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18.1

Overview

Tissue engineering is a potentially powerful approach for restoring organ func-

tionality and overcoming the shortage of transplantable organs. In tissue engi-

neering, the principles of engineering and life sciences are used to develop bio-

logical substitutes, typically composed of biological and synthetic components

that restore, maintain, or improve tissue function [1]. Although relatively simple

tissues such as cartilage and skin have already been successfully engineered,

many basic challenges persist in the engineering of more complex tissues. These

challenges – which include the generation of vascularized tissues and complex

geometries – can be traced to our limited abilities to control the cellular environ-

ment at micro- and nanoscale resolution. Cells in the body reside in an environ-

ment that is regulated by cell–cell, cell–extracellular matrix (ECM) and cell–

soluble factor interactions presented in a spatially and temporally dependent

manner (Figure 18.1). In order for tissue engineering to succeed, it is critical to

reproduce these in-vivo factors outside the body. In this chapter we analyze the

use of micro- and nanoscale engineering techniques for controlling and studying

cell–cell, cell–substrate and cell–soluble factor interactions, as well as for fabricat-

ing organs with controlled architecture and resolution.

18.1.1

Cell–Substrate Interactions

Decisions such as cell growth, migration, and differentiation can all be affected

by a cell’s interaction with the surrounding surfaces. Numerous micro- and nano-

engineering approaches have been used to control cell–substrate interactions

in vitro through presenting specific molecules to cells. These molecules, which
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range from adsorbed protein, to engineered peptides, to non-adhesive polymers,

can be used to engineer many cellular functions in vitro. For example, self-

assembled monolayers of alkanethiols have been shown to affect the action poten-

tial generation capacity of neurons [2], as well as the differentiation and prolifer-

ation of myoblasts [3]. Self-assembled multi-layer structures with cholesteryl

moieties have also been shown to improve fibroblast adhesion and spreading [4].

Alternatively, surfaces can be engineered to prevent protein adsorption and cell

adhesion on a variety of surfaces [5].

Many biological processes such as cell migration, axon extension and angiogen-

esis are regulated by spatially dependent signals, including surface gradients of

molecules. Traditional macroscale techniques have been limited in their ability

to form spatially regulated patterns of molecules. Micro- and nanoengineering

Fig. 18.1 Cell–microenvironment interactions for tissue engineering.

The upper row depicts a schematic of interactions in (left) two

dimensions (2-D) and (right) three dimensions (3-D). The lower row

provides examples of: (c) patterned co-cultures; (d) cells within

microfluidic channels; and (e) cells that are micropatterned on a

substrate.
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approaches can be used to generate in-vitro gradients of molecules on substrates

to mimic natural environments. For example, surface gradients of laminin have

been generated using a microfluidics system and have been used to study the ex-

tension of axons under controlled conditions [6]. Alternatively, microscale gra-

dients of surface molecules [7] were engineered into planar surfaces by merging

the gradient generation capacity of microfluidics and photopolymerization chem-

istry. Using this technique, gradients of the adhesive peptide RGDs (Arg-Gly-Asp-

Ser) were formed and could be used to study cell adhesion [8]. The gradients of

hydrogels with varying polymer concentrations can also be used to study the re-

sponse of cells to surface stiffness.

Micro- and nano-textured substrates have also been shown significantly to in-

fluence cell adhesion, gene expression [9–11], and migration [12]. Nanoengi-

neered topographies can be incorporated into tissue engineering scaffolds to pro-

vide functional cues to cells. In fact, surface texture has already proven to be an

important parameter in current orthopedic replacement/augmentation applica-

tions [13]. It is generally believed that implantable orthopedic materials must be

hospitable for osteoblasts which deposit new bone matrix directly adjacent to the

material. As such, many investigations in the filed of orthopedics have focused on

the fabrication of biomaterials which maximize cellular adhesion, and indeed it

has been found that nanotextured materials which mimic the nanoscale features

of bone surfaces are especially suitable for these applications [13]. It is likely that

the superior adhesive properties of textured materials are due to the increased

particle boundaries and increased surface area available for osteoblast adhesion.

Such nanoscale features, which are typically less than 100 nm, may be created

through a number of techniques, such as chemical etching and anodization.

These techniques have proven to be especially efficient for generating surface

roughness on metals such as titanium, and it has been shown that nanotextured

surfaces prepared by chemical etching [14] induce significantly higher levels of

metabolic activity.

Another approach for generating nanotopography is to embed nanoscale ob-

jects within biomaterials. For example, carbon nanofiber-embedded composites

have been generated with increased osteoblast adhesion and decreased adhesion

for other cell types [15]. The decreased adhesion for other cell types is especially

advantageous in that it reduces the formation of disruptive fibrous tissue around

the implant. Another alternative technique that is widely applicable to a range of

materials (e.g., metals, ceramics, carbon fibers, composites) is the use of nanopar-

ticles (NPs) as composite materials [16–19]. A detailed review of such technolo-

gies is beyond the scope of this chapter, but for the interested reader more com-

prehensive reviews of nanotextured materials [13] and cell–surface interactions

[20] can be found elsewhere.

One potential advantage of micro- and nanoscale technologies is that they min-

iaturize experiments and can be used to perform high-throughput analysis. For

example, robotic spotters can be used to perform high-throughput analysis of

cell–substrate interactions. In these studies, stem cells were interfaced with thou-
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sands of different polymeric materials that were patterned using microarray tech-

nology. The effects were observed for human embryonic stem (ES) cells [21] and

human mesenchymal stem cells (hMSCs) [22], and resulted in the identification

of some surprising cell–material interactions. Although the specific biological

mechanisms underlying these interactions are not known, this method can be

used to identify novel and potentially useful biomaterials, and for monitoring un-

expected cell responses. A variation of this approach has also been used to ana-

lyze cell differentiation in response to combinations of ECM molecules [23].

18.1.2

Cell Shape

The effect of cell shape on various cell fate decisions has been studied by pattern-

ing cells onto micropatterned substrates. Differences in the size and shape of the

adhesive region cause cytoskeletal rearrangements, which have been shown to ef-

fect proliferation and apoptosis [5]. For example, smooth muscle cells and endo-

thelial cells [24–26], when micropatterned on poly(lactic-co-glycolic acid) (PLGA)

surfaces, and have been shown to provide a better maintenance of cell function

and morphology. In addition, cell shape has been shown to direct stem cell differ-

entiation. Human MSCs that were patterned on small and large fibronectin pat-

terns differentiated differently based on the size of the patterns. Typically, small

islands induced the cells to form spheres, while large islands induced them to

flatten and to adhere to the surface. Staining for differentiation markers indicated

that the spherical cells differentiated into adipocytes, while flattened cells became

osteoblasts [27].

Within the body, cells are exposed to dynamic environments which may

alter their shapes in response to changing mechanical forces. Typical patterning

techniques generate fixed patterns which cannot be changed after the deposition

of adhesive molecules. However, in order to study the dynamics of cell shape

change there is a need for substrates that can be dynamically altered to regulate

the adhesive cell environments. Towards this end, photoinitiated gels [28, 29] and

thermally responsive polymer surfaces [30] have been developed. In addition,

other techniques such as the electrochemical modulation of self-assembled

monolayers [31, 32] have enabled the reversible switching of surface properties.

An alternative dynamic patterning approach uses surface cracks to reversibly

modulate the adhesive properties of the substrate at the scale of adhesion com-

plexes [33]. By using this approach, adhesive signals can be patterned within

nanocracks of a poly(dimethylsiloxane) (PDMS) substrate, and the availability of

such signals can be reversibly modulated multiple times by varying the strain ap-

plied to the substrate. However, this technique is only capable of generating par-

allel nanoscale cracks, and is ineffective for the generation of more complicated

nonlinear patterns. Clearly, many further studies must be carried out to develop

approaches capable of generating dynamic patterns at the nanoscale, with more

flexibility and precision.
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18.1.3

Cell–Cell Interactions

One of the biggest challenges in tissue engineering is to reproduce in vitro the

specific arrangement of cells found in vivo. The co-culture of different cell types

is one approach to artificially recreate these arrangements. For example, hepato-

cytes in co-culture with endothelial cells better maintain their differentiated phe-

notype [34]. Similarly, homotypic hepatocyte cell–cell interaction, such as hepato-

cyte spheroids, can be used to better maintain a differentiated phenotype [35].

However, the degree of cell–cell interactions in these co-cultures cannot easily

be controlled without the use of microscale technologies. In an effort to control

the degree of heterotypic and homotypic cell–cell interactions, micropatterned

co-cultures have been used; these are patterned through the use of micropat-

terned adhesive substrates which selectively position various cell types relative to

each other. Patterned co-cultures were initially used to study the cell–cell interac-

tions between hepatocytes and non-parenchymal fibroblasts [36], and have led

to important findings about the nature of hepatocyte and fibroblast interactions

[37–39].

Other methods for generating patterned co-cultures utilize such techniques as

thermally reversible polymers [40, 41], layer-by-layer deposition of ionic polymers

[42], microfluidic deposition [43], and micromolding of hydrogels [44]. Although

cells have recently been patterned [45] onto three-dimensional (3-D) scaffolds

using replica printing techniques, further investigations will need to be carried

out on the incorporation of such fundamentally two-dimensional (2-D) techni-

ques into 3-D tissue engineering constructs.

Beyond patterning surfaces to generate co-cultures, another approach might be

physically to confine cells and cell aggregates within defined spaces. It is known

that characteristics such as cellular phenotypic expression and stem cell fate deci-

sions may be affected both by physical interaction with surfaces and by the diffu-

sion limitations introduced by confining cells and cell aggregates within spaces.

The recent use of microwells [46] for generating arrays of many different cell

types is a potentially useful tool for facilitating and studying the effect of cultur-

ing and co-culturing cell types within confined spaces. Beyond its applications to

the generation of high-throughput multicellular arrays, this approach may also be

amenable for generating co-cultures of many cell types.

18.1.4

Cell-Soluble Factor Interactions

Soluble factors such as signaling proteins and nutrients are also important com-

ponents of a cell’s microenvironment. Both, micro- and nanofluidic technology

can be used to control the spatial and temporal presentation of soluble factors to

cells in vitro. For example, laminarly flowing fluids within microchannels can be

used to pattern cells and their substrates [47, 48]. By using laminar flows, a cell

(AutoPDF V7 27/10/06 12:00) VCH (170�240mm) ScalaLF&SansLF J-1633 Mirkin PMU: A(A) 16/10/2006 PMU: WSL(V) 26/10/2006 pp. 349–366 1633_18-C (p. 353)

18.1 Overview 353



may be simultaneously exposed to multiple spatially segregated soluble factors

[49]. Such a technique may be useful for a wide range of studies in which the de-

livery of spatially segregated factors or conditions are relevant and allows for char-

acterizations of intracellular molecular kinetics. Microfluidic patterning can also

be used to study the effects of soluble factors on the population of cells. For exam-

ple, temperature gradients have been used to control the development of different

sides of an embryo [50]. Microfluidic gradient generators have also been used to

study the effects of molecular gradients on cells [51, 52]. Using this technique,

neutrophils were exposed to gradients of interleukin (IL)-8 to generate a novel

understanding of the migration behavior of cells in response to nonlinear gra-

dients [53]. Microfluidic gradients have also been shown to effect neural stem

cell differentiation [54] and axon extension [55, 56].

18.1.5

3-D Scaffolds

Traditionally, ‘‘engineered tissues’’ have been fabricated by seeding cells within

porous 3-D scaffolds, with such scaffolds serving as an environment within which

nutrient and oxygen transport, as well as mechanical support [57], are provided

for cell growth and proliferation, leading to the formation of 3-D tissues. Under

ideal conditions, the scaffold would gradually degrade and become replaced by

the ECM molecules deposited by cells, eventually leading to 3-D structures which

resemble native tissue architecture. Porous scaffolds are currently generated

through a variety of processes, including solvent casting and particulate leaching

[58]. Although these technologies can be potentially used to generate nanoscale

structures, such processes cannot be used to engineer properties such as pore

size, geometry, interconnectivity, and spatial distribution of the scaffolds. Further-

more, the diffusion limitations imposed by the scaffolds generated using current

techniques has prevented the engineering of larger pieces of (more than a few

hundred microns) viable tissue [59, 60].

Emerging techniques which have been used to generate scaffolds with micro-

scale resolution include 3-D printing, microsyringe deposition, and tissue spin

casting. 3-D printing (3DP) is typically used to generate ceramic [61] scaffolds in

orthopedic tissue engineering applications. Similarly, in organ printing the cells

and matrix material may be printed and built up [62]. Although 3DP confers a

great deal of control over the macrostructure of the scaffold, like solvent casting

and particulate leaching it suffers from process-derived limitations on porous

properties. Alternatively, microsyringe deposition which has been used to gener-

ate layered PLGA scaffolds [63] confers a much higher degree of control, with

fairly precise resolutions over the macrostructure of the scaffold, albeit at the ex-

pense of rapidity. One can imagine a combination of 3DP with microsyringe de-

position which might enable the generation of much higher-resolution scaffolds.

Also, the layering or combination of multiple ‘‘pieces’’ of engineered tissue is

generally applicable to other materials such as polyurethane [64], and recently

has been used to build larger structures using microfluidics and spin-coating ap-
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proaches combined with particulate leaching [63]. Variations on these approaches

are extensive, however, and the interested reader will find a more comprehensive

review of such technologies elsewhere [65–67].

The aforementioned techniques have, despite their applicability to nanoscale

features, only been applied to the generation of microscale features. One current

approach for creating nanoscale scaffolds builds these structures from polymer

nanofibers which are typically around a few hundred nanometers in diameter. In-

deed, many natural biomaterials such as collagen and chitin are composed of

fibrous structures. Techniques for fabricating nanofibers include electrospinning,

melt-blowing, phase separation, self-assembly, and template synthesis.

Electrospinning is a popular approach as it is relatively inexpensive and capable

of producing nanofibers from a variety of polymers and other materials. A num-

ber of polymers – including but not limited to PLGA, collagen, polycaprolactone

(PCL), poly(l-lactic acid) (PLLA) and so forth – have been used to generate scaf-

folds for orthopedic [68], cartilage [69], and cardiac tissue engineering [70] appli-

cations. The resultant structures may be extremely porous and have very high sur-

face area to volume ratios. Specific nanoscale features play a prominent role both

in promoting cell proliferation and in guiding cell growth and general tissue ar-

chitecture. Towards this end, recent investigations have shown that nanofibers

aligned in desired directions and patterns [71] can induce growth and prolifera-

tion of cardiac cells into biologically relevant contractile spindle structures. In ad-

dition, as nanofibers can be generated from well-characterized polymers such as

PLGA, it is possible to take advantage of properties such as biodegradability and

surface functionalization. In fact, the size of biodegradable fibers can be used to

modulate the degradation rate of the material.

Self-assembled amphiphilic peptides (Figure 18.2) were recently formed into hy-

drogels for tissue engineering [72] which resembled bone matrix alignments

[73]. Peptide groups may be customized to direct cell behavior and polymerized

directly into the hydrogel. For example, it was shown that directed differentiation

of neural stem cells could be modulated using such a hydrogel functionalized

Fig. 18.2 Structure of self-assembled amphiphilic peptide hydrogels.

(Left) A macroscopic hydrogel is composed of (center) fibers (which

form in solution) that are in turn composed of (right) amphiphilic

peptides. The hydrophobic hydrocarbon tails (black) of the peptides are

buried within the fiber interior, while the hydrophilic peptide head-

groups (gray) are exposed [73].
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with isoleucine-lysine-valine-alanine-valine (IKVAV, a laminin-derived sequence)

without the use of additional biochemical factors [74].

18.2

Methods

The general methods and themes related to the techniques mentioned in Section

18.1 are described in the following sections (see Figure 18.3).

18.2.1

Soft Lithography

Traditional lithography, as developed by the semiconductor industry, has inspired

the recent emergence of soft lithography and other fabrication techniques in the

generation of micro- and nanoscale features for tissue engineering applications

[75]. Soft lithography can be used to fabricate small-scale features without the

use of expensive clean rooms by utilizing elastomeric molds made from pat-

terned silicon wafers (Figure 18.4). A number of techniques for controlling the

Fig. 18.3 An overview of cell–microenvironment interactions and relevant techniques.
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micro- and nanoscale cellular environment rely on this approach. In particular,

many micropatterning techniques for facilitating cell–cell interaction and control-

ling cell shape utilize microfabrication techniques. For example, techniques such

as capillary force lithography, micromolding, microcontact printing, and micro-

fluidic patterning for generating specific patterns of molecules on planar surfaces

often rely on microfabrication approaches [76]. In capillary force lithography and

micromolding, molds placed on a layer of prepolymer solution displace the poly-

mer solution into the void regions of the mold before polymerization is induced

[77]. In microcontact printing, molds may be ‘‘inked’’ with molecules and placed

on top of surfaces in order to print them in the shape of the mold pattern [78]. In

microfluidic patterning, molecules may be flowed through microfluidics channels

produced by layering a mold on top of a flat surface [75]. Recently, the gradient

generation capacity of microfluidics techniques has been coupled with photopoly-

merization chemistry to generate hydrogels with spatial control of the gel proper-

ties [7, 79]. In these studies, gradients of photocrosslinkable monomers were gen-

erated within microfluidics channels and then photopolymerized via exposure

to ultraviolet light. In addition to creating crosslinking density gradients across a

material, gradients of conjugated signaling or adhesive molecules were also gen-

erated for directing and inducing cell migration, adhesion, and differentiation.

Nanocrack structures that enable dynamic cell patterning are also made from

PDMS substrates generated by soft lithography [33]. Such substrates are exposed

Fig. 18.4 A schematic overview of

photolithography and soft lithography. In

photolithography (a), a mask is placed on a

silicon wafer that is coated with a thin layer

of photoresist (b). The mask and wafer are

exposed to ultraviolet (UV) light, which

generates a patterned silicon wafer (c). In

soft lithography (d), a liquid prepolymer

(typically PDMS) is molded on a patterned

silicon wafer/master (e). The polymer is then

cured and the PDMS mold is subsequently

peeled from the stamp (f ).
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to oxygen plasma to ‘‘harden’’ or to create a silica-like film on the surface ren-

dered resistant to protein adsorption via the deposition of tridecafluoro-(1,1,2,2-

tetrahydrooctyl)-1-trichlorosilane. The substrates are then subjected to uniaxial

mechanical strain (a combination of strains can be applied at once and in differ-

ence directions) and, due to differences in surface and bulk properties, parallel

arrays of nanocracks are generated. The bulk material exposed by cracking is not

resistant to protein adsorption, and so the exposure of this bulk material allows

for the adsorption of ECM proteins that in turn facilitates cell attachment along

these parallel lines. The crack widths can be modulated by varying the strain ap-

plied, and the crack can be closed by reducing the strain, thereby reversing the

availability of adhesive portions of substrate. This technique can be applied re-

peatedly in different directions to dynamically direct the growth and retraction of

cells along linear nanocracks.

Microfabrication approaches may further be used to generate features within

3-D scaffolds, and indeed finer structures such as microvasculature have been

generated in tissue scaffolds using microfabrication approaches [80, 81]. Initially,

standard photolithography techniques were used to create vascular network pat-

terns directly upon silicon and Pyrex surfaces. Cells were seeded onto the surface

and allowed to grow to confluence, and then peeled off as a monolayer and

‘‘rolled’’ together into a rough approximation of tissue. Later studies relied on

soft lithographic replica molding of the patterned networks generated using these

standard micromachining technologies with biocompatible materials such as

PDMS, PLGA [82] and poly(glycerol sebacate) (PGS) [63]. Generally, replica

molding is performed by the pouring of a mixture of prepolymer solution and

crosslinking agent onto a (typically silicon) patterned surface, followed by subse-

quent photo- or thermally catalyzed polymerization of the mixture. Replica mold-

ing, coupled with particulate leaching, can further generate biodegradable porous

microfluidics structures. For example, artificial capillary networks were generated

through layer-by-layer stacking. Finally, layer-by-layer techniques may also be used

with microfluidic patterning to generate cell-seeded scaffolds [83–85]. Here, cell-

prepolymer solutions are repeatedly flowed, deposited, and polymerized within

regions of microfluidics channels in a sequential manner. The sequential deposi-

tion of different cell-prepolymer solutions allowed for the controlled generation of

layers of different cells within scaffolds.

18.2.2

Self-Assembled Monolayers

Self-assembled monolayers of alkanethiols used for cell culture may be formed on

gold surfaces, either through direct or vapor deposition of alkanethiols to the sur-

face. In this technique, a silicon or glass substrate is typically first coated through

vacuum evaporation with a thin layer (e.g., 1 nm) of titanium to facilitate gold ad-

hesion, followed by coating with gold. Upon vapor deposition of the alkanethiol,
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the molecules’ sulfur groups will orient themselves to contact with the gold sur-

face, while the alkyl chains are packed away from the surface.

18.2.3

Electrospinning

Electrospinning – a technique derived from electrostatic spraying – is the most

common method of producing nanofiber scaffolds as it is capable of producing

fibers of various sizes (from tens of nanometers up to microns) from various

materials (Figure 18.5). In brief, a charged material solution (e.g., a polymer such

as PLA) dissolved in a solvent is discharged from a reservoir through a tip that

ranges in size from few hundred microns to a few millimeters. A grounded

(earthed) collecting surface (collator) below the tip that is 10–30 cm away will

draw the ‘‘whipping jet’’ of ejected solution towards it. As the jet travels through

the air towards its target, the solvent dissolves into a nanofiber, which collects

upon the grounded surface. With time, the nanofiber eventually loses its charge

and the result is a mat of fiber which can be used as the basis for scaffold mate-

rial. In order to achieve alignment in particular directions or dimensions, the col-

lecting surface can translated relative to the dispensing tip. Fiber dimensions and

characteristics may be controlled through modulation of material concentration

in solvent. Layers of woven or non-woven mats of nanofibers may be stacked

upon one another to build larger scaffold structures.

Fig. 18.5 A schematic diagram of polymer

nanofiber electrospinning. A high voltage is

applied to a syringe in order to charge the

prepolymer solution contained within. The

prepolymer solution is then ejected from the

syringe in a controlled manner, and a jet

stream of the charged prepolymer is drawn

towards a grounded (earthed) collator. As the

jet stream moves through the air towards

the collator, the polymer dries to form

nanofibers. The charge of the polymer slowly

dissipates after collecting on the collator.
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18.2.4

Nanotopography Generation

In order to generate nanoscale surface roughness, chemical etching techniques

are often used. For example, a machined surface may be treated with a solution

of H2SO4 or other corrosive solution to generate nanotextures. Alternatively,

nanotextured surfaces may be generated through powder metallurgy (or the em-

bedding of constituent NPs), which can be applied to materials such as pure tita-

nium, Ti6A14V and Co28Cr6Mo. In this approach, powders are typically loaded

into a steel-tool die and compacted at high uniaxial pressures (on the order of

many GPa) using hydraulic presses. In this spirit, carbon nanotubes can also be

pressed into materials at high pressures to generate surface roughness.

18.2.5

Layer-by-Layer Deposition

Sequential deposition is a recurrent theme for the generation of patterned co-

cultures for controlling cell–cell interactions. One variation on ‘‘sequential depo-

sition’’ is to use thermally responsive polymers [40], whereby electron beam irra-

diation can be used to pattern a thin layer of thermally responsive acrylamide

onto surfaces. Cells can then be cultured to confluence at 37 �C. The temperature

is subsequently reduced, to induce the thermally responsive regions to become

non-adhesive and force cell detachment. Once the detached cells have been re-

moved, the temperature is increased to enable the adhesion of a second cell type

on the exposed substrate. Layer-by-layer deposition of ionic polymers has also

been used to generate patterned co-cultures. In this approach, a surface that is

patterned with an ionic polymer is treated with an adhesive protein, resulting in

preferential attachment of the protein to non-patterned regions, such that cell

patterns can then be formed on the adhesive regions. Next, the non-adhesive sur-

faces can be treated with another layer of cell-adhesive ionic polymer. The sub-

sequent deposition of a secondary cell type results in the formation of patterned

co-cultures [86].

18.2.6

3D Printing

Traditionally, 3DP – a solid freeform fabrication technique – has been applied

to orthopedic tissue engineering applications to generate channels and networks

within scaffolds [61]. For ceramic scaffolds, printing relies on the ability to bond

wetted regions of powdered base material, but generally a bed of powder may be

printed with a particular binder solution which bonds the wetted regions of pow-

der in the shape of the wetted regions into a monolithic mold. The subsequent

removal of non-bonded powder produces the final structure. The technique may

be performed sequentially in a layer-by-layer manner to produce complicated 3-D

structures. Microsyringe deposition is similar to 3DP in that it relies on con-
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trolled deposition, and the shape of the resulting structure is a direct function of

deposition patterns. However, instead of rastering a printhead across the surface

and depositing a ‘‘glue’’, the deposited material is typically a polymer which poly-

merizes to form the scaffold directly. Here, the resolution of the deposited lines of

polymer is a function of a number of parameters such as syringe pressure and

dimensions, as well as the solution viscosity. Complex structures are also gener-

ated through layer-by-layer application of this technique.

18.3

Outlook

The merger of novel biomaterials and nanofabrication strategies has led to dra-

matic enhancements in the complexity and biomimicry of today’s tissue engi-

neering constructs. Emerging tools for manipulating the micro- and nanoscale

cellular environment have provided much insight into the fundamental biology

of how cells interact with the surrounding components such as cell–cell, cell–

soluble factors, and cell–ECM molecules. This knowledge can be used to direct

cell fates, and can be incorporated into tissue engineering scaffolds. As our

understanding of the relevant parameters increases, new nanomaterials and tech-

nologies that provide proper signals and environmental cues to cells provide ex-

citing opportunities for the generation of clinically viable tissues. Significant chal-

lenges remain to be addressed, however, including the lack of suitable materials

with the desired degradation rates, and the mechanical properties for the desired

tissue. Another challenge is the optimization of scaffold architecture, including

pore size, morphology, surface topography, and bioactivity. Also, new and opti-

mized processing methods must be developed to address issues related to cell

seeding, vascularization and scale up into 3-D structures. In addition, research is

required to test and validate the in-vivo functionality of micro- and nanofabricated

constructs, and to assess the performance of these constructs against existing

clinically applied technologies.
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