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Preface

While our understanding of stem cells has advanced tremendously since the seminal 
work of Till and McCulloch in the 1960s, our ability to translate this knowledge 
to the clinical setting for tissue repair and restoration of function following injury 
and disease lags behind. Significant efforts have been made to mimic tissue and 
organ architecture in cell cultures, with some encouraging but generally small-scale 
results, but achieving true 3D complex organ structures has been elusive. Thus, the 
development of 3D bioprinting technologies for repair or even replacement of tis-
sues and organs has been an exciting new approach to the problem.

To provide a comprehensive and state of the art summary of 3D printing for 
tissue engineering, I have attempted to recruit several outstanding groups who are 
actively involved in moving this field forward. I am extremely grateful for their 
willingness to contribute chapters that cover the fundamentals of the technology 
and its utility with stem and other cells to demonstrate how it may accelerate the 
ultimate goal of restoring function of damaged tissues and organs.

I would like to acknowledge Aleta Kalkstein for helping me get this project off 
the ground and her encouragement during its completion.

A special thank you goes to Emily Janakiram who was instrumental in facilitat-
ing not only timely completion of the project but its completion with the highest 
Springer standards.

Ottawa, 2015  Kursad Turksen
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Bioinks for Bioprinting

Stuart K. Williams and James B. Hoying

1  Introduction

1.1  Elements of 3D Bioprinting

The history of additive manufacturing that has evolved into the current applications 
known as 3D-printing is based on the basic technique of layer by layer assem-
bly of structures. The original materials for additive manufacturing were primarily 
soft woods that could be quickly shaped into each layers form (J. E. Blanther, 
“Manufacture of Contour Relief Maps ”, US Patent #473,901, 1892). Several tradi-
tional Rapid Prototyping techniques have been exploited and adapted for generat-
ing scaffolds, such as fused deposition modeling (FDM) [1−3], three-dimensional 
printing (3DP) [4, 5] selective laser sintering (SLS) [3, 6−10], and stereolithogra-
phy apparatus (SLA) [3, 11, 12]. The emergence of 3D—Bioprinting has resulted 
in the development of numerous materials for the assembly of biological structures. 
This chapter will review the materials that have been selected for various forms of 
bioprinting.

3D Bioprinting represents multiple components and elements that work syn-
ergistically starting with an image or structure that the operator wishes to print, 
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software and hardware solutions and the resulting printed structures. The basic ele-
ments of 3D Bioprinting are identified in Fig. 1.

The Bioinks that have been developed for 3D printing utilize several types of 
dispensing systems for the delivery of the material. Two of these dispensing sys-
tems are illustrated in Fig. 2. Dr. Tom Boland first described the use of a modified 
ink jet printer to print biological materials [13]. These studies utilized a commercial 
ink jet printer and ink jet cartridge. The cartridge was cleared of ink and the ink 
replaced with a suspension of cells in a gel. The basic structure of a piezo electric 
ink jet printer cartridge is illustrated in Fig. 2. There are also thermal ink-jet printer 
designs. The dispensing system used for 3D Bioprinting have evolved and now 

Fig. 2  Bioink dispensing pens. Left is the ink jet printing design where regular ink is replaced 
with bioinks. Right is the Time/pressure dispensing system used in many direct write bioprinters

 

Fig. 1  Basic components of 
bioprinting
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include several types of dispensing methods that include; Ink jet printing [13−17], 
direct write time-pressure dispensing [18−29], Laser assisted printing [30−34].

The time-pressure needle dispensing systems is one of the oldest and most de-
veloped dispensing technologies, which normally consists of a syringe (barrel) con-
taining a material that is directly attached to the dispensing tip (Fig. 2). Air pressure 
or a mechanical plunger (positive displacement) is employed to force the material 
through a dispensing needle in a time-controlled manner. Pressure is removed to 
stop material flow at the end of the dispensing. The amount of material dispensed 
is proportional to the amount and duration of the applied pressure. This technology 
is widely incorporated into bioprinters because of its low cost, easy setup and mate-
rial flexibility. However, the technology can be prone to variability due to several 
factors including clogging of dispenser tips, a build-up of material at the dispensing 
tip sometimes referred to as “snow plowing” and a narrow range of pressure and 
time to permit rapid polymer flow rates while maintaining cell viability.

The time-pressure dispensing system has become one of the most broadly used 
systems in 3D Bioprinters where the bioink being dispensed is composed of a liquid 
biomaterial. Time-pressure dispensing systems are also called Direct-write printing 
systems [20, 22], Nozzle printing [35, 36] and Free-Form Fabrication [37]. The ba-
sic structure of a common time-pressure dispensing system is illustrated in Fig. 3. 
There are several manufacturers of time-pressure dispensing systems including GPD 
Global (Grand Junction, CO), Nordson (East Providence RI) and nScrypt (Orlando, 
FL) and OK International (Garden Grove, CA). The characteristics of time-pressure 
dispensing systems has been reviewed extensively with extensive evaluation of the 
effect of dispensing tip geometry, viscosity and pressure/vacuum characteristics of 
different systems [35, 38−40]. Most of these studies involve extrusion nozzles with 
single lumens. Of note, Ozbolat and colleagues have developed a novel dual lumen 
nozzle with the capability to form tubular structures at the time of dispensing [39]. 
This technology will be critical for the formation, using 3D bioprinting approaches, 
of small tubular structures (e.g. blood vessels).

Fig. 3  A time/pressure dispensing system
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1.2  Bioinks—Gels and Solutions

The origins of bioinks for 3D bioprinting can be found in the development of 3D 
cell culture techniques. The culture of cells in 3D is based on the realization that, 
in the body, cells exist primarily in a three-dimensional environment. This envi-
ronment supports both cell-cell communication as well as cell-extracellular matrix 
communication. The culture of cells in two-dimensions often results in the loss 
of cellular differentiation and loss of cell function. The earliest studies evaluating 
the culture of cells as three-dimensional constructs, often defined as organ culture, 
were performed by Charles Lindbergh in the 1930s [41−44]. Understanding that the 
function of cells in vitro and in vivo was influenced by the extracellular matrix was 
realized in the early 1970s [45−48] and quickly led to the use of three-dimensional 
in vitro culture of cells [49−57]. The earliest gels used for three-dimensional tissue 
culture are based on natural substances including fibrin gels and collagen [56−59]. 
Interest in using additive manufacturing techniques for the study of cell function 
was first explored using 3D printing to create complex material scaffolds followed 
by addition of cells to the scaffold material [60]. This approach has been followed 
by methods to create complex geometries with incorporation of specific cell binding 
sites [61, 62]. All of these technologies have provided a foundation for the technol-
ogy known as cellular bioprinting, the process whereby cells and a supporting gel 
are simultaneously extruded through a printing pen to create complex tissue con-
structs. The first material used to bioprint cells with viability of the cell maintained 
was agar [63]. Since these earliest studies numerous materials have been used as the 
solution component of bioinks. These materials are summarized in Table 1.

Table 1  Common Materials Used in Bioinks and Mechanism of Gel Formation
Compound Mechanism gel formation Chemical structure
Agar Thermal Polysaccharide
Collagen Spontaneous gelation/

photoinitiation
Protein

Alginate Ionic Polysaccharide
PLGA-g-PEG Thermal Poly(lactic-co-glycolic acid)
PEGDMA Thermal/chemical Poly(ethylene glycol) dimethacrylate
Pluronic Thermal Poly(ethylene glycol)-poly(propylene glycol)-

poly(ethylene glycol)
Agarose Thermal Polysaccharide
Carageenen Thermal Polysaccharide
Fibrin Spontaneous gelation Protein
Elastin Photoinitiation Protein
Silk Photoinitiation Protein
Chitosan Chemical Polysaccharide
Hyaluronic acid Chemical Glycosoaminoglycan
NIPAAM Thermal N-isopropyl acrylamide/N-t-butyl acrylamide 

copolymer
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1.3  Materials Used as Bioinks in Bioprinting

Agar is a polysaccharide first described in Japan in the seventeenth century by an 
innkeeper, Minoya Tarozaemon, who noted the gelation of seaweed based soup af-
ter the soup froze during the night. Two centuries later agar was isolated from algae. 
The major components of agar are agarose (major components D-galactose and 
3,6-anhydro-L-galactopyranose) and agaropectin (major components d-galactose 
and 3,6-anhydro-l-galactose). Agar exhibits the ability to transition between a solu-
tion at high temperatures and forms a gel at lower temperatures [64], a process often 
called hysteresis. Agar has been used extensively in 3D bioprinting [65−72] and 
was the first material used in a bioink by Tom Boland during his pioneering studies 
of bioprinting [63]. The typical method for agar –based bioprinting is warming of 
the agar solution until melted at ~ 85 °C and the transition to a gel at ~ 40 °C. This 
temperature allows bacterial cell bioprinting as these cells will survive at tempera-
tures > 40 °C, however, mammalian cells are not viable at this elevated temperature.

Agarose is a polysaccharide that is purified from agar. It has been used in many 
cell related applications due to its biocompatibility. One major use has been the 
ability to make gels of different structures and s the basis of what is known as the 
under-agarose cellular migration assay [73−75]. Agarose is available in numerous 
configurations including a low melting point version that remains as a liquid at 
37 °C and solidifies at room temperature [76]. Agarose has also been used in many 
bioprinting applications to form scaffolds and molds for subsequent bioprinting of 
viable cells [67, 69, 71, 77]. The temperature characteristics permit the printing of a 
scaffold or phantom that is subsequently surrounded by a gel forming material that 
is not temperature sensitive. The temperature of the construct is then raised causing 
the agarose to revert to its solution form. The agarose is subsequently washed from 
the construct leaving channels. These channels can then be treated with cells to form 
blood vessel like structures [21, 25, 78−80].

Alginate is a anionic polysaccharide found in the cell walls of brown algae and 
seaweed. It was first identified by its chemical structure as alginic acid, and is also 
called align. When alginic acid is bound to water, capable of absorbing 300 times 
its weight in water, it quickly forms a gum like material. For this reason one of its 
original and still current uses is to form dental impressions [81], leading to its cur-
rent use as a carrier of stem cells for dental applicaitons [82].

Alginic acid was first identified by the British chemist E. C. C. Stanford as an ex-
tract from brown algae and patented the method for purification in 1881 [64]. Since 
that time alginate has been used in multiple applications including as a bandage [83, 
84], implantable material [85, 86], an encapsulation material [87−95], a gel for 3D 
culture of cells [95−97] and finally as a gel forming material for 3D bioprinting [24, 
37, 40, 62, 69, 88, 95, 98].

Alginate is a linear copolymer with homopolymeric blocks of (1–4)-linked β-D- 
monnuronate (M) and its C-5 epimer α-L-guluronate (G) residues. The monomers 
can appear in homopolymeric blocks of consecutive G-residues (G-blocks), consec-
utive M-residues (M-blocks) or alternating M and G-residues (MG-blocks). When 
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considering the use of alginate for bioprinting the commercial sources often provide 
basic information regarding the molecular weight of the alginate and the M/G ratio. 
Some of the commercial sources of alginate include Sigma Chemical Company, 
FMC Corporation, KIMIKA Corporation, Nacalai Tesque Inc. and Novamatrix Inc. 
Alginates are available from these sources in different sizes and MG ratios. Ueno 
and Oda have evaluated the biological activities of alginates [99], and report differ-
ences in cytokine and nitric oxide production by cells exposed to these alginates. 
When considering the use of alginate for bioprinting the presence of endotoxin 
should be considered as this lipopolysaccharide can activate cells. Selimoglu and 
colleagues have recently described methods to purify alginate to remove endotoxin 
[100]. There are filtration systems effective for the removal of endotoxin from algi-
nate available from CUNO Corporation. Alginate manufactured according to GMP 
regulations is available from NovaMatrix®, a business unit of FMC BioPolymer.

As already described, nearly all commercial alginates today are produced from 
marine brown algae or brown seaweed. Alginates with more complex compositions 
can be isolated from bacteria such as Vibrio spledidus [101] and Azotobacter vine-
landii [102] which produces polymers containing more complex structures. Pro-
duction by fermentation therefore is technically possible but is not economically 
feasible at the moment. There has been significant progress in the understanding 
of alginate biosynthesis over the last 10 years. The fact that the alginate molecule 
enzymatically undergoes a post-polymerization modification with respect to chemi-
cal composition and sequence opens up the possibility for in vitro modification and 
tailoring of commercially available alginates.

For 3D bioprinting applications most investigators take advantage of the ability 
of alginate to rapidly form gels when contacting solutions of CaCl2 [64, 84, 103, 
104]. The relationship between alginate concentration and CaCl2 concentration to-
ward the formation of calcium alginate gels continues to be studied [105, 106]. 
Alginate exhibits the ability to bind divalent ions in the following relative affinity: 
Mg < Ca < Sr < Ba. For bioprinting applications Ca is most commonly used. Recent 
studies have established the original predications of Rees and colleagues that algi-
nate gelation results from the gelation is due to the association of sequences of gulu-
ronate residues within alginate [106]. Further research is necessary to establish how 
different formulations of alginate form gels with divalent cations and how these 
formulations may result in alginate gels that exhibit variability in porosity and stiff-
ness. For bioprinting the viscosity of alginate is dependent on concentration (higher 
viscosity at higher concentration), temperature (higher viscosity at lower tempera-
ture) and molecular weight (higher viscosity at higher molecular weight). Alginate 
also exhibits decreased viscosity at high shear rates. For bioprinting applications the 
rapid extrusion of alginate through delivery pens will result in reduced viscosity.

Chitosan is a linear polysaccharide composed of randomly distributed N-acetyl-
D-glucosamine (acetylated unit) and β-(1-4)-linked D-glucosamine (deacetylated 
unit). It is a natural occurring substances that is obtained by treating shrimp and 
other crustacean shells with the sodium hydroxide. Chitosan has been used exten-
sively in the agriculture industry due to its anti-fungal activitiy and as a food ad-
ditive. More recently it has been used in many tissue engineering applications [92, 
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107−133]. The methods for 3-D printing using chitosan are generally based on ex-
trusion of solutions of solubilized chitosan followed by rapid chemical crosslinking 
usually involving NaOH. [134] Chitosan based scaffolds, created using photopoly-
merization, have been used as a framework or lattice for seeding cells [135].

Carageenan is another seaweed derived polysaccharide that differs from other 
algae and seaweed polysaccharides as it contains sulfur groups and exhibits a more 
helical structure in its native form. It has been used as a food additive for decades 
based on the relative ease of preparation and the ability to rapidly form gels. Carra-
geenan has been used in several tissue engineering applications including 3D print-
ing [92, 132, 136−140]. One unique aspect of carrageenan is the ability to control 
the porosity of scaffolds during the gelation process to create scaffolds with charac-
teristics that support cellular invasion [141].

Collagen is an abundant, naturally occurring protein in the body that has been 
actively used to create cell containing gels to understand the effect of a three-dimen-
sional environment on cell function [45, 52, 142−146]. Collagen is the most abun-
dant protein in the body accounting for more than 20 % of the total protein content. 
There are now more than 28 structurally different types of collagen that have been 
identified in mammals. The most common types of collagen are designated Types I, 
II, III, IV and V. The general location within the body that these collagens are found 
is provided below:

• Type I: “Mature” collagen found in skin, tendon, vascular ligature, organs, bone. 
This collagen is found in most scars after wounding.

• Type II: The main component of cartilage
• Type III: “Young” collagen found throughout the interstitium in young individu-

als. This collagen is replaced by the stiffer collagen type I during maturation.
• Type IV: This collagen forms basal lamina, the cell-secreted layer of the base-

ment membrane.
• Type V: This collagen is found on many cell surfaces.

Collagen type I is the most commonly used collagen type for formation of gels for 
in vitro studies of cell function. This collagen is typically isolated from either rat 
tail [142], calf skin [147] or human placenta [148−150], based on modifications of 
the original methods of Gallop [151]. The current preparation of collagen I involves 
a limited proteolytic treatment of raw material (e.g. rat tail tendon, calf skin or 
human placenta followed by cycles of polymerization and re-solubilization using 
alternating cold acidic buffer to solubilize the type I collagen and warm neutral pH 
buffer to allow polymerization of the collagen into fibrils [52, 152]. There are nu-
merous commercial sources of collagen type I or alternatively the collagen can be 
prepared from raw materials as needed.

The other major types of collagen (Types II through V) are found in lesser 
amount in the body and their isolation and purification is more complex then type I 
collagen. Just as type I collagen interacts with cells causing cellular differentiation 
these other collagens are also important for cellular function and differentiation. 
For example endothelial cells exhibit a different phenotype when plated onto type 
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I collagen as compared to type IV collagen, where type IV collagen stimulates the 
formation of endothelial tubes and type I collagen causes endothelial cells to stay in 
a more proliferative non-differentiated phenotype [45].

There has been extensive use of collagen type I to perform 3D bioprinting of 
cells [11, 18−22, 25, 38, 92, 153−161]. This due, in part, to the ability of collagen 
type I monomers to undergo fibrillar collagen formation when the temperature and 
pH of the fibril solution is raised to 37 °C and the pH is adjusted to neutrality. The 
process of collagen fibril formation results in the gelation of the collagen and the 
collagen gel will maintain its structure based on the concentration of collagen in the 
initial solution. Although this collagen solution to gel methodology is used exten-
sively in cell biology including, now, 3D bioprinting, the mechanisms underlying 
the formation of fibrils has only recently received extensive study [162]. Clearly 
other constituents in the collagen type I solutions (e.g. ions, peptides and proteins) 
have a significant effect on not only the gelation of the collagen but also the physi-
cal characteristics of the collagen gel (e.g. density, stiffness). Moreover, other con-
stituents in the extracellular matrix, specifically members of the laminin family of 
extracellular matrix proteins have profound effect on cellular function including the 
process of angiogenesis and neovascularization [163−166].

Gelatin has an extensive history of use in the assembly of three-dimensional gels 
for tissue engineering [50, 78, 87, 88, 110, 111, 129, 167−185] and has also been 
used as a component of bioinks [78, 88, 92, 186]. Gelatin is collagen that has been 
subjected to complete (usually thermal) hydrolysis. This hydrolyzed collagen has 
been used extensively to coat tissue culture plastic to support cell adherence during 
culture [149, 171] indicating that gelatin maintains the ability to interact with cel-
lular membrane proteins such as integrins [185].

Hyaluronic acid also called hyaluronan or simply by the acronym HA is an 
anionic glycosaminoglycan distributed throughout the body predominantly in con-
nective, epithelial, and neural tissues. It is unique among glycosaminoglycans in 
that it is nonsulfated, and can be very large, with a molecular weight greater than 
1 million. HA has been used extensively in cell biology and tissue engineering stud-
ies [64, 78, 92, 125, 157, 160, 184, 186−205]. Hyaluronic acid has been reported 
to have biological effects on cellular phenotype including cell proliferation and cell 
migratory activity [157, 204, 206, 207]. Many 3D bioprinting studies that utilize 
hyaluronic acid involve first, additive manufacturing techniques to create a scaf-
fold and the subsequent treatment of the scaffold with gels containing hyaluronic 
acid [157, 208]. The direct bioprinting of cells within hyalurinc acid solutions has 
been accomplished and has been used successfully to create heart valves [209]. The 
formation of stable structures using hyaluronic acid often uses photocrosslinking or 
chemical crosslinking during the printing process [78, 186].

Silk is a protein fiber composed mainly of fibroin and is produced by many insect 
larvae during the formation of cocoons. The best-known silk is obtained from the 
cocoons of the larvae of the mulberry silkworm Bombyx mori. [92, 179, 210−216]. 
Silk protein fibers have been used extensively in tissue engineering applications 
that include the use of silk to create scaffolds for subsequent cell transplantation 
[92, 179, 210−220]. Silk protein fibers have seen limited use in bioprinting to date 
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but initial studies have illustrated the potential applications of silk in direct write 
printing of cell laden constructs [92, 213, 216, 221, 222]. Work by Schacht and col-
leagues [222] have established the ability to bioprint cells in silk bioinks without 
the need for crosslinking.

Fibrin is a fibrous protein that is formed naturally in the body during the pro-
cess of coagulation. Fibrin (also called coagulation factor Ia) is formed following 
the action of the protease, thrombin, on fibrinogen (coagulation factor I). Fibrous 
fibrin exhibits the ability to undergo spontaneous gel formation. These fibrin gels 
have been used extensively in tissue engineering and cell biology studies, especially 
to study the effect of three-dimensional environment on cell function [11, 92, 158, 
195, 204, 223−241]. Fibrinogen and fibrin have been used in 3D printing of cellular 
constructs utilizing the spontaneous gelation characteristics of fibrin [11, 62, 92, 
158, 238, 242]. Several advantages for the use of fibrin in bioprinting, beyond just 
spontaneous gelation characteristics, include the natural occurrence of this process 
in the body and therefore biocompatibility of fibrin as an implant material, and the 
established effects of fibrin on cell function. Cells, and especially endothelium, ex-
hibit the ability to interact with and undergo extensive neovascularization in fibrin 
gels [56, 57, 241, 243−249]. Beyond acting as a simple encapsulating gel, fibrin 
exhibits numerous biological effects on cellular function [226, 235, 250].

Elastin is also a naturally occurring extracellular matrix protein. Inherent in its 
name is the ability of elastin to undergo transition between a coiled and elongated 
form and the ability to provide elasticity to tissues such as skin and large caliber 
blood vessels. Elastin scaffolds can be obtained from tissues samples using both 
enzymatic and chemical de-cellularization and can subsequently be used as scaf-
folds for 3D printing [195, 251−253]. Very often elastin is co-printed with collagen 
or other materials that provide spontaneous or chemically augment cross-linking 
and gelation [254].

Thermosensitive Hydrogels There are numerous hydrogels used in 3D bio-
printing applications that exhibit a temperature sensitive transition between a solu-
tion and gel form. This is often called a volume phase transition and is described 
by the ability to undergo transition from solution to gel at either a lower critical 
transition temperature (LCST) or upper critical transition temperature (UCST). 
Unlike chemical crosslinking that most often leads to permanent, non-reversible 
formation of gels, thermosensitive hydrogels have the ability to undergo repetitive 
gel to solution to gel transitions. LCST hydrogels exhibit the ability to undergo a 
solution to gel transition at increasing temperatures. Thus these polymers are gels at 
lower temperatures and solutions at higher temperatures. An example of an LCST 
is Poly(N-isopropylacrylamide) or PNIPAM. The transition temperature is 32 °C 
and thus PNIPAM can be bioprinted as a gel at temperatures below 32 °C and then 
converted to a solution at temperatures above 32 °C. Another example of LCST 
hydrogels is poly(N-isopropylacrylamide) or PIPAAm. The NIPAM and PIPAAM 
hydrogels have seen extensive use in tissue engineering where sheets of cells can be 
grown on the thermosensitive polymer gel at higher temperature and then the cell 
sheet can be released by simply lowering the temperature below 32 °C [255−257].
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PEG Hydrogels are composed of synthetic crosslinked hydrogels of 
poly(ethylene) glycol (PEG) and have been used in numerous tissue engineering 
applications. Polyethylene glycol is a polyether compound with many industrial ap-
plications including use in medical applications. PEG is also known as polyethylene 
oxide (PEO) or polyoxyethylene (POE), depending on the molecular weight. There 
have been extensive studies on PEG biocompatibility with general agreement that 
these compounds exhibit biocompatibility. PEGylation is the process of attach-
ing the strands of the polymer PEG to molecules, most typically proteins, drugs 
and antibodies, with the result of increased solubility and reduced immunogenicity. 
PEGylation also results in changes in receptor binding and can alter therapeutic ef-
fects. Two commonly used PEGylated hydrogels used in bioprinting are PLGA-g-
PEG and PEGDMA. PLGA-g-PEG, poly(D, L-lactic acid-co-glycolic acid) with 
polyethylene glycol side chains, exhibits a lower critical transition temperature 
(LCST) [258−260] and bioprinting is performed at lower temperatures. PEGDMA, 
poly(ethylene glycol) dimethacrylate, is a water soluble co-monomer used in the 
manufacturing of plastics and as a crosslinking agent. PEGDMA has been used in 
many tissue engineering applications [158, 261−263] and has been used selectively 
in bioprinting applications [159]

Poloxamers—(The most common poloxamer is Pluronic) has been used ex-
tensively in 3D printing both as a scaffold or mold to support subsequent bioprinted 
structures [22, 238, 264−266] as well as direct bioprinting of cells with poloxamers 
[267]. A recent review by Alaxender and colleagues provides an in depth evalua-
tion of the chemistry and gel forming mechanisms of poloxamers [264]. The word 
“poloxamer” was first used by the inventor, Irving Schmolka, who received the 
patent for these materials in 1973. The predominant commercial source of polox-
amers is the BASF corporation and they are more commonly known by the trade 
names Synperonics [268],Pluronics [268] or Kolliphor [269]. Poloxamers are tri-
block copolymers composed of a central hydrophobic chain of polyoxypropylene 
(poly(propylene oxide/PPO)) flanked by two hydrophilic chains of polyoxyethyl-
ene (poly(ethylene oxide/PEO)).

When the PEO/PPO (2:1) is immersed into the aqueous solvents, they form mi-
cellar structures above critical micellar concentration. The poloxamers are quite 
soluble in aqueous, polar and non-polar organic solvents and are quite stable. The 
pluronic triblock copolymers are available in various grades differing in molecu-
lar weights and physical forms. Depending upon the physical designation for the 
grades are assigned, as F for flakes, P for paste, L for liquid.

As an example, the most commonly use poloxamer in 3D printing has been Plu-
ronic F-127. The F designates this poloxamer has the physical characteristics of a 
flake/powder at room temperature. It is a poloxamer and has the following chemical 
structure:
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The numerical designation, 127, provides information regarding the approximate 
molecular weight (first two digits multiplied by 300), and the last digit × 10 gives 
the percentage polyoxyethylene content. Therefore F127 is a flake at room tempera-
ture, has a polyoxypropylene molecular mass of 36,000 g/mol and a 7 % polyoxy-
ethylene content.

Pluronic F127 has a characteristic property of thermoreversible gelation that is 
advantageous in 3D printing. The thermoreversible characteristics of Pluronic 127 
are observed in aqueous solutions in a concentration range of 20–30 % w/w. Pluron-
ic 127 is a liquid when refrigerated (4–5 °C) and turns into gel form when brought to 
room temperature (> 16 °C). The gel formed is reversible on cooling and this can be 
repeated (e.g. solution-gel-solution) multiple times. The gel formation occurs only 
when concentration is above critical micellar concentration. This thermoreversible 
gelation property is useful in the various drug delivery systems such as oral, ocular, 
nasal, topical, dental, and other biomedical fields. For 3D bioprinting the thermor-
eversible gelation properties of Pluronic F127 have been utilized to form tissue 
constructs of specific dimensions. Chang et al. [21−23]. It is also possible to print 
structures at 37 °C, fill and surround the printed structures structures with a non-
thermosensitive gel, and by lowering the temperature of construct create channels 
or voids hen the Pluronic reverts to a solution form [22].

There are numerous examples where combinations of polymers, with dif-
ferent material characteristics, are added together in bioinks to provide multiple 
functionality. This is most often seen where a non gelling material (e.g. extracellular 
matrix—non collagen I) is added to a material that will form a gel under specific 
conditions [90, 92, 130, 192, 215, 240, 267, 270−278]. In certain cases once gela-
tion has occurred the gel forming polymer can be removed. Examples are Pluronic 
and alginate used to create solute containing gels, followed by either thermal rever-
sal of gelation [22, 192, 265−267, 279, 280], or alginate dissolution using EDTA 
[281].

1.4  Additives to Bioinks to Influence Cellular Behavior

Following the bioprinting of cells there is typically an incubation period, either in 
vitro or in vivo, that results in changes in cellular function include proliferation, 
migration, differentiation, apoptosis and self assemble. These cellular activities are 
regulated by multiple factors that include soluble factors such as growth factors 
and cytokines, the extracellular matrix and numerous small molecules. One of the 
most complex additives that has been used in bioinks is matrigel, a complex mix-
ture of both growth factors, cytokines and extracellular matrix proteins [157, 166, 
175, 274, 277, 282−296]. The addition of matrigel to bioinks is an appropriate first 
step in identifying whether a complex mixture of components/additives can support 
desired cellular function in the printed structures [157, 175]. The role of specific 
factors will require purified cytokines, growth factors, matrix proteins and peptides.
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1.5  Cells for Bioprinting

A third and critical component of bioinks are the cells that populate tissues through-
out the body. The initial studies of cell bioprinting utilized robust mammalian cell 
lines that can be maintained in 2D tissue culture with minimal media requirements. 
Numerous commercial sources are available for cell lines (e.g. Lonza; RoosterBio; 
American Type Culture Collection; Life Technologies and BioTime) that represent 
the major cell types found in the body. Figure 4 illustrates the major sources of cells 
used in tissue engineering and regenerative medicine.

As bioprinting moves from the laboratory to the clinic sources of clinical grade 
cells will be necessary to support the assembly of different constructs. Moreover, 
point-of-care isolation of a patients own cells for bioprinting may be necessary to 
avoid the use of immunosuppressive drugs. Point of care systems for the isolation 
of regenerative and stem cells have reached the stage f clinical trials and may soon 
be available as a source of cells for clinical bioprinting [297−300]

1.6  Chemical and Photosensitive Cross Linking of Solutions and 
Gels

The initial bioprinting of polymers into a specifically designed shape (e.g. spheroid 
[95, 301, 302], rod [20, 28, 303, 304], tube [39]), requires that the material either 
maintains its shape due to inherent viscosity or undergoes some form of stabiliza-
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tion or crosslinking to maintain shape. The crosslinking of biomaterials and natu-
ral substances to form a stable structure has been studied extensively and includes 
both chemical crosslinking [305−311] and photocrosslinking. Nimni and colleagues 
studied numerous aldehydes and other chemical crosslinkers and concluded, for 
collagen, glutaraldehyde provides the most biocompatible and stable end-product. 
Due to concerns regarding the possible toxicity of aldehydes, alternative chemical 
cross linking agents have been explored [312].

Other chemical cross linkers used to make tissue engineered constructs or 
bioprinted constructs include Genipin, 1-Ethyl-3-(3 dimethylaminopropyl) 
carbodiimide/N-hydroxysuccinimide (EDC/NHS [313], Tetrahedral polyeth-
ylene glycol [78]. Genipin is a natural product extracted from the gardenia fruit, 
which overcomes the toxicity inherent in most commonly used synthetic cross-link-
ers [181, 276, 312]. Genipin can be utilized to crosslink functional amine groups 
present in natural tissues and biomaterials with very minimal cytotoxic effects, 
compared with glutaraldehyde [181, 276, 312, 314, 315]. Genipin cross-linked ma-
terials acquire a deep blue color following treatment. The utilization of genipin to 
crosslink natural biocompatible polymers, such as chitosan and gelatin, and to form 
biodegradable hydrogels has the potential to produce novel scaffolds for various 
tissue engineering and bioprinting applications. Carbodiimide containing fixatives 
have been used as an alternative to glutaraldehyde for fixation of tissues [316−318].

Photoactivated crosslinking of molecules to form stable structures has been ex-
tensively studied [159, 319−333]. This includes studies evaluating the formation of 
covalent linkage between molecules, especially related to surface modification of 
biomaterials [321, 333−336]. The use of photoactivated chemistries in bioprinting 
has seen increased interest [11, 30, 158, 159, 186, 238, 261, 327, 337] and is based 
on extensive foundational research on photoactivated chemistries. A large amount 
of the literature in photoinitiated cross linking of materials is based on the dental 
field where composite materials and resins are often set in place with light activated 
chemistries [176, 320, 338−340].

One of the most widely used UV photoinitiation chemistries is known by the 
tradename Irgacure. Irgacure and Darocur are tradenames for a family of photo-
initiator chemistries that include alpha-Hydroxyketone, Phenylglyoxylate, Ben-
zyldimethyl-ketal and alpha-Aminoketone. These photoinitiators have been used 
extensively in the industrial manufacturing of coatings, paints, epoxies and other 
construction material surface treatments. The major manufacturer and distributor of 
Irgacure and Darocur is the Ciba Specialty Chemicals Company, (Tarrytown, NY). 
The most commonly used Irgacure for biological applications is Irgacure 2959, with 
the chemical structure of 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-
1-propanone. Irgacure has a major energy absorption peak in the ultraviolet energy 
range with a maximum at 276 nm. Irgacure 2959 has been used previously in tissue 
engineering and now bioprinting applications as a technique to rapidly cross link 
solutions to form a gel [159, 322−324, 341−343].

One of the drawbacks of using Irgacure 2959, as well as many other Irgacures, 
is the need to use UV wavelength light (276 nm) to support rapid photoinitiation 
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and crosslinking of materials. Ultraviolet light has been shown to have significant 
negative effects on cell function including cell death and mutagenesis [344−347]. 
It should be carefully noted that most of these earlier studies evaluating the toxic 
effect of UV light on cell function were performed in 2D cultures systems with 
cells growing as monolayers on the bottom of tissue culture plates. During UV light 
cross linking of materials during bioprinting the cells are exposed to UV light in 3D 
gels. UV sensitivity has been shown to be cell type specific [341]. Many other Irga-
cures have been evaluated in tissue engineering and bioprinting applications includ-
ing; Irgacure 165, 184 and 907 [342, 348, 349]. The deleterious effect of Irgacures 
may be cell specific and polymer specific and thus, their use in bioprinting remains 
promising and the subject of additional study.

Other UV photoinitiators include; 2-isocyanatoethyl methacrylate used to pho-
tocrosslink fish elastin [350], benzoyl benzylamine [351],

Alternative visible light photoinitiators are under study [186, 304, 325, 352]. 
Bahney and colleagues have done significant work evaluating novel visible light 
activated photoinitiators and cross linkers to avoid the previously noted deleterious 
effects of UV cross linkers [325]. As pointed out by these authors a major advantage 
of Irgacure 2959 is that it is a type I photoinitiator (cleavage type), and only a single 
molecules is necessary for both the photoactivation and initiation of the crosslink-
ing reaction. As a contrast many of the visible light system (often utilizing type II 
photoinitiators [338]) require two or more reagents [78, 325, 348, 353]. Irgacure 
2959 does have an absorbance peak at 365 nm, however, crosslinking at this wave-
length requires extended exposure times.

Some of the visible light photoinitiators include Camphorquinone [348, 354], 
Thiol-norbornene (thiol-ene) [355], eosin Y [176, 184, 325, 356−360], riboflavin 
[361], Lucirin-TPO [362], Rose Bengal/furfuryl [363, 364], Ethyl Eosin [325, 
357, 360, 365, 366], methacrylic anhydride [367], 2,2-dimethoxy-2-phenylace-
tophenone [348]. These photoinitiators are most often used with other chemistries 
in Type II photoinitiation reactions (Table 2).

Table 2  Photoiniator Chemistries Used in Bioinks
Photoinitiator Chemical structure Wavelength (nm)
VA-086 2,2ʹ-azobis[2-methyl-N-(2-hydroxyethyl)

propionamide]
365

IRGACURE 2959 2-Hydroxy-1-[4-(2-hydroxyethoxy) 
phenyl]-2-methyl-1-propanone

276

DMAP 2,2-dimethoxy-2-phenylacetophenone 450
Rose Bengal 4,5,6,7-tetrachloro-2ʹ,4ʹ,5ʹ,7ʹ-tetraiodofluorescein 549
Eosin-Y 2-(2,4,5,7-tetrabromo-6-oxido-3-oxo-3H-xan-

then-9-yl)benzoate
510

Ethyl Eosin 2ʹ,4ʹ,5ʹ,7ʹ-Tetrabromoeosin 532
Camphorquinone Camphorquinone 467
Methacrylic anhydride Methacrylic anhydride 530
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1.7  Summary

The field of 3D Bioprinting is expanding rapidly with improvements in equipment, 
software for designing structures, delivery pens and systems. An integral part of 
bioprinting technology is the mixture of materials, cells and additives the field de-
fines as Bioinks. These inks are based on simple naturally occurring substances 
but have now begun to evolve into new biomaterials with the ability to support tis-
sue maturation following 3D printing. These new bioinks will support the develop-
ment of new technologies that will rapidly move bioprinting into a commonly used 
technology in the laboratory and in the clinic.
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3D Bioprinting and 3D Imaging for Stem  
Cell Engineering

Vivian K. Lee, Andrew Dias, Mehmet S. Ozturk, Kathleen Chen,  
Brad Tricomi, David T. Corr, Xavier Intes and Guohao Dai

1  Introduction

Three-dimensional (3D) bio-printing, a rapid prototyping method to construct com-
plex 3D structures through a layer-by-layer approach, allows depositing various 
types of cells and scaffold materials in the desired 3D pattern, and thus has a great 
potential in cell and tissue engineering applications. An important advantage of this 
technique is its capability to simultaneously deposit live cells and biochemical mol-
ecules ( e.g. growth factors) along with biomaterial scaffolds at the desired location 
to mimic the native tissue architecture or to create a specially-designed 3D micro-
environment.
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With its flexibility and power, the 3D bio-printing technology has been consid-
ered as a versatile tool for controlling stem cell fate and creating stem cell niche. 
3D bio-printing system capable of precisely deposit biomaterials in desired 3D pat-
tern, allows fine-adjustment of microenvironment where stem cells are embedded. 
A variety of bio-printing methodologies have been developed in order to generate 
different stem cell culture environments ( e.g. stem cell patterning in single-cell 
level, controlling embryonic body formation) in an efficient and reproducible way.

Meanwhile, 3D printed structures often incorporate thick opaque scaffold, dense 
population of cells or cell aggregates. Therefore, there are significant difficulties in 
visualizing the 3D constructs with current imaging modalities. Biological under-
standing of stem cell differentiation and function has been mainly achieved in cell 
culture and tissues via destructive techniques such as western blots, immunohisto-
chemistry or quantitative polymerase chain reaction (qPCR). However, to elucidate 
the interaction of stem cells with the microenvironment in tissue engineering appli-
cations, it is necessary to non-destructively monitor the spatio-temporal prolifera-
tion and/or differentiation of these cells in an unperturbed environment. To this end, 
developing novel molecular imaging techniques is critical to observe stem cell fate, 
cell-cell interactions, and/or structural features of an engineered tissue [1].

In this chapter, we first review the usage of bio-printing technologies for cell and 
tissue engineering applications, and discuss the potential of each bio-printing sys-
tem for stem cell application. We also summarize the usage of commonly-used bio-
medical imaging modalities to tissue engineering and stem cell applications. Then, 
as optical imaging modalities are the most widely used imaging tools in stem cell 
studies, we cover the vast array of optical techniques developed to date. We address 
advantages and limitations of each bio-printer and imaging system, and suggest a 
perspective on integrating multiple bio-printing techniques and optical imaging for 
stem cell and tissue engineering applications.

2  Three-Dimensional Bio-Printing Techniques

2.1  Inkjet-Based Printing

The pioneer bio-printing group initially converted a commercial 2D inkjet printer 
into a bio-printing by replacing the printer ink with biological ink [2, 3]. While 
the first bio-printing approach is in use for many tissue engineering applications 
[4–6], numerous inkjet-based bio-printing systems are newly developed to handle a 
wide range of biomaterials at increasing resolution and speed. Inkjet-based printers 
commonly use thermal [7], piezoelectric [8–10], or microvalve-based [11, 12] drop-
on-demand methods, in which picoliter or microliter volume of aqueous biological 
materials are dispensed in drops (Fig. 1a, 1b, 1c).
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2.1.1  Printing Mechanism

Thermal bio-printers dispense droplets by increasing temperature of the heating 
element to produce pulses of pressure (Fig. 1a). The temperature the heater in-
creases for short time, forming a bubble that forces the bioink out of the printer 
head. Although the temperature of the heating element reaches 200–300 °C during 
this procedure, it does not have a substantial influence on post-printing viability of 

Fig. 1  Bioprinting Techniques. a–c Inkjet-based bioprinting technologies, a Thermal inkjet print-
ing system, b Piezoelectric inkjet printing system, c Microvalve-based inkjet printing system, 
d Extrusion-based printing system, e Laser direct-write schematic for cell deposition
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mammalian cells [7, 13]. Piezoelectric bio-printing systems utilize piezoelectric ac-
tuators or piezocrystals (Fig. 1b). Once electrical signals are applied on the crystals, 
they generate vibrations inside the printer head to break the bioink into droplets [8, 
9, 14]. In both thermal and piezoelectric printing systems, size of nozzle (printer 
head) orifice and electrical pulse pattern (duration and amplitude) play main roles 
in determining the droplet size. The viscosity of bioink has an effect on the droplet 
size and reproducibility, as highly-viscous materials or media suspensions with high 
cell density often require higher force to be ejected and cause clogging problems.

The components of microvalve-based printers vary by design and application. 
Commonly-used printers include valve coils, a valve ball, and closing elements 
in the printer head (Fig. 1c). Unlike thermal or piezoelectric systems, additional 
pneumatic or piston-derived pressure is applied on the biomaterials loaded inside. 
The valve coil is triggered by electrical signal, lifting the valve ball, consequently 
dispensing a droplet. Then, valve orifice is quickly blocked by closing elements [12, 
15, 16]. The droplet size is determined by the valve opening duration, the actuation 
frequency, material viscosity, and the pressure applied.

2.1.2  Resolution and Patterning Capability

Inkjet-based printers create patterns in drop-by-drop manner, in which a series of drop-
lets are closely deposited to form line and surface patterns [17]. Therefore, the resolution 
of inkjet-based printer is determined by the minimum size of droplet that the printer 
can generate. The actual resolution of inkjet-based printer tends to be lower than the 
minimum droplet size because the contour of printed pattern often becomes enlarged by 
merging of closely printed droplets. Droplet size is depending on numerous parameters, 
including nozzle diameter, printing mechanism, material viscosity, and substrate prop-
erties (e.g. hydrophilicity). Droplet size and printing speed can be controlled electroni-
cally, and can range from picoliter to nanoliter in volume with dispensing frequency of 
1–10,000 droplets/sec. The spatial resolution of inkjet-based bioprinters ranges from 
~ 50 µm to 1 mm (Table 1). Despite this technique does not support comparable single-
cell level of spatial resolution, printing of single cell can be achieved by adjusting cell 
suspension density and droplet size [18].

Table 1  Comparison of bioprinting techniques
Inkjet-based [7–12, 
18, 81, 149–151]

Extrusion [3, 36, 41, 
44–50, 53, 54, 152]

Laser direct-write 
[58–63, 65, 67, 68, 70, 
76–80]

Resolution/droplet size 50 µm–1 mm 5 µm–1 mm > 10 µm
Material viscosity/density Low High Low–High
(Post-printing) cell 
viability

High Medium High

Single cell control 
capability

Low Medium High

Printing speed 
(Total fabrication time)

Fast Slow Medium-fast
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2.1.3  Available Materials

Materials used for bioprinting applications must be biocompatible and cytocompat-
able, and provide appropriate structural integrity and functional properties during 
post-printing maturation [19, 20]. Considerations on the viability and functionality 
of printed bio-structures, limit the range of available chemistries, operating temper-
ature, mechanical and rheological properties. Naturally-derived hydrogel (includ-
ing collagen, fibrin, chitosan, alginate) and synthetic polymer such as polyethylene 
glycol (PEG) are commonly-used scaffold materials in the field of tissue engineer-
ing [20]. The hydrogel polymers are printed in aqueous precursor form, and then 
solidified by post-printing crosslinking or gelation process (including enzymatic 
crosslinking, photo-crosslinking, pH- or temperature-sensitive phase transition). 
Naturally-derived hydrogels have advantages in supporting biological functions. 
On the other hand, synthetic polymers are more beneficial for functionalization or 
tailoring of scaffold material, cost efficiency, and reproducibility.

Hydrogel polymers serve as scaffolds to support 3D structure created via layer-
by-layer approach. Thus, the hydrogels used for 3D bioprinting applications are 
required to have proper mechanical strength in order to maintain the structural in-
tegrity during and after printing procedure. The required mechanical strengths often 
correlate to the concentration and viscosity of polymer. Higher concentration of hy-
drogel provides more sturdy structure, increased stiffness, and in some cases, better 
resolution or patterning capability. However, this condition may not be beneficial 
for embedded cells since they need to degrade the matrix to migrate and proliferate. 
Hence, material properties need to be specifically optimized for each cell and tissue 
engineering applications to find balance between structure integrity and preferred 
cell culture condition.

Inkjet-based printing systems are capable of dispensing most of the hydrogel 
polymers stated above, but certain materials are not suitable for these printing 
systems due to the limitation of printing mechanism. The use of gentle ejecting 
force created by a bubble, vibrations, or pneumatic pressure (< 10 psi) minimiz-
es post-printing cell death, phenotype alteration, or functionality loss, thus has a 
great advantage in viable cell printing. However, it has a limitation in dispensing 
highly-viscous materials or high-density cell suspensions that often cause printer 
head clogging issues and irregular printing patterns. In general, microvalve-based 
bioprinters have advantages in handling viscos materials compared to the thermal or 
piezoelectric bioprinters since the additional pressure applied on the loaded materi-
als can be adjusted to create proper ejecting forces.

2.1.4  2D and 3D Cell Printing Applications

Inkjet-based bioprinting systems are more beneficial for dispensing aqueous mate-
rials such as cell suspensions (with low cell density) and soluble growth factors. The 
printing technique can conveniently introduce gradient patterns of cells and growth 
factors in 3D space by altering droplet size, spacing between droplets, or number of 
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printing times [21–23]. Inkjet-based bioprinters are also widely used for direct cell 
dispensing to generate 3D in vitro co-culture models [16, 24], vascular tissue mod-
els [25, 26], and cell aggregates/spheroids [14, 27] maintaining high cell viability.

2.1.5  Advantages and Disadvantages

Advantages of inkjet-based bioprinting technology include wide availability, high 
cell viability, low cost, and high printing speed. The printing mechanism allows 
utilizing various biological materials, especially the materials with lower viscos-
ity. The use of gentle pressure guarantees high post-printing viability, showing a 
great potential of the technique in handling delicate biostructures such as stem cells, 
progenitor cells, and embryonic bodies [10, 27, 28]. There are some concerns re-
garding the instant heat exposure in thermal inkjet printers, 15–25 kHz frequencies 
used in piezoelectric printers, and shear stress caused by microvalve dispensing. 
These factors may induce cell damages, phenotype alteration, or loss of function-
ality. However, the strength of these stresses is minimal in comparison with other 
commonly-used bioprinting technologies. Due to the material viscosity limitation, 
the aqueous form of hydrogel precursor is widely used for inkjet-based bioprint-
ing platform. Post-printing crosslinking or gelation process is required in this case. 
These produces include UV irradiation, temperature changes, or the use of acidic/
basic solutions, and may induce various cell damages. Another limitation of inkjet-
based printers is the difficulties in achieving physiological cell density and matrix 
density. High concentration of hydrogel polymers or high density cell suspension 
often cause issues including nozzle clogging, irregular droplet size, irregular dis-
pensing trajectory, and premature gelation.

2.2  Extrusion-Based Printing

Microextrusion is the most commonly-used technique for non-biological 3D print-
ing. A heated printer head extrudes a filament of materials to build 3D shape in 
additive manufacturing manner. The technique has been successfully applied in 
bioengineering field, deriving numerous applications in hard tissue replacement/
regeneration and porous scaffold designs [29–32].

2.2.1  Printing Mechanism

Extrusion-based bioprinters consist of 3-axis robotic stages and pneumatic [33–36] 
or mechanical (piston or screw-driven) [37, 38] dispensing system. Continuous 
pressure is applied on bioink to extrude filaments (Fig. 1d). This technique results 
continuous line of materials rather than aqueous droplets. Mechanical dispensing 
systems generally provide more direct control over the material extrusion through 
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the printer nozzle because it can avoid the delay of the gas compression occurred in 
pneumatic systems. Thus, mechanical dispensing methods are thought to be more 
suitable for printing highly-viscos materials than pneumatic system. Pneumatic sys-
tems support wider range of dispensing pressure thanks to simpler components, 
whereas mechanical systems that consist of more complex components often had 
limitations on maximum pressure capabilities.

2.2.2  Resolution and Patterning Capability

The resolution of extrusion-based bioprinter is determined by diameter of extruded 
filaments. Multiple parameters influence on filament dimension, including nozzle 
orifice size and geometry, the amount of pressure applied, deposition speed, and 
mechanical properties of bioink [35, 36, 38–41]. The spatial resolution of extru-
sion-based bioprinters ranges from ~ 5 µm to 1 mm, showing its potential in vari-
ous biomedical applications from single cell deposition to bulk scaffold fabrication 
(Table 1).

The deposition speed is determined by the moving capability of robotic motors, 
and is a critical factor to decide total printing time as well as the filament diameter. 
Current extrusion-based technologies provide 10–50 µm/sec of printing speed [19]. 
The printing speed could be an obstacle for constructing millimeter- or centi-meter 
scale of biostructure because it is challenging to maintain cell viability during many 
hours of printing procedure.

2.2.3  Available Materials

Extrusion-based bioprinting systems support a wide range of viscoelastic proper-
ties, with a broad array of biocompatible materials including most of hydrogels 
described in previous section (2.1.3 Available Materials for inkjet-based bioprint-
ers) and cell spheroids [42]. This type of bioprinters often lose its printing accuracy 
with low viscos materials as the pressing force of dispensing system may be exces-
sive for those materials [43]. Thus, for direct cell printing, cells are encapsulated 
within hydrogel to achieve a proper level of viscosity. Materials with shear-thinning 
properties, which are not suitable for inkjet-based printers, are commonly used for 
extrusion-based bioprinting platforms.

2.2.4  2D and 3D Cell Printing Applications

Extrusion-based bioprinters have been actively used in the field of tissue engineer-
ing, some examples include the fabrication of cardiovascular tissue structure [44–
46], in vitro multi-layer tissue models [36, 41, 47–49], and 3D cancer co-culture 
models [50]. The technique has strengths in depositing highly-viscos materials, 
thus allows achieving physiological cell and matrix density by direct printing. The 
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printed structure with high density experiences higher level of diffusion limit thus 
requires interconnected hollow structures for sufficient oxygen and nutrient supply. 
Various bioprinting methodologies have been developed in order to address the per-
fusion issue including fabrication of porous scaffolds [32], interconnected channels 
[51], and vascular networks [26, 44, 52].

The ability to print cell- or tissue-spheroid is one of distinctive features of extru-
sion-based printer. The technique is capable of creating highly-condensed popula-
tion of cells and matrices and depositing cell spheroids in desired 3D structure for 
later tissue merging and maturation process [53–55]. The self-assembling spheroid 
strategy has a potential in tissue organization by direct printing as the multi-cellular 
spheroid can serve as a biological unit of much complex tissue or organ structures.

2.2.5  Advantages and Disadvantages

The major advantage of extrusion-based bioprinting technique is the ability to dis-
pense high-viscosity and high-density biomaterials. The mechanical properties and 
cell densities matching with physiological condition is generally beyond the capa-
bility of current bioprinting technologies. Extrusion-based bioprinters have a defi-
nite advantage in addressing the density issue. Cell-hydrogel mixture with dense 
cell population, and cell- or tissue-spheroids are deposited through extrusion ap-
proach and allowed to fuse and self-assemble into the desired 3D biostructure [46, 
53, 54].

Post-printing cell death is the most critical limitation of current extrusion bioprn-
ting. 40–80 % of cell viability [35] is significantly lower than that of inkjet-based 
printers (> 80 %). The major cell death during the deposition procedure is mainly 
due to the high dispensing pressure and increase shear stress [35, 39, 56]. The me-
chanical stresses applied on printed cells may also induce other types of cell dam-
ages such as phenotype alterations of stem cells and progenitor cells and loss of cell 
functionality.

2.3  Laser Direct-Write

2.3.1  Printing Mechanism

Laser Direct-Write (LDW) is a non-contacting method of material deposition that 
utilizes laser energy absorption to propel a cell-suspended hydrogel droplet to a 
growth surface. This technique is comprised of two major components: a laser-
transparent print ribbon and a receiving substrate. The print ribbon contains both 
a sacrificial and a transfer layer of material. The laser is pulsed with a configu-
rable energy and repetition rate through the transparent ribbon. The sacrificial layer 
absorbs the transmitted laser energy, volatizes, and forms a vapor pocket at the 
ribbon-material interface. This vapor pocket rapidly expands and ejects a droplet of 
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the transfer layer to a receiving substrate. The amount of transferred material can 
be adjusted with modifications to the laser energy profile. Notably, the rate of mass 
transfer exceeds the transfer of heat and thereby only negligible amounts of laser 
thermal energy is transmitted to the deposited transfer material.

For print ribbon preparation, a sacrificial and a transfer layer of material are 
coated onto the ribbon. The ribbon is first thinly coated with a sacrificial layer. This 
sacrificial layer will be the only material that will interact with the laser during the 
transfer step and needs to be able to adhere to the transfer layer material. For recent 
studies involving transfer of viable cells, a cellular suspension is prepared through 
the use of cultured mammalian cells resuspended in media or a non-cytotoxic hy-
drogel. The cellular suspension is then distributed evenly onto the sacrificial layer. 
The receiving substrate is initially prepared with a hydrogel layer to dampen the 
kinetic energy of the falling droplet of transferred material. This method allows 
for the deposition of a high-resolution, 2D pattern of cells, or other bio-payload, 
on the receiving substrate. A recent study involving alginate deposition and a cal-
cium chloride-coated receiving substrate has also demonstrated in situ cross-linking 
of the hydrogel cellular suspension into a 3D microbead [57]. This envelops cells 
within a 3D isolated microenvironment, and allows custom placement of cells or 
other bio-payloads on a planar surface. Typically, this surface is a controlled hy-
drogel microenvironment, which enables delivery, release, or sequestration of the 
bio-payload. Direct-written microbead fabrication allows media, growth factors, 
and waste products to diffuse in and out of each microenvironment on the receiving 
substrate.

2.3.2  Resolution and Patterning Capability

The LDW system has a camera lens that is coincident with the path of the la-
ser. This setup allows direct visualization of either the transfer layer or receiving 
substrate. The visualization capability also allows control of which regions of the 
transfer layer are deposited and placed on the substrate. Furthermore, the size of 
transfer material that is deposited can be precisely controlled through laser energy 
adjustment via the beam size. In other bioprinting techniques (e.g. inkjet printing), 
this step is dictated by the limiting size of the nozzle. For LDW, the printed droplet 
size is controlled by the selected level of transmitted laser energy. To achieve high 
spatial patterning resolution, the LDW system has the capacity to independently 
automate movements of the receiving substrate and ribbon platforms. Thus, highly 
specific and precise spatially patterning can be achieved and programmed through 
the use of computer-aided design and computer-aided manufacturing (CAD-CAM) 
technology. Specifically, high resolution spatial patterning can be attained through 
the extreme precision and accuracy of the LDW deposition technique, coupled 
with the CAD-CAM-controlled stages. LDW resolution and patterning capability 
are therefore within the microscopic tolerance scale for the precise spatial pattern-
ing of cells.
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2.3.3  Available Materials for LDW

For LDW deposition, a variety of biological materials have been successfully print-
ed. These biomaterials include proteins [58], nucleic acids [59], polymer biomateri-
als [60], and live cells [61]. To enable material deposition, a sacrificial layer is used 
to absorb energy from the laser. A vapor pocket forms and ejects the desired mate-
rial (i.e. transfer material) to the receiving substrate. Sacrificial layers can be cre-
ated from several different biomaterials such as metals [61, 62] and hygrogels such 
as Matrigel and gelatin [63, 64]. Each has been successful for multiple cell types. 
Typical transfer materials include media, glycerol, and various hydrogels (e.g. al-
ginate, gelatin, etc.). Notably for the printing of cells, cytocompatible materials are 
needed. For the substrate, a large range of materials can be used. However, a softer 
hydrogel layer is often desirable to cushion cells during bioprinting. Matrigel has 
been a typical selection for a substrate coating, because it meets this requirement 
and provides a growth surface [61, 62, 65].

2.3.4  2D Cell Printing Applications

Utilizing the full capability of LDW, live mammalian cells can be deposited in 
prescribed patterns. LDW has demonstrated with a variety of cell types, including 
epithelial cells [66], endothelial cells [62, 63, 67, 68], fibroblasts [63, 64] neuro-
blasts [69], and more. LDW can also be a useful platform in studying stem cells, 
where spatial control of cell location is needed. Specifically, MSCs, mESCs and 
hESCs have also been successfully printed (Figs. 2 and 3).

Fig. 2  Grid pattern of hESCs in MEF-CM and bFGF for maintenance of pluripotency, and ROCK 
inhibitor for survival as single cells, shown a schematically and b–f under phase contrast micros-
copy. Cells maintained registry to the initial pattern b immediately after printing, but formed a 
single larger colony over time, showing morphology expected of pluripotent hESCs after c 24 h, 
d 48 h, e 72 h, and f 96 h
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Although stem cells have been successfully patterned, the typical approach 
used is micropatterning or microcontact printing [70–73], rather than LDW or ink-
jet printing. There are two important differences that distinguishes LDW from 
these other approaches that may make it particularly attractive for studying stem 
cells. First, LDW can be used to deposit a pattern of cells on a homogeneous, 
unpatterned surface. This capability makes LDW fundamentally different from 
microcontact printing, because microcontact printing is used to pattern islands of 
adhesive proteins where cells preferentially grow. Cells generally do not migrate 
or proliferate outside of these adhesion islands, which can be very useful for some 
studies that seek to limit the size of a cellular colony or maintain a constant dis-
tance between cellular colonies. However, adhesion islands do not permit the evo-
lution of a printed structure through migration and proliferation. With adhesion 
islands, it is also difficult to precisely pattern multiple cell types at discrete loca-
tions in a single pattern. For stem cells, an accepted paradigm is that embryonic 
development allows self-assembly, definition, and evolution of structures in vivo 
during development [74]. To study stem cells, it may be important to allow cells 
to migrate and self-assemble into structures as they differentiate. It may also be 
useful to pattern other cell types at precise locations within the stem cell microen-
vironment to influence their fate.

Secondly, LDW, like inkjet printing, is a non-contact approach. Contact-based 
approaches (e.g. microcontact printing) are very accurate and precise in deposition, 
but require high pressures to deposit biomaterials on a planar substrate. Because 
of the high pressures involved in contact-based methods, cells cannot be directly 
patterned using these approaches. For cellular patterning, a two-step approach is 
required: (1) patterning an adhesive protein and (2) subsequent cellular deposition. 
By contrast, LDW enables direct patterning of cells on a selected homogenous sub-
strate. For stem cell applications, non-contact approaches allow a pattern or con-
figuration of stem cells to be defined as an initial guidance cue. Because growth is 

Fig. 3  2 × 2 Grid pattern of CCE mESCs, with 1200 µm spacing, under phase contrast micros-
copy. Cells maintained registry to the initial pattern, a immediately after printing, and formed 
aggregates and EBs over time, with unrestricted growth, and are shown, b after 72 h. Scale bars 
are 200 µm
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unrestricted, “self-patterning” capabilities of stem cells can still be exploited, as the 
stem cells organize based on the initial patterned state.

The ability of LDW to directly pattern stem cells on a homogeneous substrate, 
with no restriction on stem cell growth, proliferation, and migration, have been 
illustrated in the printing of mESCs on a 2D substrate. As mESCs naturally differ-
entiate, 3D spheroids form known as embryoid bodies (EBs). LDW-printed mESCs 
have shown the ability to form EBs, and outgrowths from these EBs express mark-
ers for each of the three germ layers, which strongly suggests pluripotency [75]. 
LDW can influence EB size, which has been shown to affect differentiation [70, 
76]. In printed colonies of controlled size and areal cell density, the cell density 
influenced EB diameter, but the colony diameter did not. This provides a notable 
advantage to LDW since it can be used to independently control colony diameter 
and size of subsequent newly-formed EBs. Both of these aspects of the mESC mi-
croenvironment may influence differentiation.

2.3.5  3D Cell Printing Applications

While 2D patterning has shown utility in elucidating cellular behavior and improv-
ing understanding of stem cell fate decisions, patterning a 3D microenvironment is 
closer for mimicking a true in vivo microenvironment. LDW offers some capabili-
ties for 3D patterning of both cells and biomaterials. There are at least two different 
approaches that can be useful for studying stem cells.

MSCs have been successfully printed in 2D [77] and in grid patterns to promote 
the formation of MSC-derived osteogenic and chondrogenic lineages [78]. The same 
technique has been also used in a layer-by-layer fashion utilizing fibroblasts and 
keratinocytes [79], and for endothelial and smooth muscle cells to be printed into 
3D scaffolds [80]. For the layer-by-layer approach, cells were suspended in alginate, 
and printed onto a substrate with a mixture of alginate and blood plasma. Each layer 
was cross-linked in situ by wetting with calcium chloride after printing. Alterna-
tively, cells were suspended in a collagen/media/hydrogen carbonate mixture, and 
then printed. This approach yielded up to 40 layers, with 500 µm of total thickness. 
However, this structure exhibited shrinking, which can be expected with collagen 
gels. Layer-by-layer printing approaches have shown utility for stem cells, since 
stem cells can be deposited in co-culture with other cell types in a controlled fashion.

Another LDW-based approach for patterning cells in 3D microenvironments 
involves printing microbeads that encapsulate cells. Using LDW, alginate micro-
beads were fabricated in a single step by depositing cells suspended in alginate to a 
calcium chloride/gelatin mixture [57]. The calcium chloride on the substrate cross-
linked the alginate into 3D microbeads in situ, with excellent control of both mi-
crobead size and position, as well as high cell viability. Further applications of this 
technique include polymer processing of the microbeads for creating hollow shelled 
structures, or bead-by-bead fabrication for the use of more complex structures. This 
is especially relevant for stem cells, as printing volume pixels, or “voxels” of stem 
cells in microbeads enables studying the effects of geometry-based stem cell inter-
actions in a novel fashion.
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2.3.6  Advantages and Disadvantages of LDW

LDW has a number of advantages over contact-based approaches, including the 
ability of LDW to directly pattern cells on a homogeneous planar surface. Of the 
non-contact cell printing approaches, LDW offers the finest resolution, as it can de-
posit very small droplets of cells with high-level, potentially sub-10-µm, accuracy 
[63, 65]. LDW systems can be set up to visualize cells in real time before and after 
they are deposited, which no other approach offers. This capability ensures specific 
cells can be chosen for transfer and confirmed visually post-transfer. By contrast, 
if a smaller number of cells is desired to be printed using an inkjet technique, cells 
are randomly dispersed in a volume. The number of cells deposited is therefore a 
function of the probability of the number of cells present in the dispensed volume. 
Furthermore, because LDW is a nozzle-free printing approach, it may be possible 
to print a larger range of materials that may otherwise clog a nozzle, such as more 
viscous hydrogels.

However, LDW may not be appropriate for every application, and its limitations 
should be considered with other printing approaches. Compared to inkjet printing, 
LDW has lower throughput, as printing multiple droplets requires movement of the 
ribbon and receiving stages, and pulsing the laser. The speed of stage movement can 
limit the rate at which single droplets are deposited. Droplet volume is also gener-
ally smaller than droplets printed using inkjet techniques. Smaller droplet volume 
requires more droplets to cover the same area, and this is also linked to throughput, 
especially for larger areas.

3  Bio-Printing for Stem Cell Engineering

3.1  Stem Cell Niche

Stem cells have the potential to differentiate into multiple types of cells, which 
makes them potentially very useful for therapeutic applications. From a single type 
of cell, it may be possible to generate multiple cell or tissue types. Within the ge-
neric term of “stem cells”, there are different types of stem cells that may be of use 
for different applications. Embryonic stem cells (ESCs) are pluripotent. In other 
words, they can differentiate into any type of somatic cell, from any of the three 
germ layers. However, differentiation can be very difficult to control, and undesired 
cell types can often appear. The original cell source is from the inner cell mass of an 
embryo, so for clinical applications, immune rejection is a concern. There may be a 
cell type with the same potential as embryonic stem cells, but without the immune 
complications and ethical controversy of embryonic stem cells. Induced pluripotent 
stem cells (iPSCs) are generated from a somatic cell source that has been de-differ-
entiated to an embryonic state. It is unclear whether iPSCs are equivalent to ESCs, 
but their pluripotency has been demonstrated. Finally, there are numerous “adult” 
stem cells that have multipotency—they can differentiate into multiple cell types, 
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but not every cell type. These types of stem cells include hematopoietic stem cells 
(HSCs), mesenchymal stem cells (MSCs), and adipose-derived stem cells (ASCs), 
and have been isolated from various adult tissues.

The stem cell niche is a term for all of the surrounding factors that influence 
stem cell self-renewal, differentiation, growth, or quiescence. Many aspects of the 
niche influence cell behavior including mechanical and soluble signals, and these 
signals can be either external or provided by other cells in the niche. Other cells can 
provide soluble cues via paracrine signaling, and mechanical cues by physical cell-
cell contact. The spatial orientation of stem cells within the niche is potentially very 
important, because in vivo, cells self-organize to produce spatial geometries neces-
sary for development. In vitro, self-organization is much more difficult without the 
cues of the uterus. It may therefore be useful to help cells organize by controlling 
their spatial location relative to other cells.

3.2  Bioprinting Applications to Influence Stem Cell Signaling 
and Differentiation

Bioprinting approaches have been employed with stem cells for various ends. While 
3D constructs can be achieved with bioprinting, there is also merit in using high-
throughput capabilities of bioprinting to generate microstructures, or for cellular 
studies. Of note, printing has been employed to generate embryoid bodies (EBs) 
from embryonic stem cells of controlled size in a high-throughput manner. Droplets 
of cell suspension have been printed to the lid of a Petri dish for embryoid body 
culture using the hanging drop method [81]. This method was able to produce size-
controlled embryoid bodies by varying the cell seeding density, droplet size, and 
culture time. The variance of EB sizes was much smaller than that of using con-
ventional pipetting, and EBs were generated in a high-throughput manner. Inkjet 
printing was also used to generate cell concentration and droplet size gradients for 
hanging drop applications [27].

Control of EB size has been used to influence stem cell differentiation, demon-
strated with microwells to control EB size [82–85]. Microcontact printing has also 
been used to show that colony size influences differentiation [86, 87], as smaller 
colonies appeared to enrich endoderm populations, while larger colonies appeared 
to enrich neural populations [70]. This sort of enrichment may be controlled by sig-
naling responses from self-organization of stem cells within colonies [87]. To date, 
although bioprinting applications have shown excellent control over EB size, they 
have not yet been used to direct stem cell fate. In addition to control over EB size, 
bioprinting can be used to independently control stem cell colony size, EB size, 
and cellular location on a substrate. LDW has been utilized to control EB size, by 
adjusting printed cell density, as well as colony size location, by precise CAD/CAM 
X-Y control of the substrate [88]. Altogether, inkjet printing and LDW offer a high 
degree of control over EB formation, with high throughput, that could be applied for 
stem cell differentiation studies.
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4  3D Imaging Techniques for Cell and Tissue Engineering 
Applications

Biological understanding of stem cell differentiation and function has been mainly 
achieved in cell culture and tissues via destructive techniques such as western blots, 
immunohistochemistry or quantitative polymerase chain reaction. However, to elu-
cidate the interaction of stem cells with the microenvironment in tissue engineer-
ing applications, it is necessary to monitor non-destructively the spatio-temporal 
proliferation and/or differentiation of these cells in an unperturbed environment. To 
this end, molecular imaging techniques have been developed to observe stem cell 
fate, interactions between cells, and/or structural features of an engineered tissue 
[1]. Techniques such as Widefield Fluorescence Microscopy (WFM) and Scanning 
Electron Microscopy (SEM) have been the mainstay for molecular/cellular activ-
ity and surface morphology imaging in 2D cell cultures, transition to a 3D tissue 
construct requires the use of different imaging modalities due to depth limitations 
of typical imaging modalities used in 2D cultures. Herein, we first summarize the 
usage of well-known biomedical imaging modalities (magnetic resonance imag-
ing (MRI), positron emission tomography (PET) and X-ray computed tomography 
(CT)) to tissue engineering and stem cells applications. Then, as optical imaging 
modalities are the most widely used imaging tools in stem cell studies, we cover the 
vast array of optical techniques developed to date. We provide in Table 2 a summary 
of all imaging modalities discussed in this section and their respective performanc-
es. The performances selected summarize general criteria of imaging modalities as 
well as specific requirements to tissue engineering applications. Of note are biore-
actor compatibility and use of labeling agents. As tissue engineering applications 
aim at mechanistic understanding of stem cell fate, bioreactors have been developed 
to control precisely the physical environmental parameters, allow for perfusion, 
and create controlled perturbations. Such bioreactors may not be compatible with 
the imaging techniques employed. Then imaging sessions should be performed by 
opening the bioreactor and/or removing the tissue from it. This can lead to perturba-
tions in the microenvironment that can be detrimental to longitudinal investigations.

Also, direct visualization of stem cells in thick tissue based on endogenous con-
trast is not feasible at this time. Hence, stem cell imaging is performed via labeling 
of the cells with contrast agents or reporter genes. The ability of molecular imaging 
modalities to harness such molecular probes and multiplex them for assessing mul-
tiple biomarkers simultaneously is of great help in understanding stem cell biology. 
However, ease of labeling, toxicity, sensitivity and longitudinal stability of the la-
beling are all parameters of importance when using such labels. Moreover, many of 
these labeling techniques are restricted to the bench as only a very limited number 
of molecular probes are approved for clinical use.
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4.1  Biomedical Imaging Modalities

4.1.1  Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is well established as an anatomical and func-
tional imaging for clinical and preclinical applications. MRI has been a valuable 
imaging method for tissue engineering applications [89] due to its non-invasive, 
high resolution in vitro and in vivo imaging capabilities. Common MRI sequences 
are typically used in tissue engineering to generate spatial maps of tissue struc-
ture, water diffusion coefficients, and the stiffness of developing engineered tis-
sues. However, for stem cell tracking, direct labeling is required. The most widely 
used contrast enhancement employed are Gadolinium-based contrast agents or Su-
per Paramagnetic Iron Oxide Nanoparticles (SPIONs)[1, 90]. For instance, cells of 
interest can be labeled with SPIONs to affect T2 relaxivity [1]. A wide variety of 
stem cells including Mesenchymal Stem Cells (MSC)[91], neural stem cells [92], 
human stem cells [93], and smooth muscle cells [94] have been successfully im-
aged through direct labeling using these paramagnetic particles. The advantage of 
MRI labeled approaches is that both Gadolinium and superparamagnetic iron oxide 
nanoparticles have been cleared by the EMA and FDA. Hence, the use of these con-
trast agents is not limited to the bench and preclinical studies, but can be translated 
to the clinic [1]. The main limitation of MRI methods for stem cell imaging is their 
relative low sensitivity. Moreover, SPION-based imaging is not well suited for lon-
gitudinal studies as the particles may not stay in the labeled cells. Overall, MRI is a 
very promising modality for stem cell research from the in vitro stage to the clinical 
stage. Indeed, MRI offers the potential to track the initial localization of stem cells 
from tissue engineering construction to transplantation at high resolution.

3.4.2  Positron Emission Tomography (PET)

Positron Emission Tomography (PET) has become the imaging modality of choice 
for functional and molecular imaging studies. Even though PET is characterized 
by a relatively low resolution, it offers exquisite specificity and sensitivity. The 
significance of PET sensitivity (femto-molar concentrations) for tissue engineer-
ing and stem cells imaging is that it is an effective method for detection of small 
cell densities [95]. This sensitivity allows for tracking of stem cells over hours and 
even days after implantation [1]. The most commonly employed isotope, 18F-Flu-
oro-deoxygluocse (18F-FDG), allows tracking of cells for 6–8 h in clinical settings 
[1]. Additionally, cell viability and metabolic activity can be localized with PET by 
utilizing the glycolic activity of a radionuclide compound, e.g. fluorodeoxyglucose 
(18FDG).

However, PET suffers from a few limitations. First, PET is a low resolution 
molecular imaging modality that offers poor signal localization. Thus, in order to 
improve spatial information, PET needs to be combined with an anatomical imag-
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ing modality such as CT or MRI [96]. Second, long exposure time (30–60 min) is 
required to detect extremely low cell densities [97], which makes PET imaging 
susceptible to motion artifacts. Lastly, the short lifetimes of radioactive compounds, 
which require on-site preparation and immediate consumption, hinder the wide use 
of the technique in stem cell applications. Despite the mentioned limitations and 
low spatial resolution of PET, it is still the method of choice for clinical translation 
in stem cell research.

4.1.3  X-ray Computed Tomography (CT)

X-ray Computed Tomography (CT) has been used in both clinical and pre-clinical 
applications as an anatomical imaging modality for many years. The CT contrast 
mechanism is based on absorption of X-ray radiation. CT primarily focuses on hard 
tissue characterization, e.g. bone or mineralized tissue, for in-vivo studies [98] as 
well as ex-vivo porosity characterization of engineered tissue [99, 100]. Absorption-
based X-ray CT has low contrast for differentiating soft tissue [101] unless freeze-
drying procedures are applied or a dry tissue is used. This, of course, puts serious 
limitations on live tissue examination. An alternative approach is to use metal-based 
contrast agents (magnetic nanoparticles). It was successfully demonstrated that 
these types of agents provide strong contrast without applying invasive operations. 
In-vitro studies for stained cells were demonstrated [102, 103] for non-invasive as-
sessment. A combination of whole body imaging and labeling cells is compelling, 
but toxicity of heavy metal nanoparticles limits the use of CT for longitudinal stud-
ies in stem cell studies. Hence, CT is mainly used as a complementary structural 
imaging modality to complement molecular imaging techniques such as PET or 
optical imaging.

4.2  Optical Imaging Techniques

4.2.1  Confocal Microscopy (CM)

Confocal microscopy is a ubiquitous imaging modality in tissue engineering and 
stem cell imaging. Confocal microscopy can be used for tomographic imaging of 
thick samples less than a few hundred microns due to the ability to produce depth-
resolved images. Use of confocal microscopy has helped in the understanding of 
many complex effects, such as differentiation of mesenchymal stem cells in bioen-
gineered scaffolds [104]. Stains and dyes provide contrast for the images, and can 
be used to observe the extracellular matrix or proliferation of cells. It is a noninva-
sive method that allows for visualization of various interactions and processes in 
vivo or ex vivo. However, confocal microscopy is limited in imaging a couple of 
hundreds of microns in depth. Hence, it has very limited utility in imaging in vitro 
thick scaffold and for in vivo applications besides epithelial tissue imaging.
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4.2.2  Multiphoton/Two-Photon Microscopy (MPM/TPM)

Multiphoton microscopy produces images by scanning a sample with femtosecond 
pulses of light with wavelengths in the near-infrared region [104–106] to produce 
two- or three-dimensional images. If multiple photons of a fraction of the wave-
length required for fluorescence are absorbed at the same time, then this is equal 
to the amount of energy required for a single photon of full wavelength [104, 105]. 
The use of multiple photons results in higher penetration depth (up to ~ 300 µm in 
epithelia tissues with native fluorophores [107]), but the resolution degrades as the 
penetration depth increases due to an increase in scattering events and attenuation of 
the signal. Besides its increased depth interrogation, multiphoton microscopy is pre-
ferred over “single-photon” techniques such as confocal microscopy because of the 
reduction in photobleaching and damage to the sample, which allows for increased 
viability of the sample for time-course imaging sessions. If light at peak-wavelength 
is used, such as during a pulse illumination, however, photo damage to the sample is 
possible [104, 108]. Photons in the near-infrared (NIR) wavelength region are able 
to excite exogenous fluorescent probes at greater depth, which allows researchers 
to analyze structure and function of the tissue in vivo [106]. Increased penetration 
into the tissue allows for imaging of extracellular matrix or molecular factors with-
in cells [104, 109]. Since scattering and absorption are reduced in the NIR range 
(therapeutic window) these processes can be observed even a few hundreds micron 
deep in the tissue while still maintaining cellular resolution. This is especially use-
ful in tissue engineering and stem cell applications, since it is necessary to visualize 
proliferation and differentiation at the molecular level [108, 109].

4.2.3  Selective Plane Illumination Microscopy (SPIM)

Selective plane illumination microscopy (SPIM) creates images by using a thin 
sheet of laser light to illuminate the sample from the side. The plane of light is 
oriented orthogonal to the axis of detection, and only a section of the tissue is il-
luminated at a time [106, 110]. The final image is composed of many images taken 
by moving the sample in relation to the light plane until the entire sample is imaged. 
This technique can require greater amounts of time for completion of the image if 
a large sample is used. Even though only portions of the tissue are illuminated at a 
time, SPIM is still affected by light scattering as the light propagates through the 
tissue [106]. Thus, this imaging method results in lower penetration depth into the 
sample. Benefits of SPIM are reduced photobleaching, a higher signal-to-noise ratio 
(SNR), and better resolution.

SPIM has recently been used to visualize embryos as well as in time-course 
experiments. This means that the data can be collected in real time, resulting in 
“four-dimensional” imaging [111, 112]. This is especially helpful when observing 
development or cell differentiation. For instance, Swoger et al., were able to trace 
cell lineages in the embryos of zebra fish throughout development by using dyes to 
track movement of cells throughout the development process [112]. It was simple 



533D Bioprinting and 3D Imaging for Stem Cell Engineering

to visualize the dyes in the clear embryos, but at times tissue clearance can be 
necessary to increase the penetration depth into the tissue, making it impossible to 
image in vivo in those cases. Moreover, the geometry of SPIM (perpendicular illu-
mination) makes it difficult to employ it with bio-chambers and also in vivo beside 
developmental biology samples.

4.2.4  Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT), is sometimes referred to as the “optical 
counterpart” of the ultrasound scan [113]. This technique is based on optical inter-
ference of the backscattered signals from the sample with a reference beam [104, 
106, 113]. The resolution of OCT is dictated by the low-coherence light of the light 
source and a few microns resolution can be achieved in tissues as deep as ~ 1 mm 
(depending on the nature of the tissue)[104, 106, 114]. OCT is a structural im-
aging modality that is based on differences in refractive index within the tissues. 
OCT imaging can be enhanced using polarization contrast (birefringence—colla-
gen imaging), Doppler signals (fluid flow) and contrast agents (gold nanoparticles 
being the most common). However, OCT is not sensitive to fluorescence signals. 
Hence, OCT is mainly used in tissue engineering applications instead if real-time 
monitoring of tissue engineering maturation via structural markers. Since OCT is a 
reflection-based modality, it can be used in vitro on specimens within a bio-chamber 
and in vivo. Clinical OCT systems [115] that allow clinicians to perform real-time 
in vivo imaging are commercially available. These systems are able to visualize 
anatomical features without the need for contrast agents or preparation of separate 
samples, which is beneficial to the patients [114–116]. They may be a very useful 
tool to asses scaffold transplantation and degradation in clinical settings.

4.2.5  Optical Projection Tomography (OPT)

Optical projection tomography (OPT) is an imaging method that can only be used 
on transparent or thin media. It is based on light trans-illumination over multiple 
projections through the tissue, and then reconstruction into a three-dimensional im-
age [106, 117, 118] based on an inverse problem. OPT can be used to produce 
images of structures and function within tissues without altering its morphological 
characteristics. Typically, the tissue first needs to be subjected to optical clearing, 
a process by which the tissue is treated with chemical solvents until it is rendered 
transparent [106]. This decreases but does not eliminate the effects of photon scat-
tering, which results in a limit of penetration depth but higher resolution. However, 
clearing protocols can be detrimental to the biomaterials employed. Moreover, due 
to its trans-illumination and multi-view requirements, OPT is not easily applied to 
tissue within a bioreactor.

Since this method is most effective on clear tissues, OPT has mainly been used 
in developmental biology to visualize development and gene expression in embryos 
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[119, 120]. Use of fluorescent stains or dyes allows for comparison of morphol-
ogy and anatomy at different points in development. Researchers have also been 
developing a method known as “flow-OPT,” which would be used to visualize flow 
of fluids in transparent tissues [117]. The tissue clearance method is beneficial in 
these cases, since it would allow for more accurate visualization of the fluid flow or 
changes in development due to gene expression or blocking within the tissue.

4.2.6  Laminar Optical Tomography (LOT)

Laminar optical tomography (LOT) is a nascent depth-resolved imaging technique 
[121]. LOT originates from the combination of two well-established techniques: 
diffuse optical tomography (DOT) and confocal microscopy (CM). Radially spaced 
detectors are placed with increasing distance from the light source injection point 
in epi-configuration. As in OPT, LOT is based on an inverse problem, but in which 
multiple scattering is modeled; this means that there is no need for clearing agents. 
Different source-detector distances enable projection to different depths within the 
target tissue (up to 3 mm) [122] with reported resolution of ~ 200 μm [123]. LOT 
is able to reconstruct absorption contrast [124] or fluorescence contrast [125, 126]. 
Although LOT has appeared in different instrumentation and under different names 
[126–128], the working principle is based on similar phenomena. LOT and varia-
tions of LOT perform in epi-configuration (illumination beam and detectors are 
on the same side of the sample) in non-contact fashion, which makes it a suit-
able imaging method for tissue engineering applications, even in bioreactors. It has 
been shown that LOT is a powerful technique to reconstruct fluorescence molecules 
[125, 129] and reporter genes [126] in vitro as well as hemodynamic response in 
vivo in the brain [124]. A recent study brings LOT into a new venue by increasing 
the resolution power below 100 μm thanks to sparsity constraints [130], which will 
be able to further the use of LOT [131] in stem cell imaging.

4.2.7  Photoacoustic Tomography, Photoacoustic Microscopy (PAT, PAM)

Photoacoustic tomography (PAT) is a multiphysics imaging modality that aims at 
providing the sensitivity of optical imaging techniques with the resolution of ultra-
sound imaging. This modality’s resolving power can range from the macroscop-
ic level (PAT) down to the microscopic level (Photoacoustic Microscopy, PAM)
[132]. PAT capitalizes on the low scattering of sound waves in deep optically scat-
tering media, which enables high resolution imaging that is otherwise very diffi-
cult to achieve with traditional optical imaging techniques [132]. Previous studies 
claimed a resolution as high as 1/200 of the penetration depth into the sample (up 
to 7 cm) [132]. PAM has been applied successfully to image 3D scaffolds [133]. 
PAM has been employed to characterized porous scaffold [134], melanin-labeled 
cells [135] and neovascularization [136]. Despite the capacity of high resolving 
power, the amount of absorption contrast provided by stem cells is not sufficient for 
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PAT. Hence nanoparticles are utilized to increase the contrast and specificity [137, 
138]. Recently, studies have demonstrated that multimodal approaches using PAT 
(functional) with ultrasound (structural) imaging offers the possibility to image and 
track stem cells labeled with gold nanotracers both in vitro and in vivo [137, 139]. 
Although the requirements of labeling agents, the necessity for impedance match-
ing with the ultrasound transducer, relatively low sensitivity, and the mitigation of 
image artefacts are still limitations for PAT, it is emerging as a very promising new 
modality for tissue engineering and stem cell applications.

4.3  Conclusion

Non-invasive imaging is essential for longitudinal assessment of stem cells. Herein, 
we surveyed the broad range of techniques; from optical to nuclear imaging modali-
ties, covering all available areas of the electromagnetic spectrum. Choice of spec-
tral bandwidth not only dictates the light source but also dominates the outcome: 
structural or functional, tissue level or cellular level, superficial depth or whole 
body imaging. Special attention needs to be paid to select the appropriate technique 
depending on the type of information that is sought.

Although there is generally not a clear boundary, MRI, OCT, CT (X-ray CT), 
and PAT delivers structural images while PET, Confocal, LOT, and MPM yield mo-
lecular/functional images. As was discussed above, current literature seeks targeted 
contrast agents for those modalities, which produce inherently structural images. 
The use of exogenous agents adds different features (molecular, functional, and 
spectral) to the spatial dimensions.

Functional (molecular) images can be obtained through use of contrast agents. 
Those agents serve as a beacon for the targeted tissue/cellular activity. The “bea-
con molecule” varies from radioactive compounds to organic molecules for dif-
ferent imaging modalities. Risk-benefit analysis is the deciding factor for choos-
ing the particular type of agent within an imaging technique. Effective delivery 
of molecules or compounds to the target location is a challenge and is still an 
ongoing effort by the research community. The most effective agents are reporter 
genes. Since they survive in the cell for the entire lifetime of the cell and multiply 
as the cell proliferates, reporter genes are invaluable tools for stem cell imaging 
[1, 140].

As a concluding remark, we would like to point out the impact of multimodal 
imaging, since none of the modalities alone depict a full picture of the biological ac-
tivity. Combination of different modalities, such as CT-MRI [141, 142], PET-MRI 
[140, 143, 144], OCT-LOT [131], show great promise. It is important to observe 
cell differentiation, proliferation, or migration but also it is important to be able to 
assess the changes or responses on the ECM, implant, or host tissue in general. A 
full understanding of cell biology can only be understood with this type of compre-
hensive approach.
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5  Integration of Macro- and Micro-Printing, and 
Optical Imaging for Stem Cell and Tissue Engineering 
Applications

5.1  Integration of Macro- and Micro-Printing

In this chapter, we have introduced various 3D bio-printing technologies from ink-
jet-based bio-printing, the resolution of which is sub-millimeter scale [16, 25, 145], 
to Laser Direct-Write, which supports single cell level of resolution [64, 146]. Tech-
niques with higher printing resolution (single-cell level and micrometer(µm)-scale) 
support precise mimicking of tissue or organ microstructures. However, construc-
tion of a complete tissue or organ using these printers is nearly impossible main-
ly due to limitations on manufacturing speed. Some of the techniques capable of 
single-cell level patterning still require considerable manufacturing time (hours to 
days) for even a small piece of tissue, and therefore, are incompatible with the fabri-
cation of large structures. On the other hand, the mm- or cm-scale printing technolo-
gies have an advantage in creating viable tissue and organs within a suitable time 
frame. However, the printing resolution of these techniques restricts construction of 
microstructures, such as microvasculature networks in lung or glomerulus units in 
kidney tissue, thus limiting their capability on microenvironment control.

Suitable materials for each bio-printing platform also vary depending on print-
ing mechanism and system specification. For example, several inkjet-based printers 
[6, 25] allow using freshly harvested cells and low-viscosity hydrogels, but high-
viscosity materials are not suitable for those platforms. Other printing techniques 
utilize high pressure (more than 10psi) [35, 145, 147], which guarantee µm-scale 
resolution using highly-viscous material, but causes significant physical stress on 
cells during the printing procedure. In the former case, creating a high-stiffness 
environment for stem cell differentiation into an osteogenic lineage [148] could be 
challenging, for instance. In the latter case, stem cells may experience high physi-
cal stress, which potentially can alter cell fate or cause cell death after printing 
procedure.

Each technology has its own advantages in specific range of scale and materials, 
but none can cover the entire range of printing scale and material selections. Com-
bining different printing techniques could be a feasible approach to address these 
limitations in cell and tissue engineering. Use of two or more printing systems will 
compensate the manufacturing limitations of each other, enabling the construction 
of more viable and controlled structure for cell and tissue engineering applications.

One of the potential approaches for integrating different bio-printing technolo-
gies will be a sequential printing procedure using multiple printing systems. Mil-
limeter- or centimeter-size structure/scaffold can be created by macro-scale printing 
system, and then microstructures can be printed using micro-scale printing system. 
The printing sequence can be altered and repeated until the desired 3D structure 
is obtained. This approach could be achieved by (1) simply going back and forth 
between two or more printing systems; or (2) integrating one technique into other 
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systems. For example, inkjet-based printing system described in [16, 26], is capable 
of installing different types of piezoelectric microvalves which can dispense sig-
nificantly less volume of materials. The extrusion type of microvalves can be also 
integrated into the system to enable printing of high-viscosity materials. Using this 
approach, delicate biomaterials such as stem cells can be printed using low-stress 
inducing printers while stiffer scaffold construction can be performed by high-stress 
inducing and high-speed printing platform.

Another potential approach will be creating microstructures in high-throughput 
manner using microfabrication techniques, and locate the microstructure units in 
desired 3D pattern using macro-printing technology. Several bioprinting systems 
are equipped with nozzles with large opening size, and these are capable of printing 
microbeads or cell aggregates created by micro-bioprinting technologies or other 
microfabrication techniques. For example, embryonic bodies in various sizes can be 
obtained using multiple printing techniques [81, 88], then embedded with a desired 
3D pattern using bio-printers with large nozzle size. In a more complex approach, 
sophisticated biological units such as islet of Langerhans in pancreas or liver lob-
ules may be fabricated using micro-patterning technologies, and then assembled 
into 3D structure using macro-scale bioprinters.

Technical issues may hamper achievement of these suggested approaches, in-
cluding travel time between two different printing systems. However, these at-
tempts to combine different technology features will enable controlling both micro-
environment and macro-architecture for stem cell engineering applications as well 
as other cell and tissue engineering applications.

5.2  Integration of Bioprinting and Optical Imaging

3D tissue engineering by bioprinting has the potential to generate large structures 
that may be difficult to image with superficial imaging modalities. In particular, im-
aging tissue engineered constructs at the millimeter scale or larger is necessary for 
multi-layer printed structures, and for when a construct is implanted in vivo. Three-
dimensional imaging of an engineered tissue has a great impact on the assessment 
of structure and 3D cellular interactions after printing, as well as hypertrophy and 
hyperplasia. Engineered tissue may be sustained in a bioreactor, which provides 
features of the in vivo environment, such as temperature, fluid flow, and nutrients. 
However, the bioreactor puts certain limitation on the imaging modality such as 
depth, non-contact imaging, etc. Therefore, it is necessary to develop new imaging 
modalities to monitor fluorescence markers (e.g., protein markers, gene reporters, 
etc.) within thick tissues in real time via non-contact manner.

To date, different imaging modalities have been used within the above-men-
tioned limitations. Among them, confocal and multiphoton microscopy served with 
yielding high-resolution images while being limited with maximum detectable 
depth (up to 3 mm). While these techniques are suitable for fluorescence imaging 
with high resolution, they cause fluorophores to photo-bleach in a short time, which 
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hinders longitudinal studies. Moreover, this technique may not be suitable for large, 
multi-layer bioprinted constructs, or to assess a tissue engineered construct after 
implantation.

To address this issue, recently Laminar Optical Tomography (LOT), also known 
as Mesoscopic Fluorescence Molecular Tomography (MFMT), was applied on re-
porter gene imaging. Since LOT does not require a tight focus on the imaging spot, 
it relieves the excessive excitation on imaging area. At the same time, LOT was 
shown to be effective at 3-mm depth in scattering media with multiple markers. 
Therefore, this imaging modality may be useful to assess large, 3D printed struc-
tures. Using multiple markers yields both functional information, from different cell 
types, and structural information. Despite having lower resolution than multiphoton 
imaging, LOT may be useful for rapid, real-time imaging and analysis of tissue 
engineered constructs in vitro and in vivo.

Optical Coherence Tomography (OCT) is another deep tissue imaging technique, 
widely used for in vivo ophthalmology studies, that can produce high-resolution 
3D images for tissue with no requirement for sample preparation. Despite its stan-
dardized technology, OCT is limited to structural imaging. Cell shape changes or 
apoptosis may be detected by OCT, but molecular imaging is difficult, because no 
markers are used. Overall, OCT is the standard tool for characterization of structural 
property of scattering tissues but not suitable for molecular imaging.

As emphasized above, in order to have a complete picture, a multi-modal ap-
proach is strongly recommended. Future development in the multi-modal ap-
proaches may prove useful for structural and functional real-time assessment of 
3D bioprinted tissues and may become an invaluable tool for tissue engineering 
applications.
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1  Introduction

The loss or failure of an organ or tissue is one of the most devastating, and costly 
problems in health care. The current treatment methods for organ/tissue loss or 
failure include transplantation of organs, surgical reconstruction, use of mechani-
cal devices, or supplementation of metabolic products. Due to the growing need 
for organ transplantation and a lack of donor organs, tissue or organ engineering 
has progressed as a multidisciplinary field combining life sciences and engineering 
principles to restore, maintain, or improve function of tissues or organs [1, 2].

Traditionally, tissue engineering strategies are based on the cell seeding into syn-
thetic, biological or composite scaffolds providing a suitable environment for cell 
attachment, proliferation and differentiation. A scaffold is highly porous complex 
structure providing an interconnected network that is designed to act as an artificial 
extracellular matrix (ECM) until the cells form their own ECM. In scaffold-based 
tissue engineering, three steps must be followed including finding a source of pre-
cursor cells from the patient, seeding these cells in vitro into the desired places of 
scaffold and surgically implanting the scaffold into the patient [3]. Scaffolds have 
been used to fabricate various tissue grafts including skin, cartilage, bone, blood 
vessels, bladder and myocardium [4–12]. Bioengineered tissue scaffolds attempt 
to mimic both the external shape and internal architecture of the replaced tissues. 
The modeling of scaffolds has a great impact on the growth and proliferation of 
cells and a spatially and temporally controlled scaffold design could improve cell 
growth and differentiation [13]. Although many different scaffold manufacturing 
techniques such as salt-leaching, porogen melting, gas foaming, electrospinning, 



S. B. Ozler et al.68

fiber deposition, molding and freeze-drying have been investigated in the past, it is 
challenging to control pore size, porosity, pore interconnectivity and external geom-
etries of scaffolds. In recent years, various additive manufacturing based methods 
such as bioplotting, bioprinting, ink-jet printing and stereolithography have been 
used for biomanufacturing of complex three-dimensional (3D) tissue scaffolds to 
overcome the limitations of conventional tissue engineering methods [14]. These 
additive manufacturing based techniques allow to fabricate scaffolds layer-by-layer 
with controlled external and internal geometries based on computer-aided models 
of targeted tissues [15]. Several researchers have investigated designing function-
ally gradient porous scaffolds with controllable variational pore size and heteroge-
neous porous architecture [16, 17].

In scaffold-based tissue engineering, different biomaterials are used for scaffold 
fabrication such as porous materials composed of biodegradable polymers (polylac-
tic acid, polyglycolic acid, hyaluronic acid and several copolymers), hydroxyapatite 
or calcium phosphate-based materials and soft materials like collagens, fibrin, and 
various hydrogels. Although there is a plenty of choice for scaffold materials, an 
ideal biomaterial for scaffold fabrication should be nontoxic, nonimmunogenic, ca-
pable of maintaining mechanical integrity for tissue growth and differentiation with 
controlled degradation [3].

After implantation of a scaffold, it should degrade in a controlled manner and 
the seeded cells should proliferate and migrate into scaffold to replace the scaffold 
biomaterial. Newly-formed extracellular matrix (ECM) fills the places which were 
previously occupied by the biomaterial of scaffolds. However, there are some draw-
backs to create tissues with biodegradable scaffolds. Mostly, oxygen/nutrient deliv-
ery and removal of metabolic waste are insufficient through the micro-channels of 
a scaffold. Additionally, biodegradation of the scaffold induces inflammation. Even 
though the biomaterials used may not be directly toxic, they can be metabolized to 
toxic byproducts [18].

Because of the above mentioned drawbacks, the recent tissue engineering studies 
tend towards ‘scaffold-free’ techniques. During the embryonic maturation, tissues 
and organs are formed without the need for any scaffolds [19, 20]. The self-assem-
bly and self-organizing capabilities of cells and tissues are main driver for the field 
of scaffold-free tissue engineering. Self-assembly based tissue engineering aims to 
produce fully biological tissues with specific compositions and shapes having the 
ability to grow their own ECM, and therefore to reduce the immunogenic reactions 
and other unpredicted complications based on the use of scaffolds [21].

One way of implementing the self-assembly approach is the cell sheet technol-
ogy, which has been applied clinically for the repair of skin, cornea, blood vessels, 
and cardiomyocyte patches to repair partial heart infarcts [18, 22, 23]. Another self-
assembly-based approach is founded on the recognition that ‘nature knows best’. 
This approach relies on the principle that cell aggregates can be used as building 
blocks, since they have the intrinsic capacity to fuse together, known as tissue flu-
idity and self-assemble through morphogenetic processes if they are deposited in 
close spatial organization [24–26]. The engineering of 3D living structures sup-
ported by the self-assembly and self-organizing capabilities of cells is commonly 



Bioprinting with Live Cells 69

termed ‘bioprinting’. Bioprinting is an extension of tissue engineering, where the 
cells are delivered through the application of additive manufacturing techniques 
[27, 28]

This chapter focuses on scaffold-free tissue engineering and its adaptation to 
the technology of three dimensional bioprinting. Further, the importance as well as 
the challenges for 3D bioprinting using stem cells will be discussed in this chapter.

2  Bioprinting with Live Cells

2.1  2D Patterning and Cell-Sheet Technology

Placing cells into special patterns using the laser light has been one of the first 
methods used for 2D cell patterning [14]. These laser-based techniques utilize trans-
parent ribbons on which one side is coated with cells that are either adhered to a 
biological polymer through initial cellular attachment or uniformly suspended in a 
thin layer of liquid or a hydrogel. A pulsed laser beam is transmitted through the 
ribbon and is used to push cells from the ribbon to the receiving substrate which is 
coated with hydrogels.

While laser based approaches enable to pattern living cells on a substrate [29] 
and to layer multiple cell types [30], laser-based techniques have been also explored 
for positioning of cells in microarrays [31]. The resolution of laser-assisted bio-
printing is affected by different factors such as the laser fluence, the wettability of 
the substrate, and the thickness and the viscosity of the biological layer [32]. Guil-
lotion and his group studied the effect of the viscosity of the bioink, laser energy, 
and laser printing speed on the resolution of cell printing [33] as shown in Fig. 1.

By using this method, various cell types including human osteosarcama, rat car-
diac cells and human umbilical vein endothelial cells (HUVEC) could be printed 
with micrometer accuracy on Matrigel as the absorptive layer [30, 34, 35]. More 
recently, the biological laser printing was used to print sodium alginate, nano-sized 
hydroxyapatite (HA) and human endothelial cells [36]. However, most of these 
methods are limited to two-dimensional patterning and it is difficult to fabricate 
three-dimensional tissue constructs because of process-induced cell injury. The 
thermal stress and ultraviolet radiation caused by laser printing could also affect 
the cell viability.

Similar to 2D patterning, cell sheet technology is another scaffold-free method 
for construction of 2D and 3D engineered tissues. In this method, cells can be re-
moved from a culture dish as a relatively stable confluent monolayer sheet without 
destroying cell-cell contacts. In order to build a substantial 3D tissue volume, many 
sheets need to be culminated in high amount of cells which requires vascularization 
for cell viability [15].

L’Heureux and his group produced a tissue engineered blood vessel using a cell-
sheet approach based on cultured human cells. The developed vessel contained all 
three histological layers such as the endothelium, the media and the adventitia. In 
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this self-assembly approach, smooth-muscle cells and fibroblasts were cultured in 
medium containing serum and ascorbic acid and produced their own extracellular 
matrix (ECM). The smooth-muscle cell sheet was placed around a tubular mandrel 
to produce the media of the vessel. A similar fibroblast cell sheet was wrapped 
around the media to provide the adventitia after 8 weeks of maturation. Finally, 
the tubular support was removed and endothelial cells were seeded in the lumen 
to form the endothelium. The tissue engineered blood vessel has burst strength of 
over 2500 mm Hg which is significantly higher than that of human saphenous veins 
(1680 ± 307 mm Hg) [23]. Sheet-based tissue engineering has been used by the same 
group to produce tissue engineered blood vessel (TEBV) suitable for autologous 
small diameter arterial revascularization in adult patients. Fibroblasts were cultured 
in conditions promoting extracellular matrix (ECM) deposition to produce a cohe-
sive sheet that can be detached from the culture flask. This approach also eliminates 
the use of smooth-muscle cells, whose early senescence is related with decreased 
burst pressures in human models. The decellularized internal membrane (IM) and 
living adventitia were assembled by wrapping fibroblast sheets around a temporary 
Teflon coated stainless steel support tube. After weeks-long maturation and dehy-
dration to form an acellular substrate, the steel tube was removed and endothelial 
cells were seeded in the lumen of living TEBV. The transplantation of these blood 
vessels into dogs demonstrated good handling, suturability by the use of conven-
tional surgical techniques. Ultimately, this is an effective approach to produce a 
completely biological and clinically applicable TEBV in spite of its relatively long 
production time (≈ 28 weeks) which clearly prevents its urgent clinical use [22].

Fig. 1  Laser-assisted sequential two color cell printing in 2D. a The two cell suspensions (6·107 
cells/ml in DMEM, supplemented with 1% (w/v) alginate were then printed according to a pattern 
of concentric circles). b Green Calcein stained cells within the region of interest as defined in 1a 
( dashed rectangle). c Red fluorescent Dil-LDL stained cells within the same region of interest. 
(Adapted from [33])
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Okano and colleagues have engineered a long-lasting cardiac tissue based on 
a similar self-assembled sheet based approach. In their method, culture dishes are 
first coated with a temperature-responsive polymer, poly (N-isopropylacrylamide) 
(PIPAAm). The surface is relatively hydrophobic at 37 °C allowing cells to attach 
and proliferate, while cooling below 32 °C (typically 20 °C for 30 min) makes the 
surface hydrophilic and causes the cells to detach without the use of enzyme di-
gestion reagent. When grafted PIPAAm layer thickness is between 15 and 20 nm, 
temperature-dependent cell adhesion and detachment can be observed. Once the 
cells spread and confluent on the surface, they can be spontaneously detached as a 
contiguous cell sheet by reducing the temperature. This process does not disrupt the 
cell-cell junctions because no enzymes like trypsin are required. Additionally, basal 
surface extracellular matrix (ECM) proteins such as fibronectin are preserved after 
detachment which enables easy attachment of cell sheets to host tissues and even 
wound sites with minimal cell loss. In order to obtain tissue constructs with char-
acteristic physiological cellular functions in vitro, heterotypic cell-cell interactions 
are inevitable. As shown in Fig. 2, it is possible to modify the above-mentioned 
technique in order to develop patterned cell sheets using two or more kinds of cell 
source. Domains on petri dishes were grafted by using area-selective electron beam 
polymerization of PIPAAm. After cells were cultured on the patterned grafted sur-
faces at 37 °C, the temperature was decreased to 20 °C. Cells on the PIPAAm sur-
face are detached where other cell types were seeded subsequently by increasing the 
temperature to 37 °C. Therefore, two cell types can be co-cultured in desired places 
which improve cellular functions [18, 37, 38]. Three-dimensional myocardial tubes 

Fig. 2  Schematic diagram of methods of cell seeding for patterned co-culture on PIPAAm-grafted 
surfaces. (Adapted from[39])
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were fabricated using neonatal rat cardiomyocyte sheets cultured on temperature-
responsive culture dishes [39, 40]. Due to the functional gap junction formation, 
electrical coupling of cardiomyocyte sheets was obtained quickly and the construct 
was implanted [41]. Four weeks after the implantation, the myocardial tubes were 
integrated with the host tissues showing spontaneous and synchronized pulsation 
[37, 42]. Using this versatile method, functional and transplantable tissue sheets are 
produced from different cell types including epidermal keratinocytes [43], kidney 
epithelial cells [44] and periodontal ligaments [45, 46].

Two-dimensional cell patterning or cell-sheet based approaches have been suc-
cessful tissue engineering approaches. However, the engineered constructs fabri-
cated with these methods are limited to 2D cell patterns or simple shapes because 
of the flat and uncontrolled shape of the cell sheets. In addition, many sheets also 
need to be culminated in high amount of cells which requires pre-vascularization 
of the sheets for 3D tissue constructs. Therefore, several bioprinting approaches 
have been developed for fabricating 3D tissue constructs with live cells. Two major 
approaches, ink-jet based and extrusion based 3D bioprinting methods will be ex-
plained in details below.

2.2  Inkjet-Based Bioprinting

In inkjet-based bioprinting, a bioink made of cells and biomaterials are printed in 
the form of droplets through cartridges onto a substrate. There are two types of 
inkjet printing including continuous inkjet printing (CIJ) and drop-on-demand ink-
jet printing (DOD). In CIJ mode, a jet is obtained by forcing the liquid through an 
orifice under an external pressure and it breaks up into a stream of droplets. In DOD 
mode, a pressure pulse is applied into the fluid which generates drops only when 
needed. For ink-jet printing of cells, there are two most commonly used approaches: 
thermal and piezo-electric inkjet printing. For thermal inkjet printing, small vol-
umes of the printing fluid are vaporized by a micro-heater to create the pulse that 
expels droplets from the print head. In piezoelectric inkjet printing, a direct me-
chanical pulse is applied to the fluid in the nozzle by a piezoelectric actuator, which 
causes a shock wave that forces the bioink through the nozzle [47]. However, there 
have been only a few examples of cell deposition by piezoelectric ink-jet printing 
due to the electrically conducting ink formulations and contamination concerns on 
ink recycling [24].

Inkjet-based bioprinting (Fig. 3) enables to deposit different cell types in precise 
orientations relative to the print surface and to each other at micrometer resolution 
by controlling the ejection nozzles and timing of spray [48]. Wilson and Boland first 
adapted the ink-jet printers for the manufacture of cell and protein arrays, which 
have the advantage of being fully automated and computer controlled [49]. In their 
next study, cell aggregates were printed onto thermosensitive gels layer-by-layer 
in order to demonstrate the fusion between the closely-placed cell aggregates [50]. 
The same group deposited CHO cells and rat embryonic motoneurons as an ‘ink’ 
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onto several ‘bio-papers’ made from soy agar and collagen gel. They demonstrated 
also that the mammalian cells can be effectively delivered by a modified thermal 
inkjet printer onto biological substrates and that they retain their ability to function 
[51]. Cui and Boland used also thermal inkjet printing to produce cell containing 
fibrin channels by printing human microvascular endothelial cells onto thin layers 
of fibrinogen as shown in Fig. 3. During the incubation period, the cells proliferated 
and formed branched tubular structures mimicking simple vasculature [52].

Inkjet bioprinting has been progressed to fabricate 3D biological structures by 
the use of readily crosslinked hydrogels such as alginate. In published studies, cells 
have been mixed with alginate solutions and crosslinked with calcium chloride to 
create cell encapsulating hydrogels having defined 3D structures [53–55]. In a more 
recent study, alginate has been used as a constituent of bioink and it was mixed with 
NIH 3T3 mouse fibroblasts cell suspension in order to fabricate zigzag cellular 
tubes with an overhang structure using a platform-assisted 3D inkjet bioprinting 
system [56].

Although inkjet bioprinting has been one of the most commonly used method 
in printing living cells and biomaterials, cell aggregation, sedimentation and cell-
damage because of the high shear stresses are common drawbacks of this method. 
Cell aggregation and sedimentation may be prevented by frequent stirring of the 
cell mixture, which can result in reduced cell viability if the cells are sensitive to the 
shear forces [57]. Another problem limiting the inkjet bioprinting is the clogging 
of the nozzle orifice. Low viscosity surfactants can be added to the ink which can 
cause additional challenges such as cell damage [58].

Recently, two research groups successfully address the sedimentation and cell 
aggregation problem during the inkjet bioprinting. Chahal and coworkers used a 
surfactant (Ficoll PM400) create neutrally buoyant MCF-7 breast cancer cell sus-
pensions, which were ejected using a piezoelectric drop-on-demand inkjet printing 
system. They demonstrated that Ficoll PM400 did not have adverse effects on cell 

Fig. 3  Schematic diagram of inkjet bioprinting methods of cells with fibrin channel scaffold 
printed microvasculature. a Printed perpendicular microvasculature cultured for 14 days. b Integ-
rity of the printed structure stained using Texas Red conjugated dextran molecules of 3000 MW. c 
Printed ring shaped microvasculature cultured for 21 days. d Integrity of printed structure cultured 
for 21 days
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viability. Moreover, neutrally buoyant suspension greatly increased the reproduc-
ibility of consistent cell counts, and eliminated nozzle clogging. [59].

Ferris et al. used two different commercially available drop-on-demand printing 
systems in order to reproducibly print several different cell types over long printing 
periods. The bio-ink based on a novel microgel suspension in a surfactant-contain-
ing tissue culture medium can prevent the settling and aggregation of cells, while 
meeting the stringent fluid property requirements needed for many-nozzle commer-
cial inkjet print heads. They could print two cells types simultaneously from two 
different inkjet print heads, which is a innovative way to biofabricate more complex 
multi-cellular structures [60].

2.3  Self-Assembly Based Bioprinting

The autonomous organization of components from an initial state into a final pattern 
or structure without external intervention is called self-assembly. The aim of the 
self-assembly-based bioprinting is the use of the inherent organizational capacity of 
cells into tissues and eventually organs by mimicking natural morphogenesis. The 
best examples of tissue self-organization and self-assembly are in the field of devel-
opmental biology and scaffold-free biomimetic approach has deep roots in develop-
mental biology [20]. Malcolm Steinberg published papers, in which he formulated 
fundamental thermodynamic rules determining tissue self-assembly and developed 
differential adhesion hypothesis (DAH) explaining the fluidic nature of cell sorting 
and tissue self-assembly [61–63]. Therefore, the novel scaffold-free biomimetic tis-
sue engineering paradigm relies on the principle that in vitro tissue assembly from 
single cells or tissue aggregates is feasible.

Based on the self-assembly principle, it is possible to fabricate reliable and re-
producible 3D tissue constructs having defined topology and functionality in vitro 
when combined with bioprinting techniques. The disadvantage of this method is 
that the development of the natural ECM is time consuming and in vitro self-as-
sembly may vary with fully physiological conditions. The bioprinting of 3D tissue 
constructs is achieved via a three-phase process: (1) preprocessing or bio-ink prepa-
ration; (2) processing, i.e. the actual automated deliver/printing of the bio-ink parti-
cles into the bio-paper by the bioprinter; and (3) postprocessing, i.e. the maturation/
incubation of the printed construct in the bioreactor [19]. Self-assembly occurs in an 
in vivo like, fully controllable cell environment (bioreactor) by the differentiation of 
cells at the right time, in the right place and into the right phenotype and eventually 
the assembly of them to form functional tissues. Based on this approach, a perfusion 
reactor is used for the maturation of a bioprinted macrovascular network in order 
to obtain the required mechanical properties. Microvascular units consisting of cy-
lindrical or spherical multicellular aggregates were fabricated by the parenchymal 
and endothelial cells. Afterwards, microvascular units were located in the macro-
vascular network for the perfusion supporting self-assembly and the connection to 
the existing network. Multicellular spherical and cylindrical aggregates have been 
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constructed by using 3D printing methods, which enable to achieve flexibility in 
tube diameter and wall thickness and to form branched tubular structures. However, 
the printed cell aggregates should be perfectly supported by hydrogels for 3D print-
ing [21]. Forgacs and his group employed this novel technology to print cellular 
topologically defined structures of various shapes. Cardiac constructs were built 
using embryonic cardiac and endothelial cells and their postprinting self-assembly 
resulted in synchronously beating solid tissue blocks, where the endothelial cells 
were organized into vessel-like conduits [64]. In their more recent study, the same 
group utilized the self-assembly approach in order to bioprint small-diameter, multi-
layered, tubular vascular and nerve grafts using bio-ink composed of aortic smooth 
muscle cells (HASMC), human aortic endothelial cells (HAEC), human dermal 
fibroblasts (HDFb) and bone marrow stem cells (BMSC), respectively as shown 
in Fig. 4 [25]. Similarly, in another study, self-assembled cell-based microtissue 
blocks were used to generate small diameter tissue-engineered living blood vessels 
(TEBV). Microtissues composed of human-artery-derived fibroblasts (HAFs) and 
endothelial celss (HUVECs) were cultured for 7 and 14 day under pulsatile flow/
mechanical stimulation in a designed bioreactor or static culture conditions with 
a diameter of 3 mm and a wall thickness of 1 mm. Self-assembled microtissues 

Fig. 4  a Organovo bioprinter with cell and hydrogel printing heads and schematics to print tubu-
lar structures with cellular spheroids: layer-by-layer deposition of spheroids into the hydrogel. 
b Cross-section of a vascular graft printed with four central rods 12 h post-printing. All cellular 
cylinders have fused to form a continuous conduit. c A vascular construct (ID =600 μm) at 14 days 
post-perfusion. (Adapted from [25])
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composed of fibroblasts showed accelerated ECM formation and a layered tissue 
formation was obtained only in flow/mechanical stimulation conditions [65].

An alternative approach for multicellular spheroid assembly technique for bio-
fabrication was developed by Nakayama and his group. In their technique, they 
used a so called needle-array system instead of using a bioprinter. A robotic system 
was developed in order to skewer the multicellular spheroids into medical-grade 
stainless needles, which served as temporal fixators until multicellular spheroids 
fused each other. They could fabricate complex 3D scaffold-free cell constructs 
with different types of cells including chondrocyte, hepatocyte, cardiomyocyte and 
vascular smooth muscle cell. One of the advantages of this technique is the easy 
removal of the temporary supports without contamination with exogenous materi-
als [3].

Apart from the above mentioned applications, a new method is presented to rap-
idly self-assemble cells into 3D tissue rings without the use of additional equip-
ment. This method enables fabrication of engineered tissue constructs entirely from 
cells by seeding cells into custom made annular agarose wells with 2, 4 or 6 mm 
inside diameters. Different cell types including rat aortic smooth muscle cells and 
human smooth muscle cells are used with varying seeding conditions and culture 
length to form tissue rings. The strength and modulus of tissue rings increased with 

Fig. 5  Bioprinting of aortic valve conduit. a Aortic valve model reconstructed from micro-CT 
images. The root and leaflet regions were identified with intensity thresholds and rendered sepa-
rately into 3D geometries into STL format ( green color indicates valve root and red color indicates 
valve leaflets); b, c schematic illustration of the bioprinting process with dual cell types and dual 
syringes; b root region of first layer generated by hydrogel with SMC; c leaflet region of first layer 
generated by hydrogel with VIC; d fluorescent image of first printed two layers of aortic valve 
conduit; SMC for valve root were labeled by cell tracker green and VIC for valve leaflet were 
labeled by cell tracker red. e as-printed aortic valve conduit. (Reproduced with permission [74]).
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ring size and decreased with culture duration. Rat smooth muscle cell rings with an 
inner diameter of 2 mm are cohesive enough for handling after 8 days incubation 
and they yield at 169 kPa ultimate tensile strength. Furthermore, it is also pos-
sible to fabricate tissue tubes by transferring the rings onto silicone tubes, sliding 
them into contact with one another and incubating them for an additional 7 days. 
Although these rings are not as strong as ring segments of native blood vessels or 
TEBV fabricated from cell sheets for 2–3 months, the presented method allows de-
veloping 3D tissue constructs from aggregated cells within an experimentally useful 
time frame (1–2 weeks) [66]. Likewise created smooth muscle cell tissue rings and 
rings fabricated from cells seeded in fibrin or collagen gels are compared based on 
their relative strength and utility for tissue engineering. All tissue rings were cul-
tured for 7 days in supplemented growth medium which includes ε-amino caproic 
acid, ascorbic acid, and insulin-transferrin-selenium. Ultimate tensile strength and 
stiffness values of tissue rings were two-fold higher than fibrin gel and collagen gel 
rings. Tissue rings cultured in supplemented growth medium exhibit a three-fold 
increase in tensile strength and stiffness in comparison to the tissue rings cultured 
in standard growth medium [67].

The approach of using microtissues as building blocks to form larger structures 
is further used by other research groups in order to investigate the reassemble ca-
pacity of cell aggregates. After a preculture period for 7 days of HUVEC spheroids, 
they were mixed with NHF cells and were able to reassemble and form microtissues 
with the NHF cells on the inside and coated with HUVEC on the outside [68]. Ad-
ditionally, the kinetics of the cellular self-assembly also differs from one cell type to 
the other. While H35 cells formed relatively stable rod structures inside the recesses 
of micromolded agarose gels, NHF cells reassembled quickly the initial rod struc-
tures to a final spheroid structure [69].

2.4  Extrusion-Based Bioprinting

Bioprinting methods based on extrusion of cell or cell-laden biomaterials use 
self-assembly cells to construct 3D biological constructs. The main principle of 
extrusion-based bioprinting techniques is to force continuous filaments of materials 
including hydrogels, biocompatible copolymers and living cells through a nozzle 
with a help of a computer to construct a 3D structure [27]. Extrusion-based print-
ers usually have a temperature-controlled material handling and dispensing system 
and stage with the movement capability along the x, y and z axes. The printers are 
directed by the CAD-CAM software and continuous filaments are deposited in two 
dimensions layer-by-layer to from 3D tissue constructs. The stage or the extrusion 
head is moved along the z axis, and the printed layers serve as a base and support 
for the next layer. Pneumatic or mechanical (piston or screw) are the most common 
techniques to print biological materials for 3D bioprinting applications [32]. Ad-
ditionally, novel multi-nozzle biopolymer deposition systems were developed for 
freeform fabrication of biopolymer-based tissue scaffolds and cell-embedded tissue 
constructs [70, 71].
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An extrusion-based printer was used to deposit living cells by Williams and 
co-workers. Instead of using a thermally crosslinked biomaterial, which can flow 
at room temperature, but crosslink into a stable material at body temperature, 
they used Pluronic F-127 and type I collagen to encapsulate human fibroblasts 
and bovine aortic endothelial cells (BAECs) separately. These materials flow at 
physiologically suitable temperatures (35–40°), but crosslink at room tempera-
ture. They demonstrated the availability of CAD/CAM technology to fabricate 
anatomically correct shaped constructs and also examined several environmental 
factors with respect to the viability of the extruded cells [72, 73]. Recently, dif-
ferent research groups used the similar extrusion systems in order to fabricate 
anatomically accurate and mechanically heterogeneous aortic valves as shown in 
Fig. 5 [74, 75].

Several groups used high resolution extrusion systems to print different type of 
cells encapsulated in various hydrogels. For instance, Chang et al. printed HepG2 
cell encapsulated sodium alginate through a pneumatically powered nozzle and ex-
amined the process parameters, the dispensing pressure and the nozzle diameter, 
regarding to the cell viability and recovery [76]. In another study, alginate hydrogel 
was used with calcium sulfate as a crosslinking agent to fabricate pre-seeded im-
plants of arbitrary geometries and the printed constructs showed high viabilities 
[77]. Although the cell viability after printing is important, it is also important that 
the cells perform their essential functions in the tissue constructs.

Extrusion-based printing allows the construction of organized structures within 
a realistic time frame, and hence it is the most promising bioprinting technology. 
The main advantage of extrusion-based bioprinting is the ability to print very high 
cell densities. Some groups developed 3D bioprinters in order to use multicellular 
spheroids or cylinders as bioink to create 3D tissue constructs [19, 21, 25, 78–80]. 
However, preparing bioink requires time-consuming manual operation and makes 
totally automated and computer-controlled 3D bioprinting impossible in earlier 
studies. Therefore, our group focused on the development of a continuous bioprint-
ing approach in order to extrude cylindrical multicellular aggregates using an ex-
trusion-based bioprinter, which is an automated, flexible platform designed to fab-
ricate 3D tissue engineered cell constructs. In order to bioprint anatomically correct 
tissue constructs directly from medical images, the targeted tissue or organ must be 
biomodeled. In the following section, the details of modeling and developing path 
planning for automated direct cell bioprinting will be explained.

2.4.1  Biomodeling

In order to obtain an anatomically accurate tissue constructs, several imaging meth-
ods for data acquisition of tissue organ such computed tomography (CT) and mag-
netic resonance imaging (MRI) could be used. The obtained medical images are 
then transferred to a special segmentation software, where the images are repre-
sented with stack of numerous planar scan captures (Fig. 6a). The segmented 3D 
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surface geometry is transformed to a CAD model which is a mesh model of the 
object (Fig. 6b). In order to generate bioprinting path planning as well as the topol-
ogy optimization for bioprinting processes, the resultant mesh models need to be 
represented by smooth parametric surfaces. The mesh model is then sliced with 
consecutive planar cross-sections, resulting in closed contour curves for each thin 
layer slice [] (Fig. 6c). Those contour curves are basically the surface boundaries 
of tissue constructs. Obtained contour curves need to smoothed by B-spline curve 
fitting from their control points, in order to generate smooth parametric surfaces 
and finer surface geometry (Fig. 6d). The resultant CAD model is then ready to 
be used for path planning and topology optimization purposes for biomimetic 3D 
bioprinting.

Recently, novel computer-aided algorithms and strategies are developed to model 
and 3D bioprint a scaffold-free human aortic tissue construct biomimetically by our 
group. Medical images obtained from magnetic resonance imaging (MRI) are used 

Fig. 6  Biomodeling of the bioprinted tissue/organ a segmentation of the targeted tissue/organ b 
mesh model of segmented model c slicing of CAD model d a layer of CAD model
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to obtain the geometric and topological information of the targeted aorta. In order to 
obtain 3D computer models of the aortic tissue, MRI images are segmented using a 
segmentation software and converted into CAD model (Fig. 7). For tool path plan-
ning as well as for optimization of 3D bioprinting, the resultant mesh model of aorta 
converted to a CAD model with smooth parametric surfaces. Three-dimensional 
bioprinting path planning and parameter optimization are then developed. The de-
veloped self-supporting methodology is used to calculate corresponding tool paths 
for both cell aggregates and the support structures, which control the bioprinter for 
3D printing of a biomimetic aortic construct [82, 83].

2.4.2  Path Planning and Optimization for Bioprinting

In order to bioprint an anatomically correct tissue constructs with live cells layer-by-
layer, the generated computer model of this construct needs to be sliced by planar 
cross-sections, resulting in closed contour curves for each layer. Then those layers 
need to be filled by appropriate types of cellular aggregates with supportive hydro-
gel walls surrounding them for keeping the biomimetic form. In our recent work, 
multicellular cell aggregates are 3D bioprinted based on computer-aided continuous 
and, interconnected tool-path planning methodologies. Continuous bioprinting en-
ables to design and 3D bioprint extruded multicellular aggregates according to the 
computer model of the targeted tissue. The Zig-zag and Contour Offsetting pattern 
tool-path methodologies are developed to 3D bioprint different shaped structures 
with multiple layers. A CAD software package was used for developing algorithms 
for continuous and connected bioprinting path plans. In order to keep the 3D forms 
of printed structures during the maturation period, a biocompatible and bio-inert 
agarose-based hydrogel was used as a support material [82, 83]. The developed 
bioprinting process starts from the bottom layer and follows the generated path plan 
for each particular layer consecutively through the top layer. At a layer, support ma-
terial enclosing the cellular aggregates are printed first, and then cellular aggregates 
are deposited to fill the respective contour areas.

In Fig. 8, schematic view of pat planning strategies are showed for a layer. Fig-
ure 8a-b shows Zig-zag whereas Fig. 8c-d shows Contour Offsetting path planning. 

Fig. 7  Biomimetic modeling of aorta directly from medical images a segmentation from medical 
images b Conversion to a CAD model
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In both Zig-zag and Contour Offsetting patterns, outer supportive hydrogel walls’ 
tool path are generated with offsetting the contour curve with a deposited cellular 
or hydrogel extrusion diameter. Placement of support structures before the cellular 
aggregates provides necessary conditions for cell fusion and structure conservation.

In Zig-zag pattern path planning strategy, contour curves are crossed with par-
allel consecutive lines, each separated by extrusion diameter, and an intersection 

Fig. 8  Path planning for bioprinting a–b Zig-zag pattern c–d Contour offsetting path planning
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point is generated for each cross as shown in Fig. 8a. Zig-zag pattern path planning 
strategy aims to fill the contour area by following a zig-zag patterned path way be-
tween the generated intersection points as uninterrupted as possible.

In Contour Offsetting path plan strategy, cellular aggregates’ path plan is formed 
by offsetting the contour curve to fill the entire area. After the necessary amount 
of offset curves is generated, they are joined by small line segments to enable con-
tinuous bioprinting. That strategy also aims to fill the contour area with minimum 
number of cellular aggregate as shown in Fig. 8c).

After the path plan is calculated, the coordinates of these movements are trans-
ferred to bioprinter to guide the deposition path plan in order to obtain anatomically 
correct tissue constructs. In Fig. 8b and Fig. 8d, the finalized generated path plans 
of cellular aggregates (red) and support structures (blue) are shown for both path 
planning strategies.

2.4.3  Continuous Cell Printing

In our recent work, a novel bioprinting method is used for precise deposition of mul-
ticellular aggregates composed of different combinations of mouse aortic smooth 
muscle cells (MOVAS), NIH 3T3 mouse fibroblast cells, human umbilical vein 
endothelial cells (HUVEC), and human dermal fibroblast (HDF) cells according 
to computer-generated paths as shown in Fig. 9 [82]. The proposed methodology 
increases the contact of cylindrical multicellular aggregates in adjacent bioprinted 
layers, facilitates the fusion of cells and accelerates the maturation process. More 
significantly, this procedure reduces the human intervention at forming of cylindri-
cal multicellular aggregates and therefore, increases the reproducibility.

The printed 3D multicellular structures are examined for their mechanical 
strength, shape deformation with time, cell viability and cell fusion. The printed 
constructs having different shapes deformed during the incubation period (up to 
10-days) and generally a shrinking between 20 – 38 % was observed. After 4 or 7 
days incubation, the support structures of well-defined and random-shaped printed 
structures composed of MOVAS, HUVEC and NIH 3T3 multicellular aggregates 
were manually removed and the fused cell structures could be transferred with for-
ceps into a falcon filled with PBS (Fig. 10a). It is remarkable that the stripe shaped 
constructs composed of HUVEC/HDF cell aggregates had a small deformation per-
centage 85 % after 3-days incubation) and were sufficiently sturdy to be handled 
and transferred as shown in Fig. 10b.[82]. MOVAS/HUVEC/NIH 3T3 multicel-
lular aggregates fused within 3 days, which corresponds to earlier studies [25, 80]. 
The cell viability upon implementation was high (97 %) showing that the cellular 
bioink preparation method is successful in comparison to other studies in literature. 
It seems that multicellular aggregates composed of human cells have better me-
chanical properties. This research is supported by The Scientific and Technological 
Research Council of Turkey (TUBITAK) grant number 112M094.
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3  Conclusion and Discussion on Stem Cell Printing

Bioprinting is one of the most promising techniques in tissue engineering, where 
living cells are deposited layer-by-layer with or without biomaterials in user-de-
fined patterns to build 3D tissue constructs. However, there are some challenges 
related with technical, material and cellular aspects. 3D bioprinting technology 
requires increased resolution, speed and compatibility with biologically relevant 
materials. Especially, the fabrication speed must be increased to create structures of 
clinically relevant sizes. Even the cells used for bioprinting applications are robust 
enough to survive the bioprinting process and withstand the physiological stresses; 
a large cell construct in an open environment may not survive a slow and there-
fore long printing process. For bioprinting, well-characterized and reproducible 
source of cells is required and any cell type selected for printing should be able to 
be proliferated into sufficient numbers for printing. Additionally, the proliferation 
rate and the differentiation with small molecules or other factors should be con-

Fig. 9  Continuous bioprinting of live cells directly from computer models a Rectangular shaped 
b Random-shaped c Zig-zag patterned circular d Spiral patterned circular printed structures [82]
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trollable. Furthermore, sufficient vascularization and capillaries/microvessels are 
required for long-term viability of the fabricated construct and for tissue perfusion, 
respectively. The engineered structure should have suitable mechanical properties 
for physiological pressures and for surgical connection in case of transplantation. 
Bioreactors are used to maintain tissues in vitro and to provide maturation factors 
as well as physiological stressors for assembly, differentiation and ECM production 
prior to in vivo implantation.

Stem cells such as mesenchymal, induced pluripotent and embryonic stem cells 
could be a great source for bioprinting. Especially, printing differentiated or pro-
genitor cells precisely and spatially could lead to multi-functional tissue constructs 
or even organs. However several challenges need to be overcome. First, bioprinting 
with stem cells requires large number of cells. Culturing this amount of stem cells 
could be really difficult. Especially, growing large number of stem cells on a feeder 
layer or special growth medium is really challenging. Even after culturing enough 
number of stem cells, bioprinting stem cells precisely and spatially accurate manner 
would require highly precise and special bioprinters. During bioprinting, the effect 
of compression on the viability and differentiation of stem cells should be con-
sidered. Since the stem cells are more susceptible to bioprinting conditions, more 

Fig. 10  Bioprinted 3D totally biological tissue constructs without any biomaterial. a Circular and 
square shaped bioprinted with MOVAS, HUVEC and NIH 3T3 multicellular aggregates. b Stripe 
shaped bioprinted with HUVEC/HDF cell aggregates [82]
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gentle and short printing procedures should be developed. Although the current 3D 
bioprinting technology shows a great deal of promise to generate 3D layered con-
structs using live mixed cell populations, there is still a long way to go to create a 
fully-functional organ.
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1  Introduction

Bioprinting is an emerging technology based on a computer-aided design (CAD) 
approach, in which the controlled deposition of bio-ink, cells with or without hy-
drogels, on hydrogel materials (as a bio-paper) is achieved by printers inspired by 
common inkjet printers [1]. Bioprinting combines biology and engineering in order 
to construct complex structures for tissue engineering applications [2, 3], as well 
as drug screening and toxicology [4, 5]. Bioprinters can fabricate 3D biomimetic 
tissues in a spatially controlled manner with high precision over the shape, size, 
cell location and enable the fabrication of functional organs comprising of multiple 
cell types by providing similar cellular microenvironments to those found in vivo 
[1, 6, 7]. Bioprinters can be classified into two groups. The first group is nozzle 
based which can be further divided into intermittent drop-wise printers- such as 
inkjet printers (both thermal and piezoelectric)—and continuous robotic dispensing 
printers. The second group is drop-wise nozzle-free which is based on laser-induced 
forward transfer printing techniques (Fig. 1) [8].

Hydrogels have been used in numerous tissue engineering approaches includ-
ing rapid prototyping techniques. Bioprinting is another application of hydrogels 
based on their potential for entrapping living cells and their ease of processing [9]. 
Hydrogels play a significant role in bioprinting as an indispensable matrix material 
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for direct fabrication of living cells into tissue-like structures. The required hydro-
gel characteristics depend on the type of bioprinter and the printing approach. For 
example, bioprinters based on laser-induced forward transfer technique do not have 
a nozzle, allowing for a wide range of hydrogel viscosities since clogging is not 
an issue in this approach. On the other hand, the above-mentioned approach needs 
rapid gelation kinetics and relatively low flow rate for the bio-ink to achieve high 
shape reproducibility; this limits the construction of large 3D structures for clini-
cal applications [10]. Clogging is an important issue in bioprinters based on inkjet 
technique. Inkjet bioprinters require low hydrogel viscosity for the bio-ink which 
limits the use of many viscous natural materials and fabrication of 3D structures 
[11]. In contrast to inkjet printers, robotic dispensing techniques use hydrogels with 
higher viscosities, making them suitable for fabrication of structures with clinically 
relevant size, but the technique is limited by lower resolution. [12]

Various types of hydrogels with different mechanisms for crosslinking have 
been used for bioprinting. Some of these hydrogels include collagen type I [13–15], 
collagen/fibrin [15, 16], fibrin [15, 17], ExtracelTM Hydrogel [15], hyaluronic acid 
(HA) [1, 15, 18], hyaluronan-based hydrogels [19, 20], hyaluronic acid and dextran-
based semi-interpenetrating networks (semi-IPN) [21], tyramine-substituted hyal-
uronic acid (TS-NaHy) [15], CorgelTM [15], methylcellulose-hyaluronan (MC-HA) 
[15], chitosan [15], chitosan/collagen [15], methacrylated gelatin (GelMA) [22], 
polyethylene glycol diacrylate (PEGDA) [1, 15], agarose [15, 23], alginate [7, 15, 
24–26], alginate/gelatin [15, 27], PEG [1], polyacrylamide-based hydrogels [28], 
and NovoGel [29]. Many factors need to be considered when selecting a hydro-
gel for bioprinting such as cytotoxicity, gelation time, extent of swelling, viscosity, 
printability, and hydrogel stability [15]. Cell death in the center of the printed hy-
drogel [30, 31], due to the insufficient depth of penetration of oxygen and nutrients, 
should be considered [32]. Selection of hydrogels for bioprinting also depends on 
the target tissue. Bioprinting can be used to fabricate many different tissues such as 
skin [15], nerve [16, 28, 33], musculoskeletal [21, 25], vasculature [19, 20, 29, 33], 
and heart [27].

Fig. 1  Different approaches used for bioprinting with a bio-ink composed of cells encapsulated in 
a hydrogel: a laser-induced forward transfer, b robotic dispensing, and c inkjet printing
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Hydrogels can be used as bio-inks as well as bio-papers in bioprinting. In this 
chapter, we will discuss the required properties of hydrogels and their characteris-
tics including viscosity, gelation time, swelling, degradation and mechanical prop-
erties for bioprinting applications.

2  Hydrogels as Bio-Ink

The hydrogel precursor solution containing cells and cell aggregates is considered 
the bio-ink for bioprinting. Since mammalian cells are very sensitive to heat and 
mechanical stress, special steps should be taken in order to avoid cell damage and 
lysis. Moreover, their physiological state and function depend on their environment 
and culture conditions. Hydrogels can mitigate the harsh conditions of bioprinting 
such as the high temperature employed at the nozzle by thermal printers [11]. Fur-
thermore, cell-laden hydrogels as building blocks of tissue-engineered constructs 
can protect the cells from the host immune system [26]. For example, xenogenic 
endocrine cells are encapsulated and transplanted into patients who suffer from dia-
betes [34], anemia [35] and dwarfism [36].

In the design of a two-component bio-ink (cells and hydrogel), fast-gelling po-
lymerization reactions should be considered. This can be achieved by using the 
alginate/Ca2+ reaction [37–39], the fibrin/thrombin reaction [17, 40, 41], or photo-
polymerizable inks [42]. Alginate is widely used for cell encapsulation because of 
its fast sol-gel transition either by mixing cells with alginate and printing the cell 
precursor solution into a crosslinking Ca2+ solution [37, 38] or by mixing cells with 
Ca2+ and printing the cell suspension into an alginate or alginate/collagen solution 
[39]. The surface of an alginate droplet is crosslinked by divalent cations (Ca2+) 
resulting in an increased viscosity and bonding of the droplet to the surface [26]. 
Fibrin is a versatile biopolymer formed during blood clot formation by the enzy-
matic reaction of fibrinogen with thrombin (the enzyme which catalyzes the po-
lymerization of fibrinogen) in the presence of calcium ions. The suspension of cells 
in a fibrin hydrogel has been used as a bio-ink for laser assisted [17] and thermal 
inkjet [41] bioprinting. Since fibrin has a long gelation time (5–15 min), a mixture 
of fibrin and alginate biopolymers has been proposed to accelerate gelation using 
a 3D plotter in two steps involving alginate/Ca2+ gelation followed by fibrinogen/
thrombin reaction [43].

Photocrosslinkable polyethylene glycol (PEG) based hydrogels have also been 
widely used for cell encapsulation. Acrylated-functionalized PEGs of different mo-
lecular weights are often used to produce photocrosslinkable hydrogels. Since acry-
lated PEGs are not biodegradable, chemically-modified biodegradable PEGs have 
been synthesized for bioprinting [44]. Further, the cell adhesion characteristics of 
PEG hydrogels can be improved by functionalization with biomolecules, proteins 
[45, 46] as well as peptides, such as arginine-glycine-aspartic acid (RGD) [47]. 
Other photocrosslinkable polymers include poly(ethylene oxide) dimethacrylate 
[48], photocrosslinkable alginate hydrogels with tunable degradation and mechani-
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cal properties [49], and photocrosslinkable Lutrol hydrogel [50]. A jet of beads can 
be formed with some of these polymers [51] and the sol-gel transition in some cases 
is relatively fast in the order of 15 s [52] which makes these hydrogels suitable for 
bioprinting.

The above-mentioned hydrogels cannot be applied to every bioprinting situation 
as the application depends on cell type and target tissue. Therefore, smarter bio-inks 
are needed in the future to facilitate the drop-on-demand cell printing. Printability, 
maintaining the cells in their functional and physiological conditions, and optimal 
fluid properties to prevent cell settling and aggregation are the most challenging 
tasks for developing a bio-ink formulation. In that regard, a surfactant-containing 
gellan gum has been used as a bio-ink to address the issue of facile cell deposition 
for drop-on-demand printing using both a commercial micro-valve deposition sys-
tem, and a multi-nozzle piezoelectric inkjet print head [53]. This drop-on-demand 
based approach achieved high cell viability especially for sensitive cell types. How-
ever, the cell encapsulation is random in this approach as a cell suspension reservoir 
is used. Thus, this approach can only be used after cell sorting [54].

Aside from individual cells suspended in hydrogels, cell aggregates suspended 
in gels have also been used as bio-ink [55]. The concept of self-assembling bio-ink 
and cell aggregates as a building block is especially useful in organ printing where 
both cell number density and the complexity of fabrication are increasingly impor-
tant [55]. Advantages of cell aggregates over individual cells in bioprinting include 
a) facile fabrication of 3D structures by fusion of small pre-formed tissue blocks 
of cell aggregates, b) decrease in printing time due to the increased cell number 
density, and c) increase in cell survival due to the mild shear stresses exerted by 
micropipettes in printing cell aggregates compared to the stresses for single cells. 
The hydrogels used with cell aggregate should provide favorable conditions for 
self-assembly after bioprinting in addition to the material requirements mentioned 
earlier for single cells. The hydrogel for printing cell aggregates can be selected 
from thermo-reversible or thermo-sensitive gels [56–62], photo-sensitive gels [18, 
63–66], pH-sensitive gels [16, 67], and gels sensitive to specific factors in the mi-
croenvironment [68]. Future studies should lead to the developments of new hydro-
gel precursors as bio-inks with fast and efficient gelation kinetics that can satisfy the 
requirements of the target tissue.

3  Hydrogels as Bio-Paper

Bio-paper can be defined as a biocompatible, degradable, in situ crosslinkable, and 
biomimetic hydrogel that is permissive to tissue fusion in order to serve as the 
substrate for cell deposition in bioprinting (Fig. 2) [69]. Based on the above defini-
tion, there are distinct differences between the hydrogels used in tissue engineering 
and those used in bioprinting. The bio-paper provides a temporary support for the 
cells printed with the bio-ink but it should be possible to remove the bio-paper 
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after tissue printing. Hydrogels that are stimuli-sensitive and in situ crosslinkable 
and rapidly solidify after injection are often used as the bio-paper. With regard to 
crosslinking, the viscosity of the hydrogel precursor solution should be sufficiently 
low to allow injection but it should solidify immediately after injection to facilitate 
cell deposition. In addition to those requirements, the gel should be sufficiently stiff 
to maintain stability and shape after deposition of cells or cell aggregates on the 
bio-paper.

Another important property of the bio-paper is the ability to resist contraction 
or molecular stenting. The bio-paper should maintain its shape and resist the cell-
generated contractile force when cells are deposited on its surface [23]. In the native 
extracellular matrix, structural stability and viscoelastic properties of the network of 
collagen fibers, the most abundant protein of ECM, are reinforced by aggrecan and 
versican [70]. In addition to mechanical stability, the hydrogel as a bio-paper should 
be biocompatible and guide cell adhesion, proliferation, and differentiation to the 
proper lineage, leading to the formation of a 3D tissue. The hydrogel should also 
prevent the deposited cells from drying and prevent bleeding of the bio-ink from 
cell aggregates. The role of hydrogel as the bio-paper is similar to that of the ECM, 
which is to provide a microenvironment for cell growth and control cell fate by di-
recting cell proliferation, differentiation, and apoptosis. ECM proteins and growth 
factors can be added to the hydrogel precursor solution to improve cell adhesion or 
control cell function. In addition, ECM proteins or growth factors can be patterned 
on the hydrogel to control spatial organization and differentiation of the cells print-
ed on the bio-paper [71–76]. As an example, the hydrogel can be conjugated with 
integrin-binding arginine-glycine-aspartic acid (RGD) ligands at optimal concen-
tration to improve cell adhesion but not too high to adversely affect cell migration. 
Intermediate adhesion is sufficient for cell adhesion and migration [77]. Fibronectin 
[78] and heparin-binding peptides [79] are examples of other ECM molecules that 
have been used to improve cell adhesion to hydrogels. In addition to the above re-
quirements, mass transport properties of the hydrogel bio-paper which are affected 
by crosslink density and gel microstructure should be carefully considered to opti-
mize viability of the seeded cells [80]. There is a need to develop new and improve 

Fig. 2  Schematic diagram 
of a bio-paper serving as a 
substrate for assembly and 
fusion of cell aggregates into 
a defined structure
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hydrogels as bio-paper that mimics the properties of the natural ECM with respect 
to remodeling, viscoelastic properties, mechanical stability, and biocompatibility 
for applications in bioprinting.

The unique viscoelastic properties of the natural ECM are rooted in the covalent 
and non-covalent interactions between the biopolymers. One example of covalent 
interaction in the ECM is the formation of proteoglycans (PGs) by covalent bonding 
of sulfated glycosaminoglycans (GAGs) such as chondroitin sulfate (CS) and hepa-
ran sulfate (HS) to core proteins. Examples of non-covalent secondary interactions 
include the attachment of PGs to hyaluronan (HA), hydration of polysaccharide 
chains, electrostatic and hydrogen bonding interaction between the collagen chains 
and collagen fibrils. By mimicking the natural ECM, synthetic biocompatible and 
in situ crosslinkable hydrogels based on GAGs have been developed [81] that could 
potentially be applied to bioprinting. These synthetic ECM-like hydrogels have 
shown satisfactory performance both in vitro and in vivo especially with regard to 
spatiotemporal control of cell function and molecular stenting [70]. Prior to using 
the ECM-like gels as bio-paper, their rheological properties should be evaluated 
with respect to injectability.

Another property of the hydrogel that should be considered is providing a per-
missive environment for the fusion of neighboring cell aggregates in order to form 
a construct with the desired geometry [55, 82]. The concept of cell fusion originally 
developed for embryonic tissues [83] is based on the fact that cell aggregates can 
be considered as fluids or liquid [55]. Since the printed cell aggregates can collapse 
into a large single spherical aggregate to attain the lowest energy state, the rate of 
cell movement should be controlled to avoid such a collapse [84]. Therefore, the 
desired 3D cellular structure should be maintained long enough to allow the re-
moval of bio-paper immediately after fusion. Cell-gel interfacial parameters, such 
as interfacial tension which is related to the density and nature of cell–cell [85, 86] 
and cell–matrix adhesion molecules [87] determine the permissive ability of the 
hydrogel for cell fusion. Desirable properties can be achieved by altering the in-
terfacial tension of bio-paper and bio-ink. The relationship between the magnitude 
of cell-cell and cell-gel interactions determine the life-time of structures printed 
onto the bio-paper [55, 88]. The structure formed after bioprinting is maintained 
by molecular mechanisms underlying cell–cell and cell–matrix adhesion as well as 
cell motility.

There are very few in vitro methods to quantify cell fusion [89]. One method 
measures the angle between the tangents to the projected boundary of adjacent cell 
aggregates. Computational methods have also been used to predict the ability of 
hydrogels to aid cell fusion [55, 82]. Based on the results of computational models, 
the formation of larger structures is based on the liquidity (water content and ex-
tent of swelling) of bio-paper and cell aggregates printed with the bio-ink [55, 82]. 
Depending on the tissue geometry desired, bio-papers can be sheet-like or rod-like 
which can be removed to form a flat or tubular structure, respectively [33]. Under-
standing and controlling cell fusion can allow the printing of vascularized organs 
with intricate shapes and different cell types [33]. In this regard, the use of pre-
formed cell aggregates that undergo fusion is preferred over individual cells [90].
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Bio-papers can be selected from natural as well as synthetic hydrogels or their 
mixture. Naturally-derived biopolymers which have been used as a bio-paper in-
clude collagen [40, 53, 62, 84, 91–93], soy agar and rat-tail type I collagen [40, 
94], agar [94], agarose [33], agarose and collagen [13], fibrinogen [17, 40, 41], 
Matrigel™ [17, 92], and alginate [95]. Synthetic ECM-like gels used as bio-paper 
include a mixture of thiolated dithiopropionylhydrazide (DTPH), modified gela-
tin (Gtn-DTPH) and hyaluronan (HA-DTPH) [96, 97], copolymer of polyethylene 
glycol diacrylate (PEGDA) and Gtn-DTPH [23], gelatin mixed with RGD peptide 
[98] or a mixture of three recombinant domains of human fibronectin [99], mix-
ture of PVA, hyaluronan and CaCl2 [37], copolymer of N-isopropylacryamide-co-
2-(N,N-dimethylamino)-ethyl acrylate [62], hyaluronan hydrogel crosslinked with 
polyethylene glycol tetra-acrylate [20], methacrylated HA and gelatin [18], and 
polyacrylamide-based hydrogel [28].

4  Properties of Bioprinting Hydrogels

4.1  Viscosity

A high viscosity for the bio-ink prevents droplet formation at the nozzle but increas-
es the resolution of the printed structure [100]. In addition, an increase in the viscos-
ity of the bio-ink decreases spreading of the ejected droplet on the substrate prior 
to stabilization by crosslinking [8]. On the other hand, an increase in the viscosity 
of bio-ink increases the applied shear stress during injection which can damage the 
encapsulated cells [8]. Therefore, there is an upper limit of 0.1 Pa.s−1 for the viscos-
ity of a bio-ink in inkjet printers [11, 101]. For example, relatively viscous solutions 
of alginate, gelatin-alginate, chitosan, and chitosan-collagen cannot be injected with 
inkjet bioprinters [15]. The viscosity of a hydrogel precursor solution typically in-
creases with increasing the polymer concentration, polymer molecular weight and 
attractive inter-molecular interactions between polymer chains [102]. An increase 
in the polymer concentration in the bio-ink leads to a significant increase in cross-
link density and decreases the mesh size and water content of the printed cell-laden 
hydrogel, which can negatively affect cell motility and proliferation [103, 104]. 
As a result, polymers with higher molecular weights or polymers capable of inter-
molecular physical interaction are typically used to increase the bio-ink viscosity [8, 
105]. Further, the molecular weight of the polymer and the viscosity of the bio-ink 
can be increased via partial crosslinking of the polymer before bio-printing [18, 
106]. For example, the viscosity of a photocrosslinkable hyaluronan-gelatin bio-ink 
was increased by UV irradiation of the precursor solution for 120 s to produce a 
gel-like fluid prior to bio-printing [18].
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4.2  Gelation Time

Bio-printing hydrogels should have a fast gelation time, typically in the order of 
2 min, to ensure stability of the printed structure after deposition and before post-
crosslinking [8, 15]. The gelation time of natural hydrogels with slow crosslinking 
rates can be decreased by mixing with a fast crosslinking macromer or by chemical 
modification of physical gels with covalent bonds [15]. For example, the gelation 
time of collagen decreased from 40 min to 15 s by mixing with fibrin gel [15] and 
the gelation time of Extracel hydrogel (Glycosan Biosystems, Alameda, CA) de-
creased from 30 min to 18 s by incorporation of UV initiated covalent crosslinking 
concurrent with physical crosslinking [15].

  The gelation kinetics and viscoelastic behavior of physically and chemically 
crosslinked gels can be evaluated by rheometry. The gelation kinetics of physical 
micellar gels depends on the strength and number density of physical crosslinks 
[105, 107]. The gelation kinetics of covalently-bonded chemical gels depends on 
several factors including the concentration and distribution of crosslinkable groups 
and initiator [104, 108–110]. Figure 3a shows the gelation time of photocrosslink-
able star poly(ethylene glycol-co-lactide) acrylate (SPELA) macromers with respect 
to concentration of UV photo-initiator. As the initiator concentration increased from 
0.08 to 0.78 wt%, gelation time of the macromers decreased from 200± 9 to 42± 2 s 
[104]. A decrease in gelation time by increasing the concentration of photo-initiator 
was related to an increase in the propagation rate of crosslinks by

 (1)

where KP and Kt  are the rate constants for chain propagation and termination re-
spectively, [ ]AC  is the concentration of unreacted acrylates, ϕ  is initiation effi-
ciency, ε  is molar extinction coefficient, I0  is the intensity of incident radiation, 
δ  is sample thickness, and [ ]I  is photo-initiator concentration [111]. According the 
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Fig. 3  Effect of initiator concentration a, on gelation time of SPELA hydrogel (20 wt%, m = 1.7). 
Effect of acrylate concentration b, and number of monomers per macromer arm c, on gelation time 
of SPELA and SPEGA hydrogels
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above equation, the propagation rate of crosslinks for SPELA macromers increased 
with [ ]I  leading to a decrease in gelation time (Fig. 3a). Figure 3b compares the 
gelation time of star poly(ethylene glycol-co-glycolide) acrylate (SPEGA) with that 
of SPELA macromer as a function of the concentration of reactive acrylate groups. 
The gelation time of SPEGA hydrogel decreased from 128 to 60 s while that of 
SPELA decreased from 64 to 28 s with increasing acrylate concentrations from 0.02 
to 0.13 mol/L.

A decrease in gelation time with increasing [ ]AC  concentration was attributed to 
an increase in the rate of propagation reaction (see Eq. 1). Dissipative Particle Dy-
namics (DPD) simulations showed that a large fraction of the crosslinking reaction 
occurred in the aqueous phase for the less hydrophobic SPEGA macromer whereas 
a large fraction of the crosslinking occurred in the micellar phase for the more 
hydrophobic SPELA [105, 109]. Therefore, SPELA micellar gels had a faster cross-
linking and a shorter gelation time compared to SPEGA gels (see Fig. 3b) [108].

Figure 3c shows the effect of number of hydrophobic lactide/glycolide mono-
mers per macromer (m) on gelation time of the macromers. The gelation time of 
SPEGA and SPELA macromers decreased sharply from 150 s to 61 and 28 s, re-
spectively, by increasing m from 0 to 3 [108] which was attributed to a change in 
the distribution of reactive acrylate groups within the hydrogel precursor solution 
concurrent with micelle formation. The acrylates were positioned in the core of the 
micelles concurrent with micelle formation in SPEGA/SPELA aqueous solutions. 
Localization of acrylates within the micelles’ core decreased gelation time with 
increasing m for SPELA/SPEGA macromers (see Fig. 3c). Simulation results have 
also shown that the proximity of acrylates within the hydrogel precursor solution 
increased with changing the macromer type from SPEGA to SPELA at the same 
m value concurrent with micelle formation. These results are consistent with the 
experimentally-measured shorter gelation times of SPELA macromers compared to 
those of SPEGA [108].

4.3  Water Content and Swelling

An increase in the degree of swelling or water content typically increases biocom-
patibility of the bioprinted hydrogel however it adversely affects mechanical prop-
erties by increasing the extent of deformation of the printed structure. Furthermore, 
dissimilar extent of swelling of bio-inks in applications where more than one bio-
ink is used can affect the shape of the final construct [8]. In addition, excessively 
swollen or contracted bio-printed structures may contribute to dehydration of the 
surrounding tissue or increased scarring in wound healing applications [15, 112]. 
The degree of swelling and mesh size of the hydrogel are particularly important 
variables for controlling the diffusion of nutrients, oxygen, growth factors and 
waste products into or out of the cell-laden hydrogels in tissue engineered con-
structs [113, 114]. Therefore, the degree of swelling should be optimized for cell-
laden bio-printed hydrogels.
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The degree of swelling of a hydrogel is controlled by two opposing forces: the 
thermodynamic force of mixing between the polymer and water and the elastic 
force of the extended network chains. The force of mixing tends to increase the 
water content of the gel by attractive interactions between water molecules and 
the polymer chains [102]. The elastic retractive force of the network chains on the 
other hand tends to decrease the water content of the gel due to the extension of 
random-coil chain conformations. The force of mixing and the retractive force of 
extended chains become equal at equilibrium swelling. Several factors including 
molecular weight, hydrophobicity, functionality and flexibility of the macromers, 
degree of crosslinking, nanostructure of the gel, and temperature affect the degree 
of swelling of the hydrogel [115, 116]. More specifically, the degree of swelling 
decreases with increasing the extent of crosslinking of the hydrogel and increasing 
the hydrophobicity of the chains by affecting the elastic energy of the chains and 
the energy of mixing, respectively [117]. Based on the theory of rubber elasticity 
and thermodynamics of mixing, the mesh size ( )  of a hydrogel increases with 
decreasing crosslink density and increasing the degree of swelling (see Fig. 4a) 
[117]. For example, the swelling ratio (weight of water divide by the dry gel weight) 
of SPEGA and SPELA hydrogels decreased from 830 to 430 % and from 730 to 
370 %, respectively, by increasing the reactive acrylate concentration from 0.02 to 
0.13 mol/L (Fig. 4b) [118]. The relatively lower swelling ratio of SPELA compared 
to that of SPEGA can be attributed to the higher hydrophobicity of lactide segments 
in SPELA compared with glycolide segments in SPEGA (Fig. 4b) [118].

4.4  Degradation

Although the microenvironment of encapsulated cells can be controlled by many 
factors in the hydrogel structure, the use of hydrogels as a supporting matrix in re-
generative medicine is limited by their persistence in the site of regeneration [103]. 

Fig. 4  a Schematic represen-
tation of the change in mesh 
size of un-swollen and swol-
len crosslinked network. b 
Effect of acrylate concentra-
tion on the swelling ratio of 
SPEGA and SPELA (m = 1.7) 
hydrogels

 



99Hydrogels for Cell Encapsulation and Bioprinting

Aside from degradation, cell proliferation and migration requires a matrix capable 
of remodeling. Therefore, the degradation kinetics of bioprinted hydrogels as an 
engineered matrix should match the rate of tissue formation and the rate of tissue 
remodeling [103]. Further, the fate of encapsulated cells strongly depends on the 
extent of degradation and the kinetics of degradation. As an example, mesenchymal 
stem cells (MSCs) encapsulated in a non-degradable hyaluronic acid gel underwent 
adipogenic differentiation whereas those encapsulated in a degradable gel under-
went differentiation to the osteogenic lineage [119]. As another example, a slow-
degrading hydrogel (> 50 % degradation in 4 weeks) enabled osteogenic differentia-
tion of MSCs whereas a fast-degrading gel (> 50 % degradation in 1 week) enabled 
vasculogenic differentiation of endothelial progenitor cells [120–122].

Natural hydrogels that are used as bio-ink degrade enzymatically [8, 15, 101, 
123]. Hyaluronic acid based bio-inks degrade by hyaluronidase enzyme [124]. 
Gelatin based bio-inks completely degrade by 6 h or more depending on enzyme 
concentration in collagenase solution [121]. Myo-fibroblast cell-laden fibrin gels 
degrade after 2 days in the absence of inhibitor by enzymatic degradation [125]. Al-
ginate gels can be degraded by alginase enzyme released from PLGA microspheres 
and the gel degradation rate increased with increasing the alginase loading in mi-
crospheres [126]. Synthetic hydrogels on the other hand can be made degradable 
by conjugation of enzymatic, hydrolytic, or photolytically degradable segments in 
the macromer or crosslinker chains [127]. In one example, a non-degradable PEG 
hydrogel was made enzymatically degradable by conjugation of a matrix metal-
loproteinase (MMP) sensitive peptide to the hydrogel network using the Michael 
addition reaction [128, 129]. The MMP sensitive PEG gel enhanced migration of 
fibroblasts encapsulated in the hydrogel compared to the non-degradable PEG gel 
[128]. Hydrogels based on copolymers of PEG and Ɛ-caprolactone were shown 
to be hydrolytically degradable but the rate of degradation was limited by the hy-
drophobicity and phase separation of Ɛ-caprolactone segments in aqueous solu-
tion [130]. Copolymerization of PEG with a degradable polymer like poly(lactide) 
(PLA) has been used to impart degradability to PEG hydrogels. The degradation 
and water content of the copolymers can be adjusted by the fraction of hydrophobic 
lactide segments [131, 132] but solubility of the copolymer in aqueous solution was 
adversely affected by increasing the lactide content [133]. In addition, other hydro-
lytically degradable polymers including polyphosphoesters [134, 135], poly(ester 
amides) [136] and poly(amino-ester urethanes) [137] have been used to synthesize 
degradable hydrogels. Degradable micellar hydrogels with a wide range of degra-
dation rate have been synthesized using star-shape PEG macromers chain-extended 
with short hydroxy acid segments [104, 108, 118].

4.5  Mechanical Properties

There is a trade-off between the structural stability and biocompatibility of the 
bioprinted hydrogel [101]. Structural stability, hence mechanical properties, of the 
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bioprinted hydrogel should be optimized to prevent deformation or rupture of the 
printed construct while maintaining viability and function of the encapsulated cells 
[138]. Techniques for measuring the mechanical properties of hydrogels for bio-
printing include the tensile test or extensometry [139], un-confined compression 
test [140], confined compression test [141] and indentation test [142]. The latter 
technique, indentation, is preferred for cell-encapsulated hydrogels because the test 
can be performed while the construct is immersed in the medium [142–144]. It 
should be noted that the Young’s modulus (E) of the gel is closely related to the 
indentation modulus [142]. It is well established that matrix stiffness affects the fate 
of the encapsulated cells. For example, MSCs encapsulated in an alginate hydro-
gel with 2.5-5 kPa elastic modulus underwent differentiation to adipogenic lineage 
whereas the same cells encapsulated in a 11–30 kPa alginate gel differentiated to 
the osteogenic lineage [145]. Physically crosslinked gels due to their low stiffness 
and elasticity are limited in practical applications by soft tissue compression [104, 
146, 147]. Mechanical properties of physical gels can be improved by incorporation 
of covalent bonds within the hydrogel network [148]. Covalently crosslinked gels 
have a significantly higher stiffness than physically crosslinked gels [132, 149]. The 
elastic behavior of hydrogels can be described using the theory of rubber elasticity 
by Treloar and Flory [102] and later modified by Peppas and Merrill [117]. Accord-
ing to the theory of rubber elasticity, the elastic modulus of a crosslinked hydrogel 
network is [150].

 (2)

Where E , R and T are the density of elastically active chains, the gas constant, 
and absolute temperature, respectively. E  increases with increasing crosslink den-
sity or increasing the concentration of reactive groups in the hydrogel precursor 
solution. Therefore, one approach to increase hydrogel stiffness is to increase the 
concentration of reactive groups via increasing the macromer concentration in the 
gel precursor solution. For example, the compressive modulus of the SPEGA and 
SPELA gels increased from 5 kPa to 710 and 460 kPa, respectively, by increasing 
the reactive acrylate concentration from 0.02 to 0.13 mol/L (Fig. 5). The lower com-
pressive modulus of SPELA compared to SPEGA can be attributed to the higher 
proximity of acrylates within the micelles in SPELA, leading to a higher degree 
of intra-molecular crosslinks [118, 151]. It is well established that intra-molecular 
crosslinks or loops are elastically inactive and don’t contribute to the hydrogel stiff-
ness [152].

5  Conclusions

The application of hydrogels in bioprinting as bio-ink and bio-paper is reviewed. 
The most important function of the hydrogel as the bio-ink is to mitigate the harsh 
conditions of bioprinting such as high temperature and shear stress on cells and to 
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protect the encapsulated cells from the host immune system. Fast gelling alginate-
calcium, fibrin-thrombin, and photo-activated polymerization are used as the bi-
ink encapsulating the cells and printing the building block of engineered tissues. 
The bio-paper provides a temporary support for the cells printed with the bio-ink 
and it is removed after tissue printing. Hydrogels that are stimuli-sensitive, in situ 
crosslinkable, rapidly solidify after injection, and facilitate fusion of the printed cell 
aggregates are often used as the bio-paper. Important material properties in the se-
lection of hydrogels for bioprinting include gelation kinetics, viscosity, viscoelastic 
response, permeability and transport properties, fusibility, and degradation kinetics. 
Ideally, the rate of degradation of the hydrogel as a bio-ink or bio-paper should 
match the rate of tissue formation and remodeling by the encapsulated cells. Future 
research should focus on developing ECM-mimetic hydrogels for drop-on-demand 
cell printing that satisfy the requirements of the target tissue.
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1  Introduction

In 1993, Langer and Vacanti first defined tissue engineering as an approach of seed-
ing cells to the pre-formed solid and rigid biomaterial scaffolds for tissue fabrica-
tion [1]. However, the term of tissue engineering was introduced even earlier by Dr. 
Fung of the University of California at San Diego in 1985 [2]. In conventional tissue 
engineering approach, the autologous cells are first cultured in monolayer to expand 
the cell numbers. The cultured cells are then collected and seeded into the pre-
formed porous scaffolds. The scaffolds used for tissue engineering should be bio-
compatible and degradable. The seeded cells on the scaffold are kept alive and can 
penetrate or migrate inside the scaffolds instead of staying on the surface. There-
fore, the tissue engineering scaffolds should be highly porous with inter-connected 
pores and safe to the seeded cells. In addition, a customized bioreactor mimicking 
in vivo environment and stimulation is usually desired to maturate the fabricated 
organ construct before implantation. The goal of tissue engineering is to create the 
replacements for the lost or diseased organs and eventually solve the crisis of organ 
donor shortage. Some successes have been achieved in engineering thin and hollow 
organs [3, 4]. These tissues can survive in vivo through nutrients diffusion from the 
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host vasculature. However, more than 90 % demanding organs are thick and com-
plex, such as kidney, liver, and heart (OPTN & SRTR Annual Data Report 2010). 
When the size of engineered tissue exceeds 400 μm in any dimension, it will surpass 
the oxygen diffusion limitation. In this case, functional vasculature must be enabled 
in the engineered constructs to supply the cells with oxygen and nutrients, and also 
to remove the waste products generated by the tissue [5]. Unfortunately, the con-
ventional tissue engineering approaches failed to generate these thick, complex and 
vascularized tissues due to these limitations:

a. The effectiveness of cell seeding and penetration to the biomaterial scaffold 
is still limited. Although scaffold design has been significantly improved to 
enhance the cell seeding and migration, the uniform of tissue formation or matu-
ration throughout the scaffold is still far from optimal [6–8].

b. Organs with complex structure are usually composed by multiple cell types and 
biological factors. However, the precise delivery of cells and biological factors 
to the desired 3D positions is still far from being resolved.

c. Thick tissues possess complex vascular system [9], which should be enabled 
within the scaffold. However, the conventional tissue engineering approach has 
difficulties to construct vascular system within the pre-formed 3D scaffolds.

Additive manufacturing or 3D printing is driving significant innovations in manu-
facturing, engineering, education and medicine. 3D bioprinting, which was derived 
by combing biotechnology and 3D printing, is promising to solve these critical is-
sues mentioned above. As one of the most advanced enabling technology in tissue 
engineering, 3D bioprinting combines solid freeform fabrication and precise place-
ment of cells and other biological factors to the desired 2D and 3D positions. It is 
described as a precise approach of delivering biomaterials, cells and supporting bio-
logical factors to the targeted locations with spatial control to fabricate functional 
3D constructs. The key elements of realizing functional bioprinting include capac-
ity of precise positioning, printable biomaterials, and cell sources. In addition, vas-
cularization, innervation, and maturation are also crucial to engineer functional tis-
sues. Bioprinting has promising applications in the field of regenerative medicine, 
personalized medicine, clinical diagnosis and medicinal development. Although the 
concept of bioprinting was introduced more than 10 years ago, the current progress 
of bioprinting is still in its initial stage and far from industrial applications.

The three most common bioprinting mechanisms are inkjet bioprinting [10–21], 
extrusion bioprinting [22–24], and laser bioprinting [25–27]. Extrusion bioprinting 
is a contact printing process and typically uses temperature-controlled polymerized 
materials for scaffold fabrication. This printing process usually causes high cell 
casualty so it is frequently used in acellular material printing. Sometimes extru-
sion bioprinting also applies in cell spheroids deposition. This approach does not 
demand high printing resolution and it is more likely a dispensing process instead 
of printing. In addition, this approach has difficulties of managing singe cell which 
is critically important for neuron regeneration or fabricating functional tissues with 
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higher degree of cell organization of specific anatomic structures [28, 29]. Laser 
bioprinting offers higher cell viability and printing resolution. Instead of moving 
cells directly, laser bioprinting uses laser energy to vaporize the solution of biologi-
cal samples and eject the remaining substances [25]. This approach may cause over-
drying leading to the failure for biological systems. Furthermore, the much higher 
cost of laser printing equipment, as well as the exceedingly low printing efficiency 
inhibit its application in regenerative medicine [30, 31]. Thus it is mostly applied in 
the basic research field when single or multiple cell manipulation is needed, instead 
of tissue construction or other clinical applications demanding higher throughput.

Inkjet printing is also known as drop-on-demand printing. It is a non-contact 
printing technology that reproduces digital patterns onto a substrate using tiny ink 
drops [32]. Inkjet printing is based on thermal, piezoelectric, or electromagnetic 
mechanisms [33]. In thermal inkjet printers, small air bubbles generated by heating 
in the printhead collapse to provide pressure pulses to eject tiny drops out of the 
nozzle [34–36]. The droplet size varies from 10 to 150 pL, which is determined by 
the applied temperature gradient, frequency of current pulses, and viscosity of the 
ink [34–36]. As for the piezoelectric inkjet printers, the actuator of polycrystalline 
piezoelectric ceramic in each nozzle provides the transient pressure to eject the ink 
drops [37]. These printing technologies have already been widely used in print-
ing electronic materials and complex integrated circuits in industry [38]. Although 
biological substances are usually considered sensitive, fragile DNA molecules have 
been directly printed using commercially available inkjet printers for high-density 
DNA microarray fabrication [39, 40]. Challenges still exist when printing cells 
using inkjet technology. The working frequency of piezoelectric inkjet printers is 
15–25 kHz, which is within the well-documented sonification damage to the cell 
membrane [41]. Although the heating element in thermal inkjet printers raises the 
local temperature to 300 °C [36], the ejected mammalian cells are only heated for 
2 µs with a temperature raise of 4–10 °C above ambient and an average cell vi-
ability over 90 % [11]. In addition, the development, operation, and maintenance 
of thermal inkjet is usually more convenient than piezoelectric printing. Therefore, 
the majority successes in tissue bioprinting are based on thermal inkjet printing in-
stead of piezoelectric inkjet printing. One limitation of inkjet bioprinting is the strict 
requirement of bioink viscosity. This issue has recently been minimized by using 
water based biomaterials or combination of various printing technologies. Water 
based bioink allows the printer to freely deliver cells from single to multiple cells by 
simply adjusting the bioink concentration and the digital patterns. Cells are usually 
well-protected in the aqueous environment during the printing process therefore it 
is assumed to be the safest strategy to deliver living systems.

Based on the discussion above, bioprinting based on thermal inkjet printing is so 
far the most appropriate approach for regenerative medicine and tissue engineering 
applications. Researchers keep developing this technology as an optimal approach 
for cell delivery and scaffold fabrication. Therefore, we will mainly focus on the 
advancement and applications using this bioprinting technology in this chapter.
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2  Cell Printing

Although the term of bioprinting can be used on printing any biological systems, it 
usually involves living cell patterning in tissue engineering and regenerative medi-
cine applications. Therefore, the capacity of printing living cells is critical to evalu-
ate a bioprinting platform or system.

Although bioprinting based on thermal inkjet printing technology has many suc-
cessful applications, there were concerns that the printing process may cause dam-
ages or cell death. The small printhead nozzle size is necessary for high printing 
resolution. Due to the thermal heat and mechanical stresses applied to the cells dur-
ing printing, it is possible that the cells may be damaged or their phenotype may be 
altered [42]. Therefore, a comprehensive evaluation of cell viability, apoptosis, heat 
shock proteins production, cell membrane damages of the printed cells is desired 
to confirm the bioprinting safety. Using a modified Hewlett-Packard (HP) thermal 
inkjet printer, cell viability at various cell concentrations was between 85 and 95 %. 
No significant difference in apoptosis and heat shock protein expression was ob-
served between printed and non-printed cells [11]. Quantitative cell seeding can be 
achieved by adjusting the cell concentration in bioink. The inkjet printing process 
does alter the cell membrane of printed cells. Fluorescent labeled dextran dye with 
molecular weight (MW) up to 40,000 can penetrate into the printed cells. No dye 
was found in the non-printed cells even with the lowest MW (3000) (Fig. 1). The 
cell membrane pore size was estimated as 105 Å according to the Stokes diameter 
of these dye molecules [11].

Fig. 1  Printed cell membrane 
pore evaluation using dextran 
dye penetration study
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The pores developed during printing were transient and can be repaired by the 
cells in just a couple hours. The transient nature of the cell membrane pores as well 
as the self-repair mechanism can be utilized for targeted gene delivery during the 
printing process [11, 43].

3  Microvasculature Printing

Although the concept of tissue engineering was introduced more than two decades 
ago, the current tissue engineering strategies still cannot create fully vascularized 
tissue constructs. The current tissue engineering paradigm is that successfully en-
gineered thick tissues must include vasculature. As biological approaches alone, 
such as VEGF or co-culture of vessel cells, have fallen short of their promises, one 
may look for an engineering approach to build microvasculature. Layer-by-layer 
approaches for customized fabrication of cell and scaffold constructs have shown 
great potential in building complex 3D structures [44]. With the advent of cell print-
ing, one may be able to build precise human microvasculature with suitable bioink. 
Human microvascular endothelial cells (HMVECs) and fibrin scaffold were utilized 
as bioink for microvasculature construction [12].

A standard inkjet printer was modified to simultaneously deposit HMVECs and 
fibrin scaffold to form the microvasculature. The bioink and biopaper components 
for fibrin bioprinting were carefully evaluated for optimal condition of simultane-
ous deposition of cells and scaffold [12]. The printed microvasculature was incu-
bated for 10–15 min after the printing to finalize the crosslinking and enhance the 
cell attachment.

After 3 weeks in culture, the printed HMVECs aligned themselves in the fibrin 
channel and proliferated to form a confluent lining. Confocal laser scanning images 
at the z-axis demonstrated tubular structure of the printed human microvasculature. 
The endothelial cells were forming a vessel-like structure in the printed fibrin chan-
nel [12]. This demonstrates the printed and proliferated endothelial cells possessed 
the crucial angiogenesis function. The simultaneous deposition of endothelial cells 
and fibrin using thermal inkjet printing technology can be used for human micro-
vasculature fabrication (Fig. 2).

Fig. 2  Inkjet bioprinted human microvasculature using HMVEC and fibrin
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4  Muscle Printing

Biological microelectromechanical system (Bio-MEMS) devices conjugated with 
biological components are promising for the development of novel bioengineering 
microdevices, such as motors and actuators [45], heart pumps [46], and biosensors 
[47]. Muscle cells have been widely used in these applications by generating force 
activated by actin-myosin motors regulated by excitation-contraction coupling [48]. 
These muscle powered microdevices utilizing energy generated by biochemical re-
action are promising to save energy, resources, and spaces [49]. C2C12 skeletal 
muscle cells possess the advantages of infinite proliferation and differentiation into 
multinucleated myotubes [50]. As a well established cell line, the overall proper-
ties of C2C12 cells cultured and differentiated in vitro have been tested to closely 
mimic the properties of skeletal muscle in vivo [51]. Although C2C12 cells have 
been widely used to incorporate with bio-microdevices for many applications, it is 
important that the muscle cells and microdevices are consistently conjugated to pro-
duce reliable and reproducible results. The traditional methodology for Bio-MEMS 
fabrication is to manually seed cells on or into the microdevices [52]. However, the 
randomly deposited cells through this approach were uneven and further affected 
the cell proliferation and differentiation. Therefore, it is critical to incorporate a pre-
cise cell seeding technology to develop the Bio-MEMS constructs with consistent 
cell arrangement.

Bioprinting was able to print and align C2C12 cells onto the tiny cantilevers at 
a resolution at 300 dpi (85 μm). In order to control the cell proliferation and dif-
ferentiation with minimal variations, same amount of cells were printed to evenly 
cover each cantilever of the microdevices. The viability of printed C2C12 cells 
was 91.2 ± 2.6 % and the printed cells aligned closely with each other forming con-
fluent myotubes on almost all the cantilevers. Conjugated myotube and cantilever 
constructs responded synchronously to the electric pulses of 2 V with 40 ms dura-
tion up to 5 Hz (Fig. 3). This showed the bioprinted microdevices possessed equal 

a b

c d

Fig. 3  Printed myotube construct responds synchronously to the applied electronic field with 2 V 
and 40 ms duration for each pulse. a 1 Hz. b 2 Hz. c 5 Hz. d 10 Hz.

 



115Three-Dimensional Bioprinting in Regenerative Medicine

or even better physiological properties comparing to the conventionally fabricated 
constructs in term of the spontaneous responses to the stimulation with significantly 
less culture time. Moreover, the bioprinted myotubes can also be used for muscle 
exercise studies with electric stimulations at various frequencies, which demon-
strates the versatility of this work.

5  Cartilage Printing

Cartilage defects resulting from osteoarthritis, aging, and joint injury are a major 
cause of joint pain and chronic disability [53]. Mature cartilage cannot heal sponta-
neously because of its avascular, aneural, and alymphatic nature. The most common 
clinical treatments for cartilage repair include microfracture, osteochondral transfer, 
and autologous chondrocyte implantation. All these invasive and complicated treat-
ments are still not able to restore the long lasting healthy cartilage [54]. Although 
articular cartilage was predicted to be one of the first tissues to be successfully engi-
neered [55], the current cartilage tissue engineering strategies still cannot fabricate 
new tissue that is indistinguishable from native cartilage with respect to the zonal 
organization, extracellular matrix (ECM) composition, and mechanical properties 
[56]. In addition, most current cartilage repair strategies involve removing healthy 
cartilage tissue around the lesion site to create artificial defects for further treat-
ment [57]. This procedure in fact causes additional necrosis to the existing healthy 
cartilage and leads to ultimate cartilage degeneration and failure of implanted tissue 
[58].

Inkjet bioprinting is able to directly repair cartilage tissue with closely mimicked 
native cartilage anatomy to the lesion site without additional damage. The ideal 
implanted tissue is expected to integrate with existing native cartilage and to repair 
lesions of different sizes and thicknesses. The multifaceted nature of this challenge 
requires a technique adaptable to variable physical dimensions and properties for 
tissue repair; bioprinting technology, based on inkjet printing, provides the neces-
sary capabilities.

A standard thermal inkjet printer was modified to precisely deposit human articu-
lar chondrocytes and poly(ethylene) glycol dimethacrylate (PEGDMA; MW, 3400) 
layer-by-layer into a cartilage defect within an osteochondral plug for cartilage re-
pair (Fig. 4). For a representative defect of 4 mm diameter and cartilage thickness of 
2 mm, a nominal 0.23 µL of bioink estimated to contain 1140 human chondrocytes 
(5 × 106 cells/mL) was printed and photopolymerized for each layer to repair the 
cartilage defect in a layer-by-layer assembly. The thickness of each printed layer 
was about 18 μm. Total firing time of printhead was 1.1 s and the whole printing 
process completed less than 2 min. Compared to manual zonal cartilage fabrica-
tion which requires at least 11 min for UV exposure [59], bioprinting reduced UV 
exposure to the cells by 80 %. The viability of human chondrocytes printed with 
simultaneous photopolymerization increased 40 % than that when exposed to the 
same UV light source continuously for 10 min in manual fabrication [60].
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Printed cartilage implant attached firmly with existing tissue and greater proteo-
glycan deposition was also observed at the interface of implant and native cartilage. 
Printed cartilage in 3D biopaper had elevated glycosaminoglycan (GAG) content 
comparing to that without biopaper. This study indicates the importance and feasi-
bility of direct cartilage repair and bioprinting successfully controlled placement of 
individual cells, preserved cell viability, maintained chondrogenic phenotype, and 
demonstrated integration with host tissue.

6  Bone Printing

Although bone is well known for its self-healing capacities [61], the body cannot 
completely heal the bone defect without intervention when it is beyond the critical 
size [62, 63]. Large-scale bone loss resulting from tumor resections and high impact 
trauma is the major cause for bone repair and implantation in clinic. The availability 
and functionality of bone autografts and allografts are limited to restore the normal 
operations. The inert implants fail over time due to repetitive loading. Therefore, 
tissue engineered bone which can ideally be remodeled into new bone to restore, 
maintain or improve its functions is becoming increasingly attractive [64].

Thermal inkjet bioprinting has been developed as an enabling technology to si-
multaneously deposit cells, growth factors, and biomaterial scaffolds to the desired 
2D and 3D locations [10–14, 17–21]. The ejected ink drops through the nozzles are 
smaller than 0.03 mm in diameter, which guarantees excellent printing resolution 
[34, 35]. Many inkjet printed scaffolds were natural hydrogels for the enhanced 

Fig. 4  Schematic of bioprinting cartilage with simultaneous photopolymerization
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biocompatibility to the cells [12, 13, 65–67]. These scaffolds usually lacked me-
chanical strength due to the properties of material and crosslinking methods, limit-
ing their applications to soft tissues. Previous work also showed bone grafts created 
using natural hydrogels such as fibrin or alginate [68–71]. Although the cells prolif-
erated and differentiated well in these natural hydrogels, the compressive modulus 
of these scaffolds is less than 5 kPa even after 4 weeks in culture, which is not ideal 
for bone tissue engineering [69–71].

A 3D bioprinting platform with simultaneous photopolymerization using a syn-
thetic polymeric hydrogel was recently developed. The compressive modulus of the 
printed PEGDMA using layer-by-layer assembly exceeds 500 kPa, which is 100 
times more than the compressive modulus of the natural hydrogels [14, 21] and 
in the same order of magnitude as human musculoskeletal tissue [72]. In addition, 
PEG hydrogel has been demonstrated to maintain cell viability and promote ECM 
production [14, 21, 73, 74].

Bone marrow derived stem cells are capable to migrate to the skeletal sites, pro-
liferate and differentiate at the local injured area. Isolated human mesenchymal stem 
cells (hMSCs) can maintain their osteogenic potential during monolayer cell expan-
sion in vitro [75]. These cells are therefore commonly used to reconstruct skeletal 
tissues in orthopedic tissue engineering [76–78]. hMSCs isolated from bone mar-
row or adipose tissue can be induced for osteogenic differentiation and form bone 
tissue when stimulated by ceramic scaffold [79–81]. Bioactive glass (BG) and hy-
droxyapatite (HA) were also reported to promote bone tissue formation [70, 82].

In bone printing, the approaches mentioned above were integrated into a novel 
bioprinting setup, in which hMSCs and PEGDMA combined with BG or HA or 
both BG and HA nanoparticles were simultaneously printed to form the homoge-
neous bone constructs in a layer-by-layer approach. Biochemical analysis showed 
significantly higher total collagen production and alkaline phosphatase (ALP) ac-
tivity in hMSCs printed within PEG-HA scaffold. The higher collagen production 
in PEG-HA scaffold was also observed in histology studies (Fig. 5), which was 
consistent with the previous work by Patel et al. that HA presence increased cell 
ALP activity and promoted osteogenesis [83]. Collectively, HA in PEG hydrogel 
maintained hMSCs viability, promoted hMSCs osteogenic differentiation and bio-
synthetic function.

This work demonstrates the feasibility of fabricating a neobone tissue by deliver-
ing hMSCs and osteogenic factors such as HA and BG nanoparticles in strong PEG 
scaffold for bone tissue engineering. Using layer-by-layer assembly, the deposited 
hMSCs were fixed at their initially deposited positions using simultaneous photo-
polymerization with reduced phototoxicity. HA in scaffold significantly stimulated 
hMSCs osteogenic differentiation as well as osteogenic ECM production with mini-
mal cell toxicity. Combining with previous success in cartilage bioprinting [14], it is 
promising to construct osteochondral interface, which is one of the most important 
and difficult subjects in bone tissue engineering [84].
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7  The Future

Taken together, bioprinting based on thermal inkjet printing demonstrates great fea-
sibility of printing living systems and the flexibility of printing various subjects 
from soft to hard tissues with minimal side effects. In fact, the benign effects to 
the printed cells can be used for many other attractive applications, such as gene 
transfection and targeted drug delivery. The bioprinting system is versatile for 2D 
and 3D tissue application as well as avascular and vascular tissue construction. 
One promising clinical application is to develop a hand-held printer or printhead 
with digital control for direct tissue repair. By using 3D reconstructions of scanned 
lesions, bioprinting is able to precisely deliver cells, growth factors, and biomate-
rial scaffolds to repair the lesion with various shape and thickness. One promising 
direction is to combine the bioprinting approaches based on various mechanisms to 
meet the different challenges. Ultimately, the successful application in microvascu-
lature fabrication also revealed the bioprinting may be the only solution to engineer 
thick and complex tissues with fully functional vasculature and innervation.
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HA. Scale bars: 50 μm
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1  Clinical Need for Organs-on-Chips

1.1  History of Drug Discovery and Development

Medicine aims to alleviate the human suffering caused by disease. The approaches 
employed in this process have evolved over time. Ancient healers used herbal and 
folk remedies—established through uncontrolled experiments and unblinded obser-
vations of drug effects on the ill. Knowledge of these treatments were passed down 
through generations and shared between communities, likely facilitated by trade 
across borders. These therapies did not cost much to develop, but they came about 
slowly over millennia, put human lives at relatively high risk, and often worked no 
better than a placebo.

In stark contrast, modern medicines are a product of the scientific method. Hy-
potheses are thoughtfully generated in accordance with meticulous observations. 
These are then rigorously tested, data recorded in great detail, and the results are 
subjected to objective statistical analyses. This approach has served humanity well 
for a number of years. Active pharmaceutical ingredients (APIs) for a variety of 
indications have been identified and translated to the clinic. The vast majority of 
these owe their success to prior art, having been derived from the phytochemicals 
of traditional medicines, or to sheer serendipity.

The genomic era promised a new age of personalized, molecular medicines. 
Indeed, a few rationally designed compounds such as imatinib, which targets the 



124 D. D. Monie and S. K. Bhatia

bcr-abl fusion tyrosine kinase in chronic myelogenous leukemia (CML) [1], have 
lent credence to the concept. But the overall trends in the pharmaceutical industry 
suggest that these few compounds may be the exception rather than the rule. A 
research report by the InnoThink Center For Research In Biomedical Innovation 
and Thomson Reuters Fundamentals via FactSet Research Systems shows that the 
average drug approved by the United States Food and Drug Administration (FDA) 
between 1997 and 2011 cost over $ 4 billion [2]. Willmann et al. reviewed an earlier 
but similar data set—their results suggest that the mean time to bring a drug from 
the bench to the bedside is 14.2 years [3]. A closer look at the drug discovery and 
development process highlights the bottlenecks and inefficiencies of the current 
paradigm (Fig. 1).

For small molecules, the approach starts with a large compound library that is 
curated to maximize chemical diversity and adhere to Lipinski’s rule-of-five (RO5) 
for druglikeness, which “predicts that poor absorption or permeation is more like-
ly when there are more than 5H-bond donors, 10H-bond acceptors, the molecular 
weight is greater than 500 and the calculated Log P is greater than 5” [4]. These 
compounds or biomolecules are then subjected to high-throughput screening (HTS) 
assays that have been designed for a particular disease phenotype or disease-asso-
ciated molecular target.

Larger biomolecules, such as peptides and monoclonal antibodies (mAbs), are 
initially isolated from biological materials then modified to generate some diversity 
using genetic and protein engineering methods. These are also screened using labo-
ratory assays but often on a smaller scale. This is likely due to the cost and complex-
ity of creating new biomolecules combined with the high level of target specificity 
and control over design inherent in the technology.

Modern assays are trending toward molecular targets—likely because of the 
lower upfront cost and perceived increase in specificity—that have been identified 
and validated by the latest research. Molecular target assays can be either biochemi-

Fig. 1  This is a typical timeline for screening a compound library to produce a single marketed 
drug. Note that the time axis is not to scale. Figure is adapted from [3]
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cal or cell-based, the latter of which is often lower throughput but more informative. 
Phenotypic assays, however, are still prevalent, especially as a secondary screening 
tool. After all, it is the phenotype that must be altered in order to ameliorate the 
disease state.

After the primary and secondary screens, hits are rank ordered by their effec-
tiveness or inhibition concentrations (EC50 or IC50). These hits are often counter-
screened to establish cytotoxicity concentrations (CC50), revealing false-positives 
due assay artifacts and hinting at potential clinical toxicities. These data collectively 
inform the development of a structure-activity relationship (SAR) model, which is 
used by medicinal chemists to iteratively modify compounds in a rational manner. 
Standardized in vitro bioassays to predict absorption, distribution, metabolism, ex-
cretion, and toxicity (ADMET) are usually initiated at this point.

Lead-like chemical structures are nominated from these data and are further op-
timized through medicinal chemistry efforts. The resulting lead compounds—with 
novel, patentable compositions of matter—that meet specified activity and predict-
ed ADMET requirements are pushed into preclinical animal studies. The ability of 
the lead compounds to modulate animal models of disease, along with their in vivo 
pharmacokinetics (PK) and pharmacodynamics (PD) properties, allow for further 
whittling down of candidates. Currently, the FDA requires preclinical toxicity data 
from testing in two different animal models, including at least one nonrodent [5].

The leads with the best performance profiles in animal studies are nominated 
for clinical development and are awarded investigational new drug (IND) status by 
the FDA. Analysis by Hay et al. suggests that only about 15 % of these INDs will 
have their new drug applications (NDAs) or biologic license applications (BLAs) 
approved for commercialization [6]. The same study shows that over half of the 
failures are due to insufficient efficacy and a third are due to safety concerns.

Given that the majority of the costs for developing new drugs are incurred in 
the clinical stages—and that the large number of clinical failures account for the 
stratospheric cost per new drug—more predictive preclinical assays are needed. 
Identifying poorly efficacious or potentially toxic compounds earlier will speed up 
the drug development process while also minimizing costs due to clinical stage fail-
ures (Fig. 2) [7]. Perhaps most importantly, however, is that better assays will lessen 
the risks posed to trial volunteers and patients.

1.2  Tissue Culture Bioassays

The bioassays that inform critical decisions in today’s pharmaceutical industry are 
rooted in tissue culture. Ever since the first human cells were cultured in vitro—
a cervical cancer adenocarcinoma from Henrietta Lacks in 1951 [8]—researchers 
have been able to test compounds on human cells before introducing them in to 
living persons. This ushered in an era of optimism: in vitro human tissues could 
provide insight into the efficacy and toxicities of novel compounds. Furthermore, 
tissue culture is relatively inexpensive and more amenable to HTS than using ani-
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mals; it also serves as the basis for high-content screening (HCS). As a result, more 
compounds can be screened faster and cheaper, all while generating more data that 
can inform decision making.

Two broad types of cell-based screens are used for evaluating the suitability of 
a drug for a particular disease indication. Traditionally, phenotypic assays simply 
looked at whether or not a compound could alter the phenotype of a diseased cell 
in such a manner as to restore normal function. While phenotype restoration in the 
patient is the ultimate goal of a successful therapeutic, the cellular phenotype is 
not necessarily representative of the body phenotype. This type of assay may also 
inadvertently miss or even promote toxic off-target effects, while failing to take 
advantage of research on the molecular basis of disease.

The other major type of cellular assay is the molecular assay—usually a cell line 
genetically engineered with a reporter construct. For example, if the drug target is 
a transcription factor, a downstream promoter may be linked to a green fluorescent 
protein (GFP) gene. An effective compound could be defined by its ability to modu-
late GFP expression. Such an assay allows for screening of a compound’s effects on 
a single biomolecule or signaling pathway, often yielding highly specific interac-
tions. But this type of assay also abstracts more complex biological systems that 
play a role in disease and is further removed from the disease phenotype.

Fig. 2  a The width or the blue regions represent the costs associated with each phase of the current 
paradigm of drug development. b Failing early increases the efforts and cost of preclinical studies 
but lowers the overall cost of the process while increasing the rate of new drug approvals. Figure 
is adapted from [7]
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Beyond these activity assays, a number of standardized assays have been devel-
oped to predict ADMET. A classic example is the Caco-2 transwell assay, which is 
used to predict intestinal absorption of orally delivered drugs [9]. This is a tissue 
culture system that attempts to approximate the human gut. It consists of two liquid 
chambers—apical and basolateral—separated by a permeable membrane. Caco-2 
human colorectal adenocarcinoma cells are cultured on the membrane where they 
form a monolayer and polarize. A known concentration of compound is added to the 
apical chamber, which represents the small intestine lumen. The system is incubated 
for several hours until equilibrium is reached. Compound concentrations are then 
determined both in the apical chamber and in the basolateral chamber, which repre-
sents the interstitial fluid between the basement membrane and the capillaries. The 
vectorial transport ratio is calculated using these concentrations:

If this ratio is significantly greater than 1, the intestinal absorption is predicted to be 
low. If it is significantly less than 1, the intestinal absorption is predicted to be high.

But the optimism generated by tissue culture assays has proved premature—
these tissue cultures are poor at predicting drug effects on normal and diseased 
human physiologies. Even the relatively complicated Caco-2 system is unable to 
actively transport compounds like an actual small intestine [10, 11]. Three-dimen-
sional (3D) culture systems have been developed to better mimic the human condi-
tion, but 3D cultures to date have not fared much better than their two-dimensional 
(2D) counterparts [12]. This is likely due to a number of reasons, the most salient of 
which are: (1) cancerous or immortalized cells are fundamentally different than nor-
mal cells; (2) monolayers or monocultures of cells do not have the same shape and 
interactions with their milieu as in situ; (3) dynamic motions and mechanical forces 
experienced in vivo are not recapitulated in vitro; and (4) tissue cultures in isolation 
are not subjected to endocrine hormones and other signals from distant cells.

1.3  Animal Models

Animal models address these issues: (1) they are comprised of normal cells; (2) the 
cells are assembled into 3D tissues and organs; (3) these tissues and organs experi-
ence physiologic dynamic motions and mechanical forces; and (4) these tissues and 
organs also interact with distant tissues through lymphatic and circulatory systems. 
But, again, animals clearly have drawbacks as evidenced by the current state of drug 
development. In additional to issues of throughput, cost, study time, and the ethics 
of animal testing, animal models just are not representative of human biology.

The National Human Genome Research Institute notes that “on average, the 
protein-coding regions of the mouse and human genomes are 85 % identical; some 
genes are 99 % identical while others are only 60 % identical” [13]. These statistics 
do not include the majority of the genome, which do not encode proteins but are 
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thought to play critical roles in gene regulation and genome stability [14]. So while 
it may be reasonable to believe that a 99 % homologous, isolated mouse protein 
interacts with a particular compound just like the human homolog does, it is high-
ly unlikely that entire signaling pathways or other biological systems will behave 
similarly. At the genotype and phenotype levels, there is simply no substitution for 
the human body.

1.4  Advent of Organs-on-Chips

The design criteria for engineering the missing preclinical link are clear: (1) a so-
lution must be comprised of normal human cells; (2) cells of different types must 
be co-cultured in a 3D geometry that recapitulates the in vivo milieu; (3) these 
cultures must experience physiological dynamic motions, fluid flows, spatiotempo-
ral gradients, and mechanical forces; and (4) engineered tissues and organs should 
be connected together in a manner that simulates human biology. Organs-on-chips 
are microphysiological systems (MPS) that aim to meet these goals. By leveraging 
microfabrication techniques to position cells in three dimensions, exert mechanical 
forces, and circulate fluids, scale models of human organ systems can provide criti-
cal insight into pharmaceutical actions.

The development of organs-on-chips from conventional cell culture was a grad-
ual process. Huh, Hamilton, and Ingber detail this evolution in [15]. They point out 
that while gel-based 3D cell cultures offered more representative morphologies, 
these “fail to reconstitute features of living organs that are crucial for their func-
tion, including tissue–tissue interfaces, spatiotemporal gradients of chemicals and 
oxygen, and the mechanically active microenvironment” integral to the living body. 
Observations that 2D cultures of rat liver [16], capillary [17], and smooth muscle 
[18] cells behave more like their in vivo counterparts when restricted in growth pro-
vided the impetus for applying microfluidic technologies to cell cultures.

One of the first successful designs of an organ-on-a-chip is an artificial liver 
sinusoid, the construction of which was published in 2007 [19]. This device intro-
duces physiologic fluid flows, cell-cell interactions, and dynamic nutrient gradients 
to a 3D culture of hepatocytes. As a result, it is able to accurately predict the long-
term hepatotoxicity of the anti-inflammatory compound diclofenac. The authors 
of this study also point out the feasibility for multiplexing these chips to increase 
throughput.

This design has been followed by several other MPS, such as bone marrow-on-
a-chip [20] and kidney-on-a-chip [21]. An advance made by some new generation 
devices, namely a breathing lung-on-a-chip [22], peristaltic gut-on-a-chip [23], and 
beating heart-on-a-chip [24], is that they exert mechanical forces and permit mo-
tion to replicate dynamic human physiology. This has facilitates formation of cell 
morphologies consistent with that seen in human tissue histology. In the case of the 
gut-on-a-chip, intestinal microbiota also play a role in the development and function 
of the MPS.
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The next step is to take these chips and link them together in a microfluidic 
circuit. Huh, Hamilton, and Ingber call this concept the human-on-a-chip, which is 
shown in Fig. 3 [15]. An oral drug could be administered to a gut-on-a-chip, which 
absorbs the compound and sends it to a liver-on-a-chip for metabolism. The me-
tabolites are then distributed to the other organs-on-chips, which are monitored for 
target and off-target effects. Alternatively, an aerosol drug could be administered to 
a lung-on-a-chip, where it is absorbed and directly enters the systemic circulation. 
A kidney-on-a-chip could be used to predict urinary excretion. To make the human-
on-a-chip even more realistic, the bone marrow-on-a-chip can be used to produce 
the blood that is circulated through the entire system.

It is important to recognize that each organ-on-a-chip does not aim to recapitu-
late the entire organ, just its functional subunits. For example, the lung-on-a-chip 
is actually just a replica of the parenchymal alveolar-capillary interface; it abstracts 
away the supporting stromal tissues. This is because the supporting structures theo-
retically add complexity and bulk without improving the predictive power of the 
device. In addition, entire organs probably cannot be miniaturized significantly 
without violating the square-cube law [25] and thus altering the biomechanics of 
the model system.

Bioprinting of Dynamic Human Organs-on-Chips

Fig. 3  A proposed design for a human-on-a-chip, which is comprised of several different organs-
on-chips linked together in a microfluidic circuit. In this example, an oral drug ( blue dots) is 
administered to a gut-on-a-chip, which absorbs the compound and sends it to a liver-on-a-chip for 
metabolism. The metabolites are then distributed to the other organs-on-chips, which are moni-
tored for target and off-target effects. Alternatively, an aerosol drug ( red dots) is administered to a 
lung-on-a-chip, where it is absorbed and enters systemic circulation. In such a system, the kidney-
on-a-chip could be used to predict urinary excretion. To make the human-on-a-chip even more 
realistic, the bone marrow-on-a-chip can be used to produce the blood that is circulated through 
the entire system. Figure is adapted from [15]
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Similarly, the human-on-a-chip concept likely does not need to include every 
organ in order to offer insights that accelerate drug development. The target organ 
plus a sample of potential off-target tissues, along with the sites of absorption, me-
tabolism, and excretion should suffice. If such a system can be constructed with 
each component accurately mimicking its in vivo counterpart, the result may be 
a highly predictive tool that can lower costs, increase throughput, and eliminate 
animal models from the preclinical process all while decreasing the probability of 
clinical trial failures.

1.5  Current Challenges

The organs-on-chips found in the literature are all constructed using similar ma-
terials and microfabrication techniques. These build methods are often borrowed 
from the more mature fields of lab-on-a-chip (LOC) microfluidics and biological 
microelectromechanical systems (BioMEMS), most commonly involving the soft 
lithography of poly(dimethylsiloxane) (PDMS) elastomer. This biomaterial has 
physical properties that make it useful constructing organs-on-chips. It is optically 
transparent, enabling visual observation, and acts as an electrical insulator [26], al-
lowing currents to naturally pass through cells. The elastic modulus is quite tunable, 
which is essential for emulating the movement—either through pneumatic actua-
tion or passive compliance—of diverse tissues ranging from nerve and muscle [27] 
to vasculature [28]. The surface chemistry of PDMS can be functionalized to adjust 
hydrophobicity with oxygen plasma treatment [29] and cell adhesion with extracel-
lular matrix (ECM) coating [30]. Micropatterning of surface treatments allows for 
sophisticated fluidic and cellular control [31–33].

Despite the major advantages that the current generation of organs-on-chips 
offers over conventional drug development tools, several technical hurdles and 
bottlenecks remain that hinder their path to widespread adoption and regulatory 
acceptance. The largest problem with PDMS-based microfluidics is bubble forma-
tion [34], which obstructs fluid flows, damages the cellular microenvironment, and 
causes unpredictable behavior of the device [35]. Other major challenges include 
the small molecule absorption and permeability of PDMS [34], and the time and 
cost of creating modified designs for research and personalized medicine.

The flexibility of modern 3D bioprinting technologies facilitates solutions to 
some of these issues. Replica molding of PDMS using 3D printed molds speeds 
up the engineering design-build-test cycles by permitting rapid prototyping [36]. 
This in turn lowers the time needed for troubleshooting organ-on-a-chip designs 
and experimenting with novel biomaterials. Future bioprinting techniques may also 
speed up basic biomedical research by allowing scientists to replace their traditional 
cell cultures with on-demand MPSs fine-tuned to their projects. Finally, a bioprint-
ing approach to fabrication makes it feasible to tailor organs-on-chips to individual 
patients at the point of care. This opens the door to the next generation of clinical 
diagnostics required for personalized medicine.
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2  Bioprinting Design and Fabrication

2.1  Design

Like any fabrication technique, bioprinting methodologies offer both advantages 
and constraints that must be taken into consideration when designing organs-on-
chips. A major advantage is that nearly any shape that can be rendered in 3D on a 
computer screen and sliced into layers can be printed. Some more complex designs, 
however, may require significant post-processing of the print. This may involve 
manual removal of supporting struts or assembly of multiple, discretely printed 
components. Another design consideration is the intended production scale of the 
final product. Large scale printing many not be feasible so alternative fabrication 
methods, such as tradition injection molding, could be required [37]. In such a case, 
the limitations of those methods will also play a role in design decisions.

Minor alterations in a design may result in drastic changes to the post-process-
ing requirements. The need for additional components to be printed and assembled 
could limit what modifications can be made when tailoring organs-on-chips to indi-
vidual patients at the point of care. An example of this may be modifying the design 
of the lung-on-a-chip to emulate the hemodynamics of a patient with pulmonary 
arterial hypertension (PAH). In addition to elevated blood pressures, there is turbu-
lent flow resulting from plexiform lesions [38]. These intimal obstructions invade 
the arterial lumen, typically at branch points. Depending on the diagnostic or thera-
peutic goals, part or all of such a lesion must be introduced into the design, likely 
requiring extra bioprinted components.

Given the intent to use these organs-on-chips in preclinical development—in 
addition to or in lieu of animal models—as well as in the clinic, regulatory bodies 
may impose their own design constraints on the devices. Part 58 of the Code of 
Federal Regulations (CFR) Title 21 explains the Good Laboratory Practice for Non-
clinical Laboratory Studies (GLP) requirements [39]. Any equipment using in the 
fabrication, including 3D bioprinters, must be designed, maintained, and calibrated 
in compliance with subpart D. The characterization and handling of the bioprinted 
organs-on-chips will then be subject to subpart F. The language is sufficiently vague 
that there are likely no insurmountable hurdles; however, the inherent variability 
that comes with custom bioprinting tissues needs to be addressed in a manner that 
facilitates drug development and personalized medicine without compromising data 
integrity and patient safety.

Design ultimately hinges on the fabrication methods utilized and, especially in 
the case of bioprinting, the choice of biomaterials. The availability of suitable, well-
characterized biomaterials is perhaps the single largest challenge with the bioprint-
ing of organs-on chips. To date, not many flexible biocompatible materials that are 
amenable to direct 3D printing have been identified. Those available commercially, 
such as the Stratasys PolyJet MED610 photopolymer [40], have been primarily 
developed for external, biologically non-interacting applications. The proprietary 
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natures of these biomaterials retard the emergence of surface functionalization and 
elastic modulus tuning requisite for organs-on-chips. Therefore most current de-
signs, like the lung-on-a-chip and gut-on-a-chip, rely on molding [35]. While this 
can be done with indirect printing, it is labor intensive and consumes more resourc-
es than a direct bioprinting approach.

2.2  Fabrication

State of the art organs-on-chips use photolithography to print negative molds, using 
SU-8 photoresist for example, and then form the flexible cellular substrate out of 
PDMS or similar elastomers [35]. These photopolymers are prime candidates for 
stereolithography (SLA) 3D printing. Rather than spin coating a silicon wafer and 
using a photomask to cure the SU-8, a process requiring seventeen individual steps 
in the lung-on-a-chip and the gut-on-a-chip [35], SLA 3D printing can automate the 
entire process. Using the Formlabs Form 1 + SLA 3D printer as an example [41], the 
negative mold is designed with computer-aided design (CAD) software to gener-
ate a stereolithography format (STL) file. This STL file is then sliced to generate 
G-code, which provides instructions for the Form 1 + . The printer cures the photo-
polymer in the desired 3D configuration, which is then used as the negative mold. 
A critical technical hurdle in this scenario is the layer thickness: the Form 1 + has 
a lower limit of 25 µm [41] but some organ-on-a-chip structures need to be as thin 
as 2 µm [42]. Significant increases in print resolutions are required to make this a 
viable approach for all components.

While this approach can automate the design-to-mold process for thicker struc-
tures, there are still many steps remaining to produce a functioning organ-on-a-chip. 
The next advance will be to directly print elastomer structures that serve as the 
microfluidic channels, pneumatic actuators, and cell substrates. A shift away from 
PDMS may be necessary here because there is no current printing technology for 
this biomaterial. Even if it could be printed, there may be compromises on its elastic 
modulus or surface properties. There are new classes of biocompatible elastomers 
on the horizon, however, many of which could offer desirable physical properties. 
Some may be more tunable, have lower permeability to small molecules, or even 
allow for embedded electronics [43], which could serve as strain sensors or provide 
signals to nerve and muscle cells.

Once the structure is fabricated, either using 3D printing or more conventional 
methods, the next step is functionalization of the surface. This allows for adjustment 
of hydrophobicity, cell adhesion, chemical gradients, and perhaps even permeabil-
ity of the biomaterial. Typically oxygen plasma is used to increase wetting of PDMS 
and silanization can restore hydrophobicity. Rajendra et al. demonstrate that low-
cost inkjet printers can handle this task for paper-based microfluidic devices [44]. 
Similar thin layer printing could be used to modify the surfaces of elastomers in 
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organs-on-chips. Deposition of ECM proteins can guide cell adhesion, while print-
ing soluble morphogens can control differentiation and migration. If an elastomer 
structure has undesirable permeability characteristics, printing a sealant or permea-
bilizing agent could improve device function.

These speculative fabrication techniques only aim to leverage bioprinting meth-
ods to manufacture current organs-on-chips designs. Ultimately, in order to truly 
mimic the human body, degradable scaffold materials must be used so that the entire 
functional subunit of the device is fully biological. There are no published MPSs 
that eliminate permanent biomaterial substrates, but there has been significant prog-
ress in the 3D printing of biodegradable polymer scaffolds for tissue engineering 
applications. Sucrose lattices have been printed with a modified RepRap Mendel, 
which are then dissolved away to yield channels that can act as perfusable vascular 
networks within an ECM block for delivering nutrients to layered cells (Fig. 4) 
or can serve other microfluidic functions [45]. Printed molding of rigid scaffold 
materials, such as poly(D, L-lactic-co-glycolic acid) (PLGA), has been effective 
at replicating intestinal villi microstructures [46]. But it has not been demonstrated 
that these engineered tissues have the same mechanical properties and biological 
functions as their in vivo counterparts—the ability to withstand peristalsis and ab-
sorb drugs in this case.

Perhaps the most promising fabrication approach is to use bioprinted hydrogels. 
These biomaterials are well-characterized for their ability to serve as a temporary 
scaffold for cells. The hydrogels then degrade as the cells proliferate and produce 
their own sustainable ECM. Hydrogels are amenable to extrusion-based robocast-
ing, which are 3D printing techniques that use syringes to deposit the biomate-
rial in layers. This approach has been used to create functional aortic valves [47], 
liver lobules [48], and reinforced cartilage [49] tissues with accurate mechanics and 
anatomy.

Bioprinting of Dynamic Human Organs-on-Chips

Fig. 4  Strategy for printing a 
perfusable vascular network 
within a block of ECM. This 
enables the construction of 
devices comprised of many 
cell layers. Figure is adapted 
from [45]
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3  Regulatory Pathway and Future Directions

3.1  Regulatory Pathway

Organs-on-chips hold much promise for accelerating drug development by improv-
ing preclinical data quality and reducing study times and costs. In order to realize 
this promise, however, regulatory bodies must accept the data they generate. In 
the United States, the FDA is the gatekeeper to new pharmaceuticals, a role they 
execute in accordance with 21 CFR [39]. Given the myriad assays historically em-
ployed in IND-enabling preclinical studies, the FDA has quite a bit of discretion in 
what data to accept. The biggest hurdle here will be to take animal models out of 
the equation. The requirement for data from at least two models, including one non-
rodent, is codified and can only be overcome with a revision of the CFR.

In order to convince the FDA and lawmakers of the utility of organs-on-chips, it 
may be best to use the devices to studying exiting compounds. By looking at both 
marketed pharmaceuticals and compounds that failed clinically, the predictive value 
of the devices can be established. Such studies should be done in accordance with 
GLP, which means that their fabrication will be subject to intense scrutiny. Stan-
dardization of bioprinting for this application will therefore be essential.

The future of personalized medicine will be enabled, in part, by MPSs like 
organs-on-chips. An increase in the overall rate of drug approvals coupled with 
lower development costs will give physicians much more discretion in prescribing 
treatments. Their decisions will rely on MPS-based diagnostics, assuming that the 
FDA consents. While there is much leeway in the law, there may not be enough 
to flexibility to accommodate the variability in organs-on-chips without additional 
legislation. This is similar to the challenges facing tissue engineering for regenera-
tive medical applications [50]. By coupling the organ-on-a-chip diagnostic with the 
pharmaceutical development process, much like how imatinib was coupled with a 
genetic test for bcr-abl [1], researchers may be able to generate data that will usher 
in a change in the regulatory environment.

3.2  Future Directions and Concluding Thoughts

For all the promise of organ-on-chips, they are still in their infancy. The need for 
these chips to represent all of the major body tissues is clear: this is the only way 
to produce an accurate biomimetic human-on-a-chip. These integrated systems will 
have to be as diverse as humanity itself in order to predict pharmaceutical actions in 
various cohorts and offer insight into individual cases.

Bioprinting fabrication has the potential to advance this field by enabling new 
designs and customizations. This will rely heavily on the development of suitable 
biomaterials as well as the engineering of higher resolution 3D print technologies. 
The future of organs-on-chips appears most promising when the devices recapitu-



135

late the biology of parenchymal tissues fully. This means a move toward degradable 
and even self-assembling hydrogel scaffolds [51, 52].

When integrated systems are seeded with genetically diverse stem cells that are 
allowed to migrate and differentiate, the fabrication of such humans-on-chips may 
look much like the embryonic development of actual human bodies, just on a small-
er scale. There inevitably will be ethical challenges that arise from such a scenario, 
but this can and must be balanced with the predictive value of these devices so that 
human suffering from disease can be alleviated.
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