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Summary 

M 
aterial design for cell proliferation and differentiation is one of the key technologies for tissue 

engineering. Three dimensional (3D) structures have been investigated to enhance cells proliferation 

because they have larger surface for cell attachment and proliferation. As the design of culture 

method, it is important to create the local environment suitable for cells cultured, such as oxygen, 

nutrient, and the metabolic environment as close as possible to natural ones. The conventional static 

culture method cannot sufficiently supply oxygen and nutrition to cells in the 3D structures and 

exclude cell wastes for their proliferation and differentiation. Therefore, it is important to design an 

environment and culture method to facilitate and enhance the viability and functions of cells while it 

promotes matrix synthesis by cells cultured in 3D structures. One approach is design of highly 

hydrated networks (3D hydrogel) which are sufficient for survival of large numbers of cells for 

extended periods of time through diffusion of nutrients, bioactive factors, and oxygen. The objective 

of this chapter is to provide information about the very recent developmental technologies of 3D 

hydrogels to control the cellular microenvironment for tissue engineering and drug delivery 

applications.  
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INTRODUCTION  

Cell-based in vitro assays are emerging as an integral aspect of today’s drug discovery process 

for screening chemical libraries. These assays can be used to screen molecular libraries for their 

effects on cell behavior such as proliferation, viability, differentiation and migration.  Currently, 

many cell-based in vitro culture systems are performed by seeding cells within multi-well dishes. 

These types of systems have become widely used for many screening processes and significant 

investment has been put on their standardization for drug discovery (such as the development of 

liquid handling robotic systems). However, despite their merits, these assays do not necessarily 

predict the function of drugs in vivo, which has resulted in a large number of failed drug 

candidates in animal experiments and clinical trials. Therefore, novel methods that can improve 

the predictability of the performance of drugs in the body can be useful in minimizing the high 

costs associated with finding and validating new drugs. 

Cells in the body are exposed to a complex milieu regulated by their interactions with 

other cells, the surrounding cell matrix and soluble factors. A key element of this 

microenvironment is the three dimensional (3D) architecture of the extracellular matrix (ECM). 

By removing the cells from this microenvironment many cell types, such as liver cells, quickly 

loose their function.   Therefore, the ability to mimic the in vivo microenvironment of cells 

outside the body could be a potentially powerful tool in increasing the predictive ability of cell-

based assays. Here we discuss the emergence of two distinct technologies that, either 

independently or in combination, promise to improve cell-based assays for drug discovery and 

diagnostics applications. 

 

MICROSCALE TECHNOLOGIES 

The ability to control the cellular microenvironment with microscale resolution is a powerful tool 

in fabricating cell-based assays, directing stem cell fate and producing tissue engineered 

constructs. Microscale technologies, which were traditionally used in the microelectronics 

industry to fabricate computer chips, have recently emerged as a useful approach to control the 

various aspects of the cellular microenvironment
1
 (Figure 1). In particular the development of 

techniques such as soft lithography that can be cheaply and easily used to fabricate micro- and 

nano-devices, without the need for microfabrication facilities, has greatly enhanced the 

widespread application of microscale technologies in drug discovery (Figure 2)
2
. 
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Figure 1. A schematic of various microengineering approaches used to control the cellular 
microenvironment. 

  

Microscale technologies have emerged as a powerful tool to pattern cells on substrates.     

In this approach, techniques such as microcontact printing and micromolding are used to 

generate adhesive micropatterns on substrates. These techniques have been used to create arrays 

of cells as well as to control the shape of individual cells. Furthermore, by using these techniques 

novel biological insights have been gained regarding the effects of cell shape on apoptosis
3
 and 

differentiation
4
. Micropatterning techniques are a powerful method in standardizing in vitro drug 

discovery assays since they can be easily incorporated within the microwell systems used 

currently for drug screening. 
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Figure 2.  Soft lithographic approaches to fabricate microfluidic channels and to pattern substrates. 
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To control the degree of cell-cell contact between different cell types, patterned co-

culture techniques have been developed. In these techniques the degree of homotypic and 

heterotypic cell-cell interactions can be controlled on 2D substrates by generating micropatterns 

of multiple cells on a substrate. Patterned co-cultures have been used to control the degree of 

cell-cell interactions between hepatocytes and non-parenchymal cells
5
. These cultures have been 

shown to maintain hepatocyte function in culture at elevated levels in comparison with other 

methods. Furthermore, patterned co-cultures of human embryonic stem cells and feeder cells 

have been shown to maintain phenotype of embryonic stem cells and prevent their 

differentiation
6
. The ease of integration of these technologies into currently applied screening 

assays makes them highly useful for drug discovery.  

Cell-fluid phase interactions can also be regulated using microscale technologies. For 

example, by using microfluidic arrays it is possible to miniaturize experiments to enable high-

throughput experimentation. In addition, by generating gradients of molecules within 

microchannels it is possible to simultaneously test the effects of different concentrations of  

molecules on the cells
7
. Although, current microfluidic based approaches for generating 3D 

cultures have not been standardized for the rigorous and robust methods required for high-

throughput screening, the promise of these technologies is immense    

 

3D MATRICES 

The development of novel 3D matrices is a powerful addition to the existing cell-based assays.  

Materials such as hydrogels, i.e. crosslinked networks of hydrophilic polymers, can be used to 

mimic the 3D architecture of the extrecellular matrix (ECM), and provide key signaling 

molecules.   A number of studies have demonstrated that cells in 3D matrices have an improved 

function relative to their culture on 2D substrates
8,9
. Ideally the 3D matrices should mimic the 

structure and biological function of native ECM as much as possible, both in terms of chemical 

composition and physical structure. It is known that in addition to providing a physical support 

for the cells, native ECM also provides a substrate with specific ligands for cell adhesion and 

migration, and regulates cellular proliferation and function by providing various growth factors. 

It is reasonable to expect that an ECM-mimicking 3D structure will play a similar role to 

promote tissue regeneration in vitro as native ECM does in vivo.  
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 Hydrogels can be synthesized using either natural or synthetic polymers (reviewed 

elsewhere
10
). Natural hydrogels such as collagen and hyaluronic acids are natural components of 

the cellular microenvironment and provide a natural matrix for cells, however, they are difficult 

to modify and functionalize. Alternatively, synthetic matrices can be highly controlled to signal 

the cells, however, these matrices require the addition of specific ligands and molecules to make 

them functional. Furthermore, some of the matrices such as poly(ethylene glycol) (PEG) 

hydrogels are not biodegradable and can not be remodeled by cells.    

A well-known feature of native ECM structures is the nano-scaled dimensions of their 

physical structure. In a typical connective tissue, structural protein fibers such as collagen and 

elastin have diameters ranging from several tens to hundreds of nanometers. The nano-scaled 

protein fibers entangle with each other to form a nonwoven mesh that provides tensile strength 

and elasticity. Three different approaches toward the formation of nano-fibrous materials have 

emerged: self-assembly, electrospinning, and phase separation. Each of these approaches has a 

unique set of characteristics, which lends to its development as a scaffolding system. For 

instance, self-assembly can generate small diameter nanofibers in the lowest end of the range of 

natural ECM, while electrospinning can generate large diameter nanofibers on the upper end of 

the range of natural ECM. Phase separation, on the other hand, has generated nanofibers in the 

same range as natural ECM collagen and allows for the design of macroporous structures. These 

artificial ECMs have the potential to accommodate cells, to guide their growth and to encourage 

subsequent tissue regeneration. Self-assembly, that is, the autonomous organization of molecules 

into patterns or substrates without human intervention, are common throughout nature and 

technology. Self-assembly of natural or synthetic macromolecules produces nano-scaled 

supramolecular structures and nanofibers. Specifically designed amphiphilic peptides that 

contain a carbon alkyl tail and several other functional peptide regions have been synthesized 

and shown to form nanofibers through self-assembly process by mixing cell suspensions in 

media with dilute aqueous solutions of the peptide amphiphile (PA)
11
. These self-assembled 

nanofibers have been used recently to study selective differentiation of neural progenitor cells
12
.
 

Therefore, self-assembled nanofibers may have great applications in recreating the 3D 

microenvironment of cells for cell-based assays.  
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MICROENGINEERED 3D MATRICES 

The merge of microscale technologies with 3D matrices promises to provide a powerful method 

for controlling the cellular microenvironment. By using micromolding approaches to mold 

biomaterials into desired structures various approaches have been developed to generate 3D 

tissue culture systems (Figure 3). In some of these approaches, micromolded biomaterials have 

been used to generate templates for creating cellular aggregates. For example, non-adhesive PEG 

microwells can be used as templates to fabricate controlled arrays of tissue microstructures.  

Therefore, using this technology, cell spheroids that better maintain cell function, can be 

uniformly generated and used for screening. 

 

Biomaterial 

microstructures

Hydrogel 

Arrays

Microscale tissue 

engineering
 

Figure 3. Micromolding of biomaterials for drug discovery. Microscale hydrogels can be used as 
templates for generating 3D cellular aggregates (Left), to fabricate cell-laden hydrogel microarrays 
(Center) or to fabricate microscale tissue engineered constructs that mimic native tissue architecture 
(Right).   

 

Additionally, micromolding approaches can also be used to microencapsulate cells within 

3D microgels. These microgels minimize oxygen and nutrient diffusion limitations that are 

associated with larger hydrogels. For example, by using micromolding and photolithographic 

approaches, 3D cell laden hydrogel microarrays have been fabricated (Figure 4) 
13,14

. 

Furthermore, such techniques have been used to fabricate microscale tissue-like structures using 

a modular approach in which collagen micromolded structures were laden with endothelial cells 

and packed densely to create a tissue like structures
15
.   
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Figure 4: Cell laden hydrogel microarrays. (a) Cell laden hydrogel microarrays were fabricated by molding 
photocrosslinkable hydrogel precursors containing cells and then exposing the substrate to UV light. (b) 
Confocal microscopy image of cells encapsulated within HA hydrogels. (c) light and (d) fluorescent 
images the hydrogel microarrays containing cells that were stained with live (green) /dead (red) assay.  
As it can be seen, most cells stay alive in the hydrogels.  

 

An alternative method to using hydrogels for 3D fabrication of microscale tissues for 

cell-based assays is to fabricate 3D hydrogel structures with macropores. Macropores aid to 

deliver reagents and nutrients to cells and therefore can be used to mimic the microvasculature 

system of tissues by enabling the delivery of nutrients and the removal of waste products. The 

recent emergence of technologies to microfabricate microfluidic channels within hydrogels
16,17

, 

can be used to generate microscale tissues with controlled hydrogels. Although presently, such 

technologies have not been used for tissue culture technologies, their potential applications for 

fabricating 3D engineered systems is of great potential for drug discovery (Figure 5).   
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Figure 5:   A hydrogel microfluidic device made from agarose.   

 

CONCLUSIONS 

The current limitations concerning the functional predictability of in vitro cell-based assays may 

be improved by combining microengineering approaches and 3D matrices. These approaches can 

be used to control various aspects of the cellular microenvironment and enable high-throughput 

studies. A significant barrier to incorporate microscale technologies and 3D hydrogels into 

existing high-throughput assays is the lack of current data on the robustness and standardization 

of the techniques relative to the already existing assays. To incorporate these assays they must be 

standardized and optimized for today’s existing drug discovery assays. Despite these challenges, 

the ability of these technologies to increase the predictability of in vitro assays makes them 

useful for improving today’s high-throughput cell-based assays.    
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