of a peristaltic pump, connecting tubing, and a microfluidic channel embedded 

with a constriction. When HCT116 cells are flowing in the developed microfluidic 

circulating system, they experience periodically low wall shear stresses in the connecting 

tubing but increased wall shear stress in the microfluidic channel, mimicking the 

circulation of CTCs in the blood vascular system composed of large vessels and arterioles. 

By using such system, the viability of HCT116 cells after circulating at different 

magnitudes of wall shear stress and circulating time will be investigated. The proliferation 

of HCT116 cells that were survived from the circulation and the expression of critical genes 

related to the β-catenin signaling, a key regulator of cell proliferation are going to be 

discussed. This study is expected to offer a new insight into the effect of circulatory shear 

stress on circulating tumor cells in a physiologically relevant model and essential 

understanding to the core knowledge of cancer metastasis. 

 

5.4 Design and fabrication 

5.4.1 Cell culture and maintenance 

Human colon cancer HCT 116 cells were cultured in a T-25 culture flask supplied with 

DMEM (Life Technologies) containing 10% (v/v) fetal bovine serum (FBS) (Life 
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Technologies) and 1% (v/v) penicillin/streptomycin (Life Technologies) under 37 °C and 

5 % CO2. To prepare the cell suspension, cells were washed by a PBS solution (Life 

Technologies) and treated with Trypsin (Life Technologies) for 5 min to detach the cell 

from the culture flask. The cell suspension was then centrifuged and re-suspended in a 

fresh DMEM supplied with 10% FBS in a concentration of 1 × 108/ml. Because dead cells 

did not attach on the surface of the culture flask and were washed away by PBS, the 

viability of cells in the suspension was approximately the same for all experiments. 

5.4.2 Microfluidic fabrication and circulation of HCT116 colon cancer cells 

The microfluidic circulatory system is shown in Figure 50A, which composed of 

microfluidic device, tubing, and peristaltic pump. The microfluidic device was fabricated 

by using the standard soft lithography technique in poly(dimethysiloxane) (PDMS) 

(Sylgard 184, Dow Corning) as described in previous section. The microfluidic device 

contains a wide straight channel with 100 µm width and a constriction channel with 800 

µm length and 20 µm width (Figure 50B), comparable to the typical size of arterioles [276]. 

The height of the microchannel is 37 µm everywhere. Two polyethylene tubing (Scientific 

Commodities Inc, 0.015" (0.38 mm) I.D. × 0.043" (1.09 mm) O.D.) were inserted into the 

inlet and outlet of the microfluidic device, respectively. A large silicone tubing (Tygon, 

0.031" I.D. × 0.094" O.D.) was connected to the ends of polyethylene tubing through 

adaptors (Qosina) to establish a close-loop circulatory system (Figure 50A). Last, the 

silicone tubing was wrapped on the rollers of a peristaltic pump that drove the circulation 

by squeezing the silicone tubing via rotating rollers.  

 All tubing and microfluidic devices were sterilized by 70% ethanol (Sigma) for 10 

min and washed by PBS for all experiments. Air bubbles in the microfluidic system were 
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removed during the washing steps using ethanol and PBS. The peristaltic pump was 

sterilized and placed into the incubator with the microfluidic device. No specific channel 

treatment was conducted in the experiment. 1.5 mL HCT116 cell suspension (1 × 108/ml) 

was injected into the microfluidic circulatory system through the polyethylene tubing 

connected with the inlet of the microfluidic device. The flow rate of circulation was 

controlled by changing the rotating speed (revolution per minute (rpm)) of the roller in the 

peristaltic pump. A peristaltic speed of 0.1, 0.5 or 1.0 rpm was used. The calculation of 

shear stress at each location in this microfluidic circulatory system is shown in Table 2. 

 

 

Figure 50 Circulation of cells in microfluidic platform. (A) Schematic of the microfluidic facility for cell 

circulation. (B) A typical microscopic image of cells flowing through the constriction in the microfluidic 

device. (C) Schematic illustration of the elongation of circulating cancer cells when passing through the 

constriction due to increased shear stress. 
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Calculating parameter Value 

Viscosity (µ) 1 × 10−3Pa ∙ s 

Volume flow rate (Q) for 0.1 rpm 2.5 × 10−10 m3/min 

Volume flow rate (Q) for 0.5 rpm 

Volume flow rate (Q) for 1.0 rpm 

1.9 × 10−9 m3 min⁄  

4.3 × 10−9 m3 min⁄  

Width of the constriction channel (w) 20 × 10−6 m 

Height of the constriction channel (h) 

Width of the wide microchannel (w) 

Height of the wide microchannel (h) 

Inner diameter of the tubing (d) 

Approximate average shear stress in the constriction channel 

(τc) 

0.1 rpm 

0.5 rpm 

1.0 rpm 

Approximate average shear stress in the wide microchannel 

(τw) 

0.1 rpm 

0.5 rpm 

1.0 rpm 

Approximate average shear stress in the tubing (τt) 

0.1 rpm 

0.5 rpm 

1.0 rpm 

30 × 10−6 m 

100 × 10−6 m 

30 × 10−6 m 

3.8 × 10−4 m 

 

3.5 dyn/cm2 

26.9 dyn/cm2 

60.5 dyn/cm2 

 

0.46 dyn/cm2 

3.56 dyn/cm2 

8 dyn/cm2 

 

0.0077 dyn/cm2 

0.06 dyn/cm2 

0.13 dyn/cm2 

 

Table 2 Calculation of average wall shear stress in the microfluidic system. Note that τc  and τw  are 

calculated based on the equation τ =
μ𝑄

𝑤2×ℎ
, whereas τt is calculated based on the equation τ =

32 μ𝑄

π𝑑3 . 
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5.4.3 Determination of cell viability and growth after circulation 

To analyze cell viability immediately after circulation, we collected cells from the 

microfluidic circulatory system and allowed cells to sediment to the surface of petri dish 

(~1 hour). Cell viability was then determined by using the Live/Dead assays (Life 

Technologies) following the manufacture's protocol. Images of cells stained with 

Live/Dead assays were analyzed using a confocal microscope (Leica Microscope, SP5). 

To monitor the growth of cells that were survived after circulation, cells were collected in 

a petri dish supplied with a DMEM culture medium and allowed to settle for 2 hours in an 

on-stage incubator with 37 °C and 5% CO2. Cells that were survived after circulation could 

adhere on the surface of the petri dish. The growth of survived cells was recorded by a 

camera (C10600-10B-H, Hamamatsu) mounted on a fluorescence microscope (Leica 

Microsystems, DMI 6000) for 16 hours. Time-lapse videos of adhered cells were used to 

analyze the rate of cell growth. The number of cells was measured every 2 hours. 

5.4.4 Quantitative real-time PCR 

Total RNA was extracted from circulated cells using TRIzol reagent (Invitrogen, Grand 

Island, NY, USA). The RNA integrity was verified by electrophoresis. RNA reverse 

transcription was performed using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, 

USA) according to the manufacturer's protocol. The RT cDNA reaction products were 

subjected to quantitative real-time PCR using CTFX 96 Real-time system (Bio-Rad, 

Hercules, CA, USA) and SYBR green supermix (Bio-Rad, Hercules, CA, USA) according 

to the manufacturer's protocol. The primers are listed in Table 3. All expression levels were 

normalized to β-actin levels of the same sample. Percent expression was calculated as the 
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ratio of the normalized value of each sample to that of the corresponding untreated control 

cells. All real-time PCR reactions were performed in triplicate.  

Gene name Primers 

β-actin F AGAGCAAGAGAGGCATCCTC 

β-actin R CTCAAACATGATCTGGGTCA 

β-catenin F AAAATGGCAGTGCGTTTAG 

β-catenin R TTTGAAGGCAGTCTGTCGTA 

Bmi 1 F AGCAGAAATGCATCGAACAA 

Bmi 1 R CCTAACCAGATGAAGTTGCTGA 

c-myc F ACAGCTACGGAACTCTTGTGC 

c-myc R GCCCAAAGTCCAATTTGAGGC 

GSK-3β F GGAACTCCAACAAGGGAGCA 

GSK-3β R TTCGGGGTCGGAAGACCTTA 

P53 F CCCAAGCAATGGATGATTTGA 

P53 R GGCATTCTGGGAGCTTCATCT 
 

Table 3 Primers used in real-time PCR measurement. 

 

5.4.5 Statistical analysis 

Each set of the experiment was repeated for at least three times with more than 100 cells 

being measured. The error bar was presented as the standard deviation of the mean for all 

trials. Data sets were plotted using the software of Igor Pro (Wave Metrics, Inc). A two-

tailed paired t-test was used for the analysis of cell viability, cell proliferation and PCR 

results. The comparisons between two groups with P<0.05 are considered significant. 
 

5.5 Results and discussion 

5.5.1 Cell viability in response to shear stimulation  

We developed a microfluidic system that was composed of a peristaltic pump, silicone 

tubing, and a microfluidic device with a constriction channel to study the effect of periodic 

circulatory shear stress on circulating HCT116 colon cancer cells (Figure 50A). Wall shear 
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stress was calculated based on the peristaltic speed of circulation and the geometry of 

microfluidic channel (Table 2). Particularly, cells circulating at 0.1 rpm were subjected to 

a wall shear stress of approximate 3.5 dyne/cm2 at the constriction and 0.46 dyne/cm2 in 

the wide channel (Figure 50C), which were close to the physiologically relevant shear 

conditions in venous circulation (0.5-4 dyne/cm2) [277]. Circulation at 0.5 rpm provided a 

wall shear stress of 26.9 and 3.56 dyne/cm2 for the constriction and wide channel 

respectively, close to the wall shear stress in arterial circulation (4-30 dyne/cm2) [277]. The 

speed of 1.0 rpm, generated relatively high wall shear stresses at both of the constriction 

(60.5 dyne/cm2) and wide channel (8 dyne/cm2). It should be noted that due to the complex 

pulsatile three-dimensional flow in the microfluidic circulatory system, quantitative 

identification of local shear stresses near single circulating cells is experimentally 

challenging [278]. The calculated wall shear stress thus represents approximate average 

shear values in flow and cannot be treated as definitive shear stress experienced by single 

cells. 

 To study the effect of shear and circulating time on the viability of HCT116 colon 

cancer cells, we circulated the cells in the microfluidic circulatory system at different 

peristaltic speeds (rpm) and circulating time. The results showed that, at a constant 

peristaltic speed, cell viability decreased with the increase of circulating time (Figure 51A). 

2 min circulation at 1.0 rpm, for example, barely affected the cell viability (Figure 51B), 

whereas significant cell death was found when cells were circulated for 20 h (Figure 51C). 

The results are consistent with previous studies in which cell viability decreases with 

increased duration of applied shear [275, 279]. On the other hand, when the circulating 

time was kept constant, the effect of peristaltic speed on cell viability (comparing to 
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control) was not significant for circulating time of 2 min and 10 min (P>0.05, Student's t-

test, except rpm = 0.5 for circulating time 10 min). When the circulating time increased to 

1 h, 2.5 h and 20 h, however, cell viability increased with the increase of peristaltic speed.  

 

 

Figure 51 Effect of shear on the viability of circulating HCT116 cells. (A) Percentage of living cells in 

various shear conditions in the microfluidic circulatory system. Fluorescent images of cells stained with 

Live/Dead assay after circulation at flow rate of 1.0 rpm for (B) 2 min and (C) 20 h, respectively. Scale bar: 

50 µm.  

 

5.5.2 Cell proliferation in response to shear stimulation  

Next, we cultured cells that were survived from the microfluidic circulatory system for 16 

hours and monitored the cell growth. The effect of circulating time on cell growth was 

studied using cells that were circulated at a constant peristaltic speed (0.1 rpm) (Figure 
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52A). Comparing to the viability of control cells (145%), viability of cells circulated for 2 

min and 10 min was not significantly different with control (cell viability was 133% and 

125% for cells circulated for 2 and 10 min respectively, P>0.05). The results suggested 

that, for a short duration of applied shear stress, cell proliferation was not compromised 

significantly. Cells experienced 1 h and 2.5 h circulation showed the viability of 106 % and 

94 % respectively, indicating that cell proliferation was affected by the circulation. Long-

term circulation (20 h), however, resulted in a significant (P<0.01) decrease of cell 

viability (65 %). 

 When the circulating time was constant (1 h), the proliferation of survived cells was 

also negatively affected by the peristaltic speed. The percentages of living cells after 16 h 

culture, for example, were 106 % and 123 % for cells treated with 0.1 and 0.5 rpm 

respectively (Figure 52B). Significant (P<0.01) decrease of the cell proliferation (38 %) 

was observed when cells were treated with 1.0 rpm circulation. Thus, cell proliferation 

decreased with the increasing peristaltic speed, although high cell viability at increased 

peristaltic speed was observed in Figure 51A.  
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Figure 52 Effect of shear on the proliferation of survived HCT116 cells after circulation for (A) different 

durations and (B) shear conditions. 

 

5.5.3 Expression of critical genes related to β-catenin signaling in response to shear 

stimulation 

Because β-catenin plays significant roles in cell cycle, proliferation and apoptosis [280], 

we further studied the expression of β-catenin at the mRNA level in response to shear 

stimulation (Figure 53A). The real-time PCR results showed that, comparing to control, 

shear stress always induced increased mRNA expression of β-catenin. Long time (20 h) 

circulation at constant wall shear stresses decreased or did not affect significantly the 

expression of β-catenin comparing to that of short term circulation (2.5 h). At a constant 

circulation time, β-catenin expression increased with the increase of the magnitude of wall 
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shear stress. The increased expression of β-catenin with shear was opposite to previous 

studies where β-catenin/Wnt signaling pathway was inhibited by shear stress when cells 

were immobilized on surfaces [260, 263].  

 To further understand the effects and regulation of β-catenin expression, we 

measured the expression of Bmi1, c-myc, and glycogen synthase kinase 3β (GSK-3β), as 

the regulator of β-catenin’s stability. Our results showed that significant (P<0.05) increase 

of expression of both Bmi1 and c-myc was observed at high wall shear stress (Figure 53B). 

Because Bmi1 and c-myc were known as the downstream targets of the β-catenin signaling 

pathway, increased expression of β-catenin led to the increased expression of both Bmi1 

and c-myc at high magnitude of wall shear stress. On the other hand, GSK-3β is responsible 

for the degradation of β-catenin and negatively regulates β-catenin expression [281]. In our 

experiments, expression of GSK-3β was (P<0.05) promoted by high wall shear stress. P53 

is also known to regulate cell apoptosis, proliferation and responses to stresses [282]. 

However, no significant (P>0.05) effect of high shear on the expression of p53 was 

observed (Figure 53C).  
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Figure 53 Effect of shear on the mRNA expression level of (A) β-catenin, (B) Bmi1 and c-myc, and (C) 

GSK-3β and p53 mRNA in HCT116 cells circulated at speeds of 0.1 and 1.0 rpm for 2.5 h and 20 h 

respectively.  

 

5.5.4 Correlation between cellular behavior and gene expression 

Although the influence of shear stress on the growth of adhered colon cancer cells has been 

reported previously [270-272], the effect of shear stress on circulating colon cancer cells 

remains less understood. Here, we demonstrated a microfluidic circulatory system to 

closely mimic the physiologically relevant shear conditions in circulation and showed that 
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the viability, proliferation, and gene expression of circulating HCT116 cells depended 

significantly on the circulatory wall shear stress and circulating time. 

 We showed that when wall shear stress was kept constant, cell viability decreased 

with increasing circulating time (Figure 51A). The results were consistent with previous 

studies on other cell lines [283, 284] and can be explained by the observed expression of 

β-catenin in Figure 53A, in which the expression of β-catenin decreased with increased 

circulating time (from 2.5 h to 20 h). Remarkably, HCT116 colon cancer cells had high 

cell viability when experiencing high magnitude of wall shear stress (Figure 51A) and the 

expression of β-catenin was also increased with shear (Figure 53A). 

 The results of increased cell viability and β-catenin expression at high shear, 

however, are surprising because previous studies showed that the viability of cells (such as 

SW480, HT29, and SW620 colon cancer cells) decreased with increased shear and β-

catenin expression was inhibited upon shear stimulation [260, 261, 264, 265, 267-269]. 

These studies, however, were based on cells that were adhered on surfaces and, thus, the 

shear condition in which cells were experienced was different with our current setup. This 

may cause different regulation mechanisms in terms of intracellular signaling. During 

circulation in suspension, for example, the role of adhesive molecule, such as α6β4 

integrin that was promoted by shear flow in adhered SW620 colon cancer cells [260],[264], 

became not significant. Because α6β4 was able to activate the expression of p53 that 

enhanced the degradation of β-catenin, the non-activated expression of p53 due to the lack 

of activation of α6β4 would not be able to degrade β-catenin [285]. Indeed, our data 

showed that p53 expression was not significantly affected by wall shear stress (Figure 
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53C). We speculate that β-catenin expression was not compromised by shear stimulation 

in our experiments (Figure 53A).  

 In addition, the circulation in our microfluidic system generated a periodic non-

constant shear stress, which was known to be able to affect cellular behavior and 

intracellular signaling differently, compared to constant laminar shear stress [286-288]. 

From the investigation of osteocytic cells, for example, periodic shear stress was found to 

be able to activate the secretion of Prostaglandin E2 (PGE2) in a more effective manner 

than constant flow [289]. Enhancement of PGE2 signaling could then promote the Akt-

mediated phosphorylation of GSK-3β, improving the translocation of β-catenin to nucleus. 

In addition, when human umbilical vein endothelial cells were treated by periodic flow 

conditions, the vasodilator nitric oxide synthase mRNA was found to be significantly up-

regulated comparing with steady shear stress at the same magnitude[290]. Therefore, it was 

also possible that the expression of β-catenin in HCT116 colon cancer cells preferred a 

periodic non-constant shear condition to a constant flow. In fact, we showed an increased 

expression of Bmi1 and c-myc at high circulatory shear stress that was known to enhance 

the nucleus translocation of β-catenin. However, it should be noted that although we 

observed high cell viability at high shear, proliferation of survived cell decreased with the 

increase of shear, suggesting that intracellular functions regulated by the β-catenin 

signaling pathway were significantly disrupted by the shear stimulation. Note that 

concentration of circulating cells did not affect significantly cell viability immediately after 

circulation but had an influence on the proliferation of survived cells (Figure 54). 

Nevertheless, HCT116 cells were still able to survive in circulation at 0.1 and 0.5 rpm that 
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had physiologically relevant shear conditions (wall shear stress ≈ 4-30 dyne/cm2) for at 

least 1 hour and proliferate. The underlying mechanisms remain to be determined. 

 

Figure 54 Effect of concentration of circulation cells on cell viability and proliferation. (A) Immediate cell 

viability after cells circulated for 20 h with an initial cell concentration of 0.01, 1, or 100 M cells/ml. The 

circulation speeds were 0.1 and 1.0 revolution per minute (rpm). (B) and (C) are proliferation of cells survived 

from 20 h circulation at 0.1 rpm and 1.0 rpm respectively.   
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5.6 Conclusion for Chapter 5 

In summary, a microfluidic system has been developed to study the cell dynamics in 3D 

liquid flow condition and the effect of periodic circulatory shear stress on circulating 

HCT116 cells. Cell viability decreased at long circulating time but increased at high 

magnitude of wall shear stress. We showed that the expression of β-catenin increased at 

high wall shear stress. The increased expression of β-catenin and cell viability was 

probably due to the circulatory shear conditions that could lead to different intracellular 

signaling pathways comparing to constant laminar shear stress experienced by adhered 

cells. Proliferation of cells survived from circulation could be maintained when cells were 

circulated at physiologically relevant conditions, but decreased at increasing wall shear 

stress and circulating time. The current study thus revealed a previously unrecognized role 

of circulatory shear stress on CTCs and contributed to the acquaintance of shear stimulation 

on CTCs in vivo. In addition, the developed microfluidic approach that could create 

physiologically relevant microenvironments of CTCs in circulation offered potential 

techniques to develop model systems for the study of attachment and invasion of CTCs 

during circulation and cancer metastasis.  
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Chapter 6. Conclusion and Future Opportunities 

 

3D artificial biological architecture becomes a remarkable platform for cell biology and 

biological applications. The 3D culture system is desirable to compose of cell culture zone, 

3D surrounding matrix, delivering system, and addition of necessary factors, such as 

gradient zone, growth factors, and cellular cross-communication. It was demonstrated that 

formation of tissue structures, cellular communication and drug orientation can be 

accomplished through using developed 3D culture platform. In addition, organ-on-chip 

technology could be researched based on the knowledge acquired from 3D cell culture. In 

order to obtain understanding of cell dynamics, this research is aiming to create a 

physiologically relevant environment to investigate cell dynamics in 3D culture 

environments including solid and liquid matrix. The developed 3D culture system 

employed lithography, microfluidics, 3D printing technique, hydrogel system and bacteria 

to fully mimic the in vivo cell growth environment, which enables cells performing 

physiological structure and functions. This chapter summarizes the present research on 3D 

culture environment for understanding cell dynamics and contributions of the development 

of long-term sustained cell culture and potential platform for drug development. The 

chapter also concludes the dissertation by highlighting some future opportunities.   
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6.1 Research Summary 

 

The increasing utilization of 3D system for cell culture has turned the development of 

artificial physiologically relevant culture system into a necessary task to complete, because 

it provides new perspective to understand the cell dynamics, opens new avenue to tissue 

engineering and cell biology. On the other hand, the advance in 3D culture environment 

enables research to reveal the knowledge behind the disease and cancer, and thus 

contributes to the biomedical therapeutics. By incorporating multifunctional technologies, 

in this research, construction of 3D artificial physiologically relevant culture system that 

could address critical in vivo influencing factors was introduced for investigating cell 

dynamics and cancer mechanism at both cell behavioral and molecular level. The 

developed 3D culture system can overcome the limitations of conventional method for 

addressing multifunctional factors and enables sustaining 3D cell culture with realization 

of cell proliferation, formation of spheroid and reaction to stimulator. 

 The current development of cell culture has been reviewed in Chapter 1, leading to 

the motivation behind this dissertation and the objective to develop physiologically 

relevant culture systems for cell biology and biomedical applications. This dissertation 

aims to contribute the filling of the gap of the knowledge, and provides effective 

alternatives to achieve tissue engineering and the development of artificial organs. 

 In Chapter 2, production of 3D cell-laden hydrogel microparticles through 

microfluidics was accomplished in an oil-free environment using a PFP oil system and an 

evaporation approach. Cell dynamics was investigated without oil influence and showed 

differences from 2D culture environments regarding to cell cycle, survival and response to 

inflammatory treatment. Comparing to a 2D monolayer culture system, cell cycle was 
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found to be prolonged in 3D microparticles and cells became more susceptible to the TNF-

α stimulation, emphasizing the necessary role of 3D matrix in realizing in vivo-like cell 

dynamics. This study is also believed to provide a better alternative to generate cell-laden 

microparticles, which could be used as micro-bioreactors to test drug efficacy, multi-type 

of cell communication and tumor development. 

 A significant improvement of the 3D culture environments was exhibited in 

Chapter 3, where a 3D printing hydrogel tubular structure was created to mimic the 

physiological bowel environment for studying colon cancer cell dynamics in 3D solid 

matrix. This study emphasizes the role of biomaterials in building 3D structures and 

maintaining cell dynamics. Different types of hydrogel were characterized with their 

mechanical properties and biocompatibility for supporting cell dynamics. Different aspects 

of cell dynamics including cell cycle, cell survival and cell interaction with 3D matrix and 

bacterial were revealed and the necessary role of vascular delivering system was 

highlighted.  

 Chapter 4 presents a novel study for creating an effective delivery system with 

hierarchical structures in 3D solid culture environments, inspired by leaf skeletal 

architectures. Microfluidic technique was involved to fabricate the leaf-mimicking device 

using a real leaf, in which improved cell growth was observed. On the other hand, leaf-

inspired artificial microvascular network model was designed through applying Murray’s 

law, Volume filling assumption and L-system, which determine the parameter of the 

vascular structures. Vascularized thick hydrogel constructs could be built and effective 

delivery of fluid was observed in such system. Sustained cell culture and formation of 

spheroid structures were achieved during the long-term culture test. The present study 
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overcomes the limitation of delivering function in conventional 3D culture method that 

may lead to cell necrosis, and serves as a novel and effective platform to explore long-term 

tissue culture and drug delivery and toxicity characterization.  

 Apart from investigating the cell dynamics in 3D solid matrix, cell metabolism in 

3D liquid environment was studied in Chapter 5. An artificial circulatory system was 

created by using microfluidics and cell dynamics responding to circulatory shear 

stimulation was exhibited. Cell survival, cell cycle and gene expression were found being 

significantly regulated by shear stress, and a previously unrecognized role of shear stress 

was revealed due to the physiologically relevant condition of blood circulation, which is 

believed to contribute to the core knowledge of cancer metastasis. 

 In summary, cell dynamics in 3D culture environments, including solid matrix and 

liquid matrix, was investigated, in which physiological conditions in human body were 

mimicked. Improvement of biological system and approach has been achieved, in which 

critical in vivo influencing factors have been addressed to understand the cell dynamics in 

different environments. Various aspects of cell dynamics, including cell survival, cell 

cycle, formation of spheroid and gene expression responding to external stimulation have 

been revealed.  

 

6.2 Key contributions 

This dissertation is aiming to develop artificial in vitro biological toolboxes that could 

closely mimic the physiological in vivo environment for 3D cell culture. In Chapter 2, we 

developed 3D cell-laden hydrogel microaprticles without the negative effect of the 
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remaining oil on cell dynamics and identified the roles of 3D matrix in regulating cell cycle, 

survival and sensitivity to inflammatory environment. Such cell-laden hydrogel 

microparticles could serve as a basic unit to study tissue growth, tumor formation and the 

testing of drug efficacy. Each cell-laden particle works as a single bio-reactor and can 

provide the feedback during biological testings. Moreover, the cell-laden particles could 

also be applied as the building blocks for a bottom-up approach, such as 3D printing, to 

construct a well-controlled 3D system in both micro- and macro conditions. Therefore, the 

complex structures for mimicking organs could be created while maintaining a well-

controlled microenvironment inside the cell-laden particles.  

We also developed a 3D hybrid hydrogel cell-laden tube system via 3D printing to 

mimic human bowel environment (Chapter 3). 3D printing approach is more advantageous 

over other methods, because it can provides extraordinary controllability during the 

structure design, distributing cells, and bioink deposition. The system developed in this 

study not only satisfies the mechanical requirement for building 3D tube structures, but 

also meets the biological needs for realizing cell dynamics. A broader understanding of 3D 

bioprinting, hydrogel constructs, and cell-matrix interaction is acquired, providing the 

knowledge for engineering physiologically relevant systems. Interaction between cell and 

Salmonella bacterial uncovers the knowledge behind the bowel inflammation. Moreover, 

this 3D printed hydrogel system possesses effective 3D matrix interactions, spatial 

orientation and structural properties and could serve as the cornerstone to study the 

mechanism of ISCs and intestinal tissue. Such research will be promising to both 

engineering and biomedical strategies that will allow the construction of artificial colon 

organ.  
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In Chapter 4, a top-bottom approach is developed for engineering the vascular 

delivering system in 3D culture environment, using leaf vein structures. Results showed 

that the hydraulic transport of such vascular system was efficient and water could be 

distributed throughout the whole construct. An artificial vascular network, LIAMN, is also 

designed to mimic the leaf vein and blood vessel structure for feeding the cells in 3D 

environments. However, this approach is not typical top-bottom, because it take advantages 

of the hierarchical structures of leaf vein to engineer a vascularized hydrogel construct. A 

strong supportive role in long-term 3D cell growth is revealed, indicating this approach is 

an effective alternative to solve the delivering problem in 3D cell culture. Apart from the 

contribution to tissue engineering and artificial organ construction in future opportunity, 

this system could also be explored for the drug testing platform. 

Last, the severity of cancer metastasis has been recognized by clinical study, but 

the mechanism of cancer transport has not been fully understood. The study shown in 

Chapter 5 creates a bottom-up approach by using microfluidics. An artificial circulatory 

system is constructed to closely mimic the blood circulation in human body and investigate 

the cancer circulation in a well-controlled manner. Several key factors of blood circulation, 

including periodic change of non-constant shear condition, physiological level of shear 

stress and cell transport in suspension have been simulated. Cell dynamics in 3D liquid 

flow environment, such as cell cycle, survival and gene expression responding to shear 

stimulation has been revealed in comparison with other works, and previously un-

recognized role of shear stress in regulating cell dynamics is discussed in Chapter 5. Such 

developed system not only uncovers the knowledge of cancer metastasis, but can be 
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explored for understanding the dynamics of red blood cells, sickle cells, mechanism of 

ATP realizing and blood-related diseases. 

 

6.3 Future opportunities 

The present research in this dissertation provide fundamental knowledge and strategies of 

creating physiologically relevant environment for 3D cell culture mainly by using 

microfluidics and 3D printing technique, based on which the following directions could be 

followed up. 

6.3.1 3D Bioprinting ICSs for the development of a functional colon 

In human intestine, a crypt-villus structure is presented with the cover of an intestinal 

mucosa layer, which is composed of an epithelium layer of cells, the lamina propria, and 

the muscularis mucosae[6, 291]. The cells of the epithelial layer joined with each other 

through tight junctions, forming a contiguous and relatively impermeable membrane. Such 

structure serves as an intestinal barrier that protects the intestinal tissues from external 

stimulation including shear flow, bacterial and mechanical impact, as well as ensures the 

proper nutrient uptakes. The function of intestine is maintained through the continuous 

renewal of the epithelial layer, which is arise from the intestinal stem cells (ISCs).  

ISCs in intestinal crypts play a critical role in maintaining the vigorous proliferation 

of intestinal epithelium [202, 203]. Impaired activity of ICSs was found to correlated with 

colorectal cancer [204, 205]. Acquisition of the ability to modulate ISCs in a well-

controlled microenvironment becomes attractive for both fundamental research of stem 
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cells and clinical applications. Development of in vitro culture systems to sustain the 

growth and differentiation of ISCs, however, is challenging and in part is because of the 

loss of physiologically relevant 3D architecture of the tissue and preservation of epithelial 

viability is difficult [206, 207].  

Because 3D printing is a bottom-up approach and provides extraordinary spatial 

control over the position of cells along printed structures, and effective 3D culture system 

has been validated in this dissertation. Hybrid hydrogel tube is 3D printed for creating a 

stable intestinal structure-like system, while realizing a proper cell dynamics. Therefore, 

the 3D constructs that closely mimic the in vivo microenvironments of ISCs niche can be 

potentially produced via 3D printing ISCs-laden hydrogel. Possible vascular structures 

embedded in the 3D construct could be possible to create, which is expected to delineate 

the regulatory roles in the homeostasis of ISCs and construct an intestinal epithelial lining. 

In such system, proliferation and differentiation of ISCs in 3D hydrogel construct is 

available to be characterized, and hence setting the stage for clinical testing of such 

therapeutic strategies.  

The successful completion of this opportunities will contribute a missing, 

fundamental element to our basic knowledge of ISCs, without which the long-term culture 

of ISCs for tissue engineering and ISCs-based therapy can hardly be achieved. Therefore, 

a fundamental colon epithelial lining could be expected to be produced in a well-controlled 

manner, resulting in a new and innovative approach to study intestinal function and the 

treatment of digestive diseases. Such study are expected to have a critical impact, because 

in addition to fundamentally advancing the fields of stem cell and cancer cell research, the 

proposed study is highly likely to provide new approaches for therapeutic interventions. 
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6.3.2 Microfluidically 3D printing construct composed of cell-laden microparticles 

Microfluidics is known as its extraordinary controllability over fluid and generation of cell-

laden microparticles, whereas 3D printing provides excellent spatial control over the 3D 

construction. In order to engineer a well-controlled system at both macro- and 

microenvironment for accomplishing tissue culture and organ assembling, combining the 

advances of microfluidics with the advantages of 3D printing techniques could be a 

promising alternative. In such system, cell unit could be patterned into precise location and 

express cellular function in each micro-bioreactors, whereas the whole architectures could 

be constructed to mimic the organ structures. Hence, a physiologically relevant condition 

is expected to be created at both macro- and microenvironments, which has not been 

reported at current stage. 

 The possible method to accomplish this opportunity is using the cell-laden 

microparticles generated from microfluidics as bioinks for 3D printing, which could be 

realized by mounting the microfluidic device on the printing head of 3D printer. Such 

experimental setup would enable producing cell-laden microparticles at high throughput 

rate for generating bioinks, while printing the cell-laden microparticles into 3D 

architectures with extraordinary spatial control for mimicking organ structures. Because 

cells encapsulated into microparticels are physically isolated from surrounding 

environment and serve as a basic biological unit for cell proliferation, differentiation and 

formation of tissue or tumor. The capability of encapsulating cells in microparticles and 

cell dynamics in such environment have been discussed in previous section, which has 

already provide fundamental technology to achieve this idea. On the other hand, HCT116 

colorectal cancer cell-laden tubular structures have been demonstrated to be printed by 3D 
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printer through using hybrid hydrogel, in which cells performed in vivo structures and 

functions. The printing techniques, rheology testing of hybrogel, cell dynamics and 

bacterial interaction have been characterized that provides fundamental knowledge to 

proceed to further step. Therefore, it is possible to accomplish the construction of artificial 

functional organ through using the developed techniques.  
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