
Solid Organ Bioprinting: Strategies to Achieve Organ Function

Adam M Jorgensen1, James J Yoo1, Anthony Atala1,*

1Wake Forest Institute for Regenerative Medicine, Wake Forest School of Medicine, Winston­
Salem, North Carolina, USA.

Abstract

The field of tissue engineering has advanced over the last decade, but the largest impact on human 

health should be achieved with the transition of engineered solid organs to the clinic. The number 

of patients suffering from solid organ disease continues to increase, with over 100,000 patients 

on the US national waitlist and approximately 730,000 deaths in the United States resulting 

from end-stage organ disease annually. While flat, tubular, and hollow non-tubular engineered 

organs have already been implanted in patients, in vitro formation of a fully functional solid 

organ at a translatable scale has not yet been achieved. Thus, one major goal is to bioengineer 

complex, solid organs for transplantation, composed of patient-specific cells. Among the myriad 

of approaches attempted to engineer solid organs, 3D bioprinting offers unmatched potential. 

This review highlights the structural complexity which must be engineered at nano-, micro-, and 

mesostructural scales to enable organ function. We showcase key advances in bioprinting solid 

organs with complex vascular networks and functioning microstructures, advances in biomaterials 

science that have enabled this progress, the regulatory hurdles the field has yet to overcome, and 

cutting edge technologies that bring us closer to the promise of engineered solid organs.
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1. Introduction

The field of tissue engineering is maturing toward creating opportunities that provide 

complex tissues and organs to impact human health more significantly. The total patients 

suffering from end-stage solid organ disease continues to increase, with a patient being 

added to the national transplant waiting list every ten minutes. Whole-organ transplantation 

remains the gold standard for treatment of end-stage organ disease. However, only select 

patients receive functional organ transplants, and it is exceptionally difficult to obtain 

a histocompatibility, requiring permanent use of immunosuppressive agents. Despite the 

herculean efforts of UNOS and transplant centers across the country to provide over 30,000 

organ transplants per year, over 100,000 patients on average with end-stage organ disease 

remain on the national waitlist year-over-year1–3. Furthermore, end-stage organ disease is 

responsible for approximately 730,000 US deaths annually4.

To address these, and other unmet clinical needs, regenerative medicine has made major 

strides over the last decade with 1,028 clinical trials underway by the end of 2018, 

and 41 specific to tissue engineering5.These efforts have led to a significant need to 

improve reproducibility, increase the specificity of cell placement, improve manufacturing 

techniques, and engineer more extensive, human-like tissue6. Engineered flat, tubular, and 

hollow organs have already been successfully implanted in patients, but in vitro formation 

of solid organs has not yet been achieved. Thus, a major goal of regenerative medicine is to 

bioengineer complex, solid organs for transplantation composed patient-specific cells7.
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Among the myriad of techniques attempted to engineer solid organs, 3D bioprinting 

today offers the best potential. Bioprinting is a powerful resource in tissue engineering 

and has a role to play in advancing the fabrication of solid, viable organs. 3D printing 

utilizes computer-controlled systems to deposit biomaterials (with or without cells) into 

precise geometries to create anatomically correct structures8. These devices can print cell 

aggregates, cells encapsulated in hydrogels, supported by cell-free polymer structures9. 

Bioprinting builds upon the reproducibility seen in mold casting techniques by improving 

the ability to layer and interweave constructs with improved control of the placement 

and specificity of bioink and cell distribution10. Cells used in constructs may be isolated 

and expanded from patient-specific biopsies, allowing for autologous implants11. 3D 

reconstruction images from MRI may also allow for patient-specific implants.

Even with significant advances in bioprinting machinery, engineers aspiring to fabricate 

solid organs face challenges. The cell and structural diversity within solid organs, coupled 

with a constant demand for nutrients and oxygen from perfusable vasculature, adds layers 

of complexity to organ engineering12. In this review, we address the challenges presented by 

whole organ bioprinting and opportunities for growth within the field. First, we will present 

an overview of organ anatomy by structural resolution: Macrostructure, Mesostructure, 

Microstructure, and Nanostructure. Next, we will review how tissue engineers seek 

to overcome the challenge of organ microstructure engineering by addressing: 1) 

Mesostructure: vascularity is crucial to organ integration, 2) Microstructure: advances 

in engineering organ-specific structures to enable organ function, and 3) Nanostructure: 

biomaterials promote cellular self-assembly and provide structural support. The review will 

conclude with a description of the most recent advances for rapid microstructural printing, 

detailed printing, post-printing organ maturation and assessment, manufacturing scale-up, 

and regulatory considerations.

2. Organ structure and classification

2.1 Organ anatomy by structural resolution

The great challenge in solid organ printing is the complexity of structural elements, ranging 

from macrostructural shape to nanostructural detail (See Figure 1). As an example, the 

kidney, macrostructurally (resolution >1cm), is a bean-shaped organ with three major tubular 

structures connecting to the body’s vascular supply and renal network; the renal artery, 

the renal vein, and the ureter. Once dissected further, mesostructured elements (1mm-1cm) 

help transport key products to and from the functional kidney units: the renal pelvis as 

the collecting place for urea deposited by minor and major calyxes produced within renal 

pyramids of the renal medulla, with a clear separation from the renal cortex; interlobular 

and arcuate blood vessels stemming from and depositing into the renal artery and vein 

supply nutrients. On the microstructural level (1μm-1mm) are a network of complex 

structures which make up the nephron, composed of the proximal and distal convoluted 

tubules, the loop of Henle, and the collecting duct, the known functional unit of the 

kidney; and a complex capillary network composed of the glomerulus, afferent, and efferent 

arterioles13, 14. Their unique cellular composition can further categorize each of these 
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microstructural units. Finally, the kidney nanostructure (1nm -1μm), can be characterized, 

with its unique extracellular matrix (ECM) components, diffusion channels, and enzymes.

In embryonic development, the body takes a nano to a macro approach to organ formation16. 

From a single fertilized egg, the entire human body develops. Cells differentiate and use 

their inherent machinery to form the nanostructural organ scaffold. Capillary networks 

develop with angiogenesis providing essential nutrients and growth factors. Eventually, 

meso- and macrostructural anatomy can be recognized as the organ prepares to perform 

its intended function. Thus, human development takes a Nano to Macro approach to organ 

development.

Biomaterials that closely mimic organ nanostructure can be employed to replicate the Nano- 

to Macro- approach for human organ development17. Providing essential ques can help 

guide cellular assembly into the functional microstructural elements of human organs. 

However, proper biomaterial placement is necessary to direct cellular self-assembly18. 

Current bioprinting capabilities rely on the mechanical placement of cells that can produce 

low-resolution structures (>1cm) down to very high-resolution 20μm (LIFT)19. However, 

even the highest resolution printing methods are limited in replication of the microstructural 

anatomy with high fidelity. Bioprinters can replicate Macro- and Meso-structural resolution 

by utilizing the CAD/CAM coding from CT/MRI images to recreate normal anatomy. In 

essence, bioprinting takes a Macro to Micro approach to organ development. To fully realize 

the potential for whole organ bioprinting, a Macro to Micro (bioprinting) and a Nano to 

Meso (biomaterials/cell self-assembly) approach must work in harmony.

2.2 Macrostructural organ classification

There are four general levels of tissues and organ macrostructural complexity; flat tissue, 

such as the skin; tubular structures, such as blood vessels; hollow structures, such as the 

bladder; and solid organs, such as the kidney (See Figure 2). Tissue engineering complexity 

generally increases along this continuum as increased metabolic functions and structural 

requirements are needed for targeted for repair of the tissue or organ20.

First, flat tissues are composed of cell sheets stacked in multiple layers. Skin is one example 

of flat tissue. Skin is the largest organ in the body, and provides an essential barrier to 

provide protection, both physically and immunologically from the outside world. Due to the 

relative structural simplicity of skin, it was one of the first tissue engineering targets using 

autologous cells from patients21, demonstrating the feasibility for human cell isolation, 

culture, and re-implantation. Furthermore, flat structures are relatively thin, allowing for 

nutrient diffusion without complete vascularization. Nearly all the structural elements of the 

skin are reproducible through bioprinting, however further work must be done to replicate 

the delicate microstructures such as hair follicles and glands22.

Second, tubular organs are composed of cell sheets formed into circular, bilayer tissues. 

Blood vessels are a natural example of tubular structures, with endothelial cells forming an 

inner layer and functional barrier; and smooth muscle and connective tissue form an outer 

layer to provide support23. Similar to flat tissues, the relatively thin wall thickness of tubular 

tissue enables nutrient diffusion and oxygen exchange. Thus, large diameter blood vessels 
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are relatively easy to manufacture, while microstructural arterioles, capillaries, and venules 

remain a challenge.

Third, hollow organs consist of epithelial cells forming the inner layer of surrounded by 

smooth muscle forming an outer layer of with or without connective tissue. The bladder 

is a clear example of a hollow organ. Compared with the flat and tubular structures, the 

bladder has higher metabolic requirements, functional parameters, and complex interactions 

with other organs. Even with an organ of this complexity, tissue engineers have regenerated 

bladder tissue using autologously derived urothelial and smooth muscle cells24. These and 

other studies have demonstrated that the macro- and meso-structural elements of hollow 

organs can be replicated. However, recreating organ microstructure, including glands and 

vascularity, remains a challenge.

Finally, solid organs such as the kidney, liver, heart, and pancreas are the most complex. 

The goal of fabricating solid organs presents major hurdles due to the developmental process 

and tissue complexity of these organs. Whole organs require mature vascular networks 

with extensive branching for cells to remain viable. Whole organs also require precise 

organization of multiple cell types. To this end, present endeavors focus on developing 

biomaterial-based approaches and the use of 3D printing methods25, 26.

2.3. Critical opportunities for development: mesostructure, microstructure, 
nanostructure

As bioprinting technology has enabled macrostructural (>1cm) and mesostructural 

(1mm-1cm) mimicry with high fidelity, there are vital areas for further development. 

Tunable biomaterials that closely replicate the nanostructure ECM of native organs are 

required to replicate organ nanostructure and provide mechanical stability for maturing 

organs. Improvements in vascular network bioprinting will be crucial for the integration 

and delivery of oxygen and nutrients27. Finally, organ-specific microstructures essential for 

organ function must form by directing the inherent ability of cells to self-assemble with 

guidance from growth factors and biophysical cues.

3. Biomaterials promote cellular self-assembly and provide structural 

support

Biomaterials are crucial to achieving the ultimate goal of whole organ bioprinting (see table 

1). Tunable biomaterials aim to replicate extracellular matrix properties and are designed to 

promote cell attachment, proliferation, and self-assembly into microstructures.

3.1. Naturally derived materials

There is an abundance of natural polymers available for use in biofabrication (see figure 

3). These polymers may be utilized independently with their natural structure or may be 

chemically modified to achieve further tunable hydrogel characteristics. Furthermore, these 

materials can be combined to utilize the favorable elements inherent in each.
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Alginate is a natural polymer from brown algae that has been used extensively for 

biomedical applications57. Alginate structures can gel through multiple crosslinking 

mechanisms, including ionic crosslinking, covalent crosslinking, and thermal gelation, with 

the most common activator being divalent cations such as Ca2+. A 7.5% alginate bioink 

was used to engineer cardiac tissue from human cardiac progenitor cells35. By using an 

extrusion-based bioprinting approach, they were able to distribute the cells throughout the 

construct homogeneously and saw increased expression of cardiac transcription factors 

(NKx2.5, Gata-4, and Mef-2c) and Troponin T after 3D culture. It is also common for 

alginate to be coupled with RGD to improve its mechanical properties. This form of 

alginate has been used to fabricate hypertrophic cartilage58. The RGD-Alginate printed 

with polycaprolactone fibers produced a 350-fold increase in the compressive modulus 

of the construct. When placed in vivo, the reinforced cartilaginous template allowed for 

vascularized bone containing trabecular-like endochondral bone to form. Another way to 

improve alginate hydrogel properties is to add other natural and synthetic polymers to 

form specialized composite hydrogels. Investigators used a composite gel of glycosylated 

alginate, collagen, and PVLA to develop liver microstructures. PVLA contains galactose 

chains that are known to increase ASGPR expression by hepatocytes, which in turn 

improves adhesion cell adhesion. However, since PVLA is a hydrophobic polymer, it could 

not be directly used with hydrophilic alginate hydrogel. Thus, galactosylate alginate was 

synthesized to control cell polarity and promote hepatocyte adhesion59.

Collagen is the most common protein in the human body, and collagen-based biomaterials 

have been extensively studied and applied over the past decade60. It is biodegradable, 

biocompatible, and readily available. It makes up approximately 25% of the total dry 

weight of humans. Fibroblasts produce the majority of collagen in connective tissue 

with 29 different currently known forms. Type I collagen is the common form uses in 

tissue engineering and represents 90% of the total collagen content in the human body61. 

Collagen is commonly isolated in two primary forms. First, decellularized organs retain 

the collagen matrix with the original tissue shape, which may be used for direct cell 

seeding62. Alternatively, collagen can be extracted, purified, and polymerized to form 

functional scaffolds. The crosslinking mechanism for collagen relies on amine and carboxyl 

group modification of collagen molecules to allow for covalent bonds. This can be done 

through physical crosslinking (UV or thermal), or Chemical (aldehydes, carbodiimide, 

isocyanate) and enzymatic (transglutaminases) reactions. A collagen hydrogel was used to 

encapsulate bladder smooth muscle cells (SMC) for bioprinting41. The investigators found 

that encapsulated SMCs proliferated within the fabricated collagen building blocks, which 

were then assembled to create a SMC patch. The patch formed a 3D tissue-like construct 

over 50 day of culture, and was found to be histologically similar to native rat bladder. 

Another group formed a composite hydrogel of type I collagen, sodium hydroxide, and 

sodium bicarbonate, which they used to fabricate a functional vascularized thyroid gland40. 

First, thyroid, allantoic spheroids were generated, which were then encapsulated in collagen 

hydrogel and deposited in close association by a 3D bioprinter. During culture, spheroids 

placed near each other fused into a single structure, and endothelial cells from the allantoic 

spheroid vascularized the thyroid spheroid, while thyroid spheroid epithelial cells formed 

follicles. A capillary network formed around the follicular cells, similar to what is seen 
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during in utero thyroid development. The cultured bioprinter construct was functional in 
vivo after being grafted under the kidney capsule of hypothyroid mice, and were able to 

normalize body temperature and blood thyroxine levels.

Fibrinogen is a natural monomer that reacts with thrombin to form the biopolymer fibrin63. 

Fibrin is a crucial protein element of the blood coagulation cascade. In this form, fibrinogen 

is converted to fibrin by a thrombin mediated cleavage of fibrinopeptide-a, which causes 

a conformational change and exposure of polymerization sites. Fibrin monomers then 

self-associate to form insoluble fibrin. Further covalent bonding produces a stable fibrin 

network that is resistant to protease degradation. However, a commonly cited weakness of 

fibrin hydrogels is its relatively weak rheological properties64. Even so, fibrinogen has 

been used extensively for engineering adipose, cartilage, bone, cardiac, liver, nervous, 

ocular, and skin tissue engineering. Song and Millman created a microporous device of 

for β cell transplantation with polylactic acid to house stem cell-derived β cell clusters 

with a degradable fibrin gel46, 65. In order to load and secure SC-β cell clusters within 

the 3D-printed devices, SC-β cell clusters were suspended in a fibrinogen solution and 

inserted into the device. Thrombin solution was immediately added into the cellular 

suspension, which crosslinked rapidly. The devices with cell suspension were then implanted 

into immunocompromised mice. Following glucose injection, they found a significant 

increase in human insulin, indicating that the transplanted grafts were functional and 

glucose-responsive. Our group has utilized a composite fibrin hydrogel of fibrin, gelatin, 

HA, and glycerol. Kang et al. used this composite gel to demonstrate the capabilities of our 

integrated tissue organ printing (ITOP) platform by fabricating cartilage, complex models of 

the mandible and calvarial bone, and skeletal muscle45. The shape of the tissue constructs 

was made using clinical imaging data that was converted into a computer CAD/CAM model, 

which was then translated a code to control the printer nozzles pneumatic dispenses and 

motions to distribute the bioink in precise locations. They further utilized polycaprolactone 

(PCL) to confer mechanical strength to tissue constructs. The ITOP printer allowed for 

fabrication of micro channels composed of a porous lattice network design to facilitate 

diffusion of nutrients and oxygen. The bioprinted ear, bone, and muscle constructs showed 

evidence of vascularization without necrosis when implanted in vivo, and the muscle 

constructs formed neuromuscular junctions.

Gelatin is a natural polymer that is highly advantageous as a biomaterial for organ 

printing due to its off-the-shelf availability, low immunogenicity, cell-adhesive structure, 

biodegradability, and low cost66. It is manufactured by acid or alkaline hydrolysis of 

animal collagen, and is generally-regarded as Safe GRAS by the FDS. Gelatin molecules 

contain repeating sequences of Gly-X–Y, where X and Y are most often proline (Pro) 

and hydroxyproline (Hypro) amino acids67. Gelatin is often used in combination with 

other biomaterials to improve cell adhesion, spreading, and proliferation. Investigators 

have employed a gelatin/hyaluronic acid composite bioink to produce a cardiac patch47. 

In their design, human cardiac myoprogenitor cells were encapsulated in hyaluronic acid/

gelatin composite gel at a density of 30 × 106 cells/ml. There construct was made of six 

perpendicularly printed layers, with an overall thickness of 400 μm. The printed construct 

was transplanted in a mouse model of myocardial infarction. The applied patch resulted 

in improved cardiac performance, and reduced scarred remodeling on both MRI and 
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histology. The matrix-supported long-term survival and in vivo engraftment of the human 

cardiomyocytes, which continued to differentiate into cardiac and vascular structures over a 

4-weeks.

Hyaluronic Acid is a glycosaminoglycan consisting of repeating units of D-glucuronic 

Aid and N-acetyl D-Glucosamine68. It is found in the ECM of all tissues but is highly 

concentrated in mechanically active tissues including the vocal folds, cartilage, and dermis. 

Hyaluronic acid is non-allergic and non-inflammatory; however, it is quickly degraded by 

reactive oxygen or nitrogen species and hyaluronidases69. Hyaluronan has been shown to 

promote cell invasiveness and epithelial-mesenchymal transition70. Its breakdown products 

have further been shown to stimulate angiogenesis, a crucial component of successful 

tissue-engineered organs71. It is highly viscous and has a strong ability to retain water. 

Due to readily available reactive functional groups, HA can be chemically modified to be 

biocompatible for use in tissue engineering. One common form of chemically modified 

hyaluronic acid is methacrylated hyaluronic acid (HAMA), which improves tissue formation 

and enhances printability. HAMA has be added to thermosensitive hydrogels composed 

of methacrylated poly [N-(2-hydroxypropyl)] methacrylamide mono/dilactate]72. This was 

used on for cartilage engineering and demonstrated a dose-dependent effect of HAMA 

concentration on cartilage matrix synthesis by chondrocytes. The investigators also found 

that Glycosaminoglycan and type II collagen content increased with intermediate HAMA 

concentrations. They also found that relatively high HAMA concentration greater than 1% 

formed more fibrocartilage.

Silk is a macromolecular protein polymer found in nature that is synthesized by lepidopteran 

larvae using epithelial cells of specialized glands and ultimately spun into fibers73. The spun 

fiber is made of a central protein known as fibroin that is encased by a glue-like coating 

sericin. It has been shown that the bio-incompatibility of silk is due to the sericin glue and 

that sericin free fibroin fiber has excellent biocompatibility74. The copolymer organization 

of silk fibroin with hydrophobic and hydrophilic blocks combine to give a highly elastic 

and mechanically robust polymer. Furthermore, its degradation kinetics are tunable75. Silk 

has more recently been used in composite hydrogels, particularly in cartilage bioprinting. 

Investigators developed clinically relevant cartilage tissue by bioprinting human cartilage 

tissue-derived mesenchymal progenitor cells encapsulated in a silk fibroin-gelatin composite 

bioink76. The bioink gelation was induced by enzymatic crosslinking with mushroom 

tyrosinase and physical crosslinking by sonication. Optimization of the rheology of their 

bioink, resulted in maximum cell viability and ultimately lineage differentiation of the 

mesenchymal progenitor cells.

3.2. Synthetic polymers

Synthetic polymers are widely used in biofabrication applications (see figure 4). The 

significant advantage of synthetic polymers is their flexibility for chemical modification 

to allow for tunable hydrogel characteristics. Furthermore, these materials can be combined 

to utilize favorable elements inherent to each material.

Agarose is a biocompatible polysaccharide extracted from marine red algae, which contains 

repeating of agarobiose77. It is thermoreversible, gelling at 30–40c and can be easily 
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dissolved in hot water or DMSA, and the presence of oxygen and hydrogen supports its 

self-gelling behavior. Investigators have encapsulated human mesenchymal stem cells and 

MG-63 cells into agarose hydrogels supported in high-density fluorocarbon, and printed 

to form structures30. The fidelity of the printed constructs improved by performing the 

procedure in the fluorocarbon shape, while also adding stability during the procedure and 

maintaining cell viability. In subsequent work, agarose coupled with collagen and chitosan 

was used to determine if hydrogels stiffness impacted cell differentiation28. The human 

MSCs, encapsulated chitosan–agarose and type I collagen bioinks were differentiated toward 

osteoblasts and adipocytes. Osteogenic differentiation occurred more often in soft substrates 

that were collagen-rich, while adipogenic differentiation mostly occurred in stiff matrices 

that were agarose-rich.

Gelatin methacryloyl has been used extensively as result of its tunable physical properties 

and promising biological characteristics78. When printed in 3D, hydrogels strictly retain 

the naïve extracellular matrix with cells attaching and MMP peptide motifs. GelMA 

is crosslinked by photoinitiated radical polymerization under UV light exposure with 

photoinitiation. It improves upon its gelatin only counterpart, in that it has better solubility 

and less antigenicity. Hybrid forms of GelMA include GelMA with carbon nanotubes, 

graphene oxide, inorganic nanoparticles, and other biopolymers and synthetic polymers 

have been documented. A biphasic artificial vascularized bone construct with regional 

bioactive factors using a GelMA hydrogel was recently reported79. The construct was 

fabricated on a dual bioprinting platform comprised of both SLA 3D and FDM 3D 

bioprinter, with alternating deposition of biodegradable polylactide filament and cell-laden 

GelMa. To promote osteogenesis and angiogenesis, a p regional immobilization of bone 

morphogenetic protein 2 (BMP2) and vascular endothelial growth factor (VEGF) peptides 

was introduced. This resulted in a highly osteogenic bone construct with organized 

vascular networks. GelMA/HAMA composite hydrogel was used to generate a clinically 

translatable bioscaffold for cartilage repair. For improved clinical application, a handheld 3D 

printer called a “Biopen” was developed to allow for freeform biofabrication and scaffold 

delivery for chondral repair, with both high cell viability and structural stiffness80. The 

system was composed a co-axial hydrogel containing infrapatellar adipose-derived MSCs 

encapsulated in a GelMA-HAMA composite hydrogel. The outer shell component contained 

the same hydrogel along with a photoinitiator. Hardening the shell provided the structural 

support, allowing for cell preservation in relatively cell-friendly environment inside the core 

separated from the damaging effects of the ithium-acylphosphinate (LAP) photo-activated 

cross-linking. The LAP photo-initiator is generated by Dimethyl phenylphosphonite reaction 

with 2,4,6-trimethylbenzoyl chloride via a Michaelis-Arbuzov reaction81. The water-soluble 

LAP photo-initiator can generate crosslinked hydrogels with a high modulus value with 

short exposure time (10 seconds), increased polymerization rates, and absorbance above 400 

nm82.

Polyethylene glycol (PEG) is a hydrophilic synthetic polymer commonly used in bioprinting 

applications83. It is known for its biocompatibility, non-immunogenicity, and limited protein 

absorption. PEG is made up of linear and branched structures and is a diol with two tunable 

hydroxyl end groups. The key crosslinking mechanism includes radiation of branch PEG 

polymers, free radical polymerization, chemical reaction, and enzymatic. Most commonly 
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photopolymerization is used to convert liquid PEG macromers into stable hydrogels at 

physiological temperature and pH. One weakness of the highly bio-inert nature of PEG 

hydrogels is the low adhesion results and low viability when cells are added. Attempts 

have been made for tethering ECM derived bioactive molecules in order to enhance cell 

adhesion, proliferation, and viability. Investigators demonstrated the use of a PEG - alginate 

composite hydrogel for cartilage biofabrication84. The hydrogel relied two mechanisms: the 

reversible Ca2+ crosslinking of alginate dissipates mechanical energy, while the covalent 

crosslinking of PEG maintains elasticity under large deformations. Due to these crosslinking 

mechanisms the composite hydrogel could undergo both tension and compression stress, 

making it tougher than natural cartilage with a fracture toughness above 1500 J m−2. The 

investigators printed the robust hydrogel into complicated 3D structures with encapsulated 

human MSCs with high viability maintained over seven days.

Polyurethane is a synthetic polymer with a unique segmented structure that allows for 

diverse, tunable properties. The range of physical and mechanical properties associated 

with polyurethane includes thermoplastic to thermosetting, stability, and biodegradability, 

and can be either hydrophobic or hydrophilic depending on the composition and synthesis 

procedure applied85. While polyurethane has been widely used for medical applications, 

more recent uses include the formulation of polyurethane-based hydrogels. Investigators 

described the formation of an elliptic hybrid hierarchical polyurethane encapsulated cell/

hydrogel construct86. They used synthetic polyurethane to form an external scaffold material 

to provide mechanical support with hydrogel as the internal scaffold material for adipose­

derived stem cell encapsulation. The 3D composite construct was able to be cultured in 

vitro and was stable enough to embed in vivo. More recently, a study demonstrated that 

a composite gel of graphene and polyurethane could be used for 3D printing and the 

differentiation of neural stem cells87. The polyurethane was synthesized to contained poly 

(ε-caprolactone) and (1.5 kDa) poly (D, L-lactide) chains. Graphene was then added for 

neural stem cell printing. The graphene significantly improved oxygen metabolism and 

ultimately increase neural differentiation of the neural stem cells.

3.3. Tissue-specificity from ECM-derived hydrogels

Scaffolds derived from a natural extracellular matrix (ECM) are under investigation for 

use in therapeutic applications43. Decellularized organs are known to provide an ideal 

transplantable scaffold since they contain all the necessary microstructure and extracellular 

cues for cell attachment and differentiation, vascularization, and function88, 89. Furthermore, 

biological ECM scaffolds are rapidly degraded and replaced in vivo, resulting in the 

generation of downstream bioactive molecules with bioreductive properties90, 91.

Extensive studies have been published in the field of ECM biomaterials. Investigators 

demonstrated a method for producing ECM of porcine small intestinal submucosa (SIS) 

to form a resorbable tissue repair and remodeling scaffold. Their study demonstrated 

that the ECM scaffolds rapidly and extensively degraded when used as a bioscaffold for 

augmentation cystoplasty in the dog model; however, the scaffold positively impacted tissue 

repair92. In later studies, they found that the material induced angiogenesis when implanted 

in wounds. To further investigate this finding in vitro, the group administered ECM in 
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a fibrin gel-based angiogenesis assay. Human microvascular endothelial cells embedded 

in the fibrin gel formed vascular tubes comparable to those formed by constructs treated 

with VEGF. Furthermore, tube formation was blocked when an anti-VEGF neutralizing 

antibody was added, further demonstrating that VEGF is present in the decellularized 

extracellular matrix93. In later studies, investigators compared the utility of organ-specific 

ECM to improve tissue remodeling following injury. The ECM of each tissue type can 

have a direct effect on the host response due to its unique structure and composition. To 

test this hypothesis, muscle ECM was compared vs. to non-muscle ECM of the small 

intestine. It was clear that the muscle ECM contained basement membrane structural 

proteins, glycosaminoglycans, and growth factors that were unique from those present 

in small intestine. However, implantation of the scaffold into an abdominal wall injury 

model in a rat demonstrated comparable constructive remodeling in both the muscle 

and small intestine scaffold. The improved remodeling appears to have been related to 

degradation of the scaffold, followed by myogenesis in the implant area, suggesting that 

superior tissue remodeling is not universally dependent on ECM scaffolds derived from 

homologous tissues94. Another group addressed volumetric muscle loss by engineering 

muscle constructs composed of cell-laden dECM bioinks with a granule-based printing 

reservoir. The muscle constructs were prevascularized with a hierarchical architecture 

through coaxial nozzle printing with muscle and vascular dECM bioinks. The tissue-specific 

dECM bioinks appeared to offer organized microenvironmental cues for the differentiation 

cells and improved vascularization, innervation, and functional recovery95.

At the cutting edge of biomaterials for 3D bioprinting has been the discovery that 

decellularized organ ECM materials can be solubilized to form hydrogels. Organ-specific 

hydrogels have been found to direct remodeling and influence cell behavior by mechanisms 

through structural and biological signals retained from the natural source tissue96. It is 

thought that these tissue-specific cues are relayed by bound growth factors or the exposure 

of bioactive motifs97, 98. The method for decellularization and formation of hydrogels has 

been described in detail in the literature96, 97, 99. Several factors must be considered in 

determining the most efficient agents for decellularization, including the tissue’s thickness, 

density, cellularity, and lipid content. A full description of the various agents used is outside 

the scope of this review but can be referenced elsewhere100. Following decellularization 

and lyophilization of organ tissue, ECM derived hydrogel formation is performed through 

solubilization of the ECM material and temperature or pH-controlled neutralization to 

induce re-formation of the intramolecular bonds to form a gel.

Engineers have successfully produced decellularized ECM (dECM) hydrogels specific to 

nearly every organ in the body, including the brain, heart, liver, lung, and pancreas96. 

Investigators developed a composite consisting of biodegradable elastomeric fibers and 

dECM gel from porcine dermal tissue demonstrated that the ECM gel is biocompatible and 

bioactive. To overcome this, the ECM gel was supplemented with electrospun biodegradable 

poly (ester urethane) urea. Next, electrospinning method was employed to create fiber 

composites with high flexibility and strength. The composite constructs were then tested in 

vivo with implantation into a full-thickness abdominal wall defect in rats, with herniation 

or infection over 4 weeks101. Later, a hydrogel was fabricated using spinal cord and brain 

ECM. The investigators found clear rheological differences between ECM from the brain, 
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spinal cord, and urinary bladder, with the greatest rheologic modulus seen with the spinal 

cord-derived. Interestingly, all ECM types, including the bladder matrix, increased the 

number of cells expressing neurites and promoted neurite outgrowth, but only brain-derived 

ECM increased neurite length102. Recently, proteomic analysis of dECMs from four tissues 

was performed to determine the tissue-specific functionalities of unique dECM103. In the 

study, dECM bioinks were printed with encapsulated human bone marrow mesenchymal 

stem cells, which differentiated in association with variable matrisome proteins within 

each dECM. Furthermore, tissue-specific differentiation was evident depending on the 

multipotency of MSCs. These findings provide strong evidence of tissue-specific advantages 

of homologous dECM bioinks.

Another research team developed a method for printing cell-laden dECM bioink with 

microenvironment conducive to the growth of 3D structured tissue43 (see figure 5). Derived 

stem cells or mesenchymal stem cells were encapsulated in dECM gel, there was an 

increased number of cells that differentiated towards chondrogenic lineage within cartilage 

dECM or adipogenic lineage within adipose-derived dECM. Myoblasts formed in constructs 

prepared with dECM from heart tissue, which ultimately organized into the myofibers and 

expressed slow myosin heavy chain. The myofibers then synchronized with native tissue, 

suggesting that myoblasts printed in heart dECM can be used for myocardial reconstruction. 

Other groups have also used dECM to print cardiac tissues43, 104.

Our group has similarly formulated composite hydrogels composed of decellularized ECM­

based solution incorporated into highly tunable combinations of PEG crosslinkers with 

varying molecular weights, geometries, and functional groups to manufacture bioinks for 

extrusion bioprinting42. We have found that the ECM-derived solutions contain complex 

combinations of collagens, glycosaminoglycans, elastin, and growth factors, which enhance 

cell viability and eventual tissue construct function. We found high cell viability in a liver­

specific hydrogel when compared with the extremely poor viability of cells printed in the 

gelatin-based hydrogel. Furthermore, liver function assays demonstrated that the spheroids 

secreted albumin and urea, suggesting that tissue-specific hydrogel bioink allow the 

bioprinted liver constructs to remain viable and function properly. More recently, our team 

has developed a photo-cross-linkable kidney ECM-derived bioink with a kidney-specific 

microenvironment for renal tissue bioprinting. The bioink is formed by decellularizing 

whole porcine kidneys by perfusion, dissolving in an acid solution, and chemically 

modifying by methacrylation. Human kidney cells encapsulated in the in the bioink 

maintained high viability and matured to exhibit the functional and structural characteristics 

of renal tissue. This tissue-specific ECM-derived bioink enhances cellular maturation and 

could eventually improve tissue formation105.

3.4. Media-based printing

While most bioprinting methods require the use of biomaterials for printing, other methods, 

including inkjet bioprinting, require the use of media-based liquid cell suspensions. In 

this technique, cells are suspended in media or PBS, and then carefully extruded into 

specific locations or small co-cultured spheroids106. Spheroids then form through microwell 

centrifugation, hanging drop, and other known methods. Once these spheroid cell aggregates 
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have formed, they can be placed by a bioprinter. This method has been used with a 

microvalve printer to form kidney microstructures36. The investigators utilized gradients 

of bio-ink, one with hESCs in medium and the other media only, and then flipped the 

culture dish to form hanging drop spheroids with high cell viability. It has also been shown 

that isolated cardiac cells can be extruded in media to form cardiac microstructures39. 

The microstructures then self-assembled into beating solid tissue blocks, with synchronous 

contraction and early signs of vascularization by endothelial cells. This method has also 

been implemented to form functional myotubes that responded synchronously to electrical 

stimulation55.

Another media-based bioprinting technique uses cell spheroids that are formed, 

resuspended, and skewered onto a needle array. Closely aligned spheroids then self­

aggregate to form larger structures that can be removed from the needle array as a 

fabricated tissue. The feasibility of this scaffold-free approach has been demonstrated for 

liver microstructure development54. The self-assembled tissue maintained the expression 

of several hepatic drug transporters and metabolic enzymes. Glucose production by the 

fabricated tissue was suppressed by insulin, and bile acid secretion was evident. Also, 

structural sinusoid-hepatocyte-bile duct routes formed. The use of needle array tissue 

fabrication has also been used to form cardiac patches53. After fabrication, the patches 

exhibited ventricular-liked action potential waveforms with uniform electrical conduction 

in a spontaneous beat through the patch. The patch also vascularized when implanted into 

native rat myocardium in vivo.

4. Vascularity is crucial for integration of bioprinted organs

Central to bioprinting whole organs is the need for vascularity to provide nutrients, oxygen, 

and waste removal107. These challenges are not as drastic in flat and tubular organs, as their 

wall thickness can remain below 300 μm108. However, in hallow and solid organs, the wall 

thickness may exceed 300 μm109. Attempts to promote the infiltration of blood vessels to 

form capillary networks within bioprinted constructs are relevant, but ultimately replication 

of the hierarchical vascular network is necessary for biofabrication of complex tissues at 

clinically appropriate sizes110. In this section, we will present the current state of the art of 

vascular bioprinting as it applies to whole organ engineering.

4.1 Vascular anatomy

Vascular tissue composition includes extracellular matrix and cells organized into concentric 

layers in a tubular structure composed of three layers; the endothelial tunica intima, the 

muscular tunica media, and epithelial tunica externa111. Arteries that extend to whole organs 

branch into an anatomically unique microvasculature composed of arterioles, capillaries, 

and venules. Arterioles have a diameter of 10–200μm with an average lumen of 30 μm, 

and retain the three tunica layers (intima, media, and externa)14. Arterioles then branch 

into capillaries, characterized by a narrow lumen diameter of around 5–10 μm. Capillaries 

retain the endothelial layer and a basement membrane. Pericytes act to stabilize the vessel 

and allow for diffusion of solutes into nearby cells and tissues. Capillary permeability 

results from their structure, which can be continuous, fenestrated, or sinusoid112. Continuous 
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capillaries are primarily found in skin, muscle, lung, and the central nervous system, and are 

typically distinguished by their “continuous” basement membrane. Fenestrated capillaries 

are in renal glomeruli, intestinal mucosa, and exocrine glands. Finally, sinusoidal capillaries 

have even larger intercellular gaps, and are present in the liver, spleen, and bone marrow. 

The capillaries reunite and empty into venules (8–100μm lumen), composed of the externa, a 

thin media layer, and endothelium. Multiple venules empty into much larger veins for blood 

to be transported back to the heart for pulmonary circulation113.

The most vital organs that researchers currently engineer (i.e., heart, liver, lung, kidney, 

pancreas, and brain) are highly vascularized in vivo and require a vascular network with high 

fidelity and functionality. The vascular network must be present throughout the solid organ, 

with arterioles separated by a maximum distance of 300μm to ensure that the tissue diffusion 

limit is not exceeded114. In addition to the vital necessity for nutrient and oxygen exchange 

within structures greater than 300μm, there is evidence that vascular formation may govern 

tissue formation itself115. Furthermore, innervation regulated by mechanisms shared with 

blood vessel formation could promote the integration of engineered organs116–118.

The first attempt to replicate vascular tissue includes synthetic vascular grafts119. However, 

these have only been effective in large (>8mm) and medium-large vessels. Success in 

synthetic grafting of crucial small vessels (<6mm), such as the coronary arteries, remains 

poor compared with autologous grafting of the internal thoracic and radial arteries120. 

Challenges typically arise in these applications due to a lack of endothelial cells, diameter, 

and compliance mismatch resulting in graft failure due to intimal hyperplasia, thrombosis, 

and graft site infections121. Consequently, the FDA has not approved synthetic small-caliber 

vascular grafts (<5mm). However, bioprinting with endothelial cells in lumens in the small 

caliber category has become an attractive alternative. Indeed, fabrication of small-diameter 

arteries and veins seem feasible, however, the central challenge of replicating the delicate 

anatomy of arterioles, capillaries, and venules remains a key limitation122, 123. To address 

the need for these smaller diameter vessels, tissue engineers have employed angiogenic 

remodeling and biofabrication strategies.

4.2. Angiogenic remodeling

Two main strategies for angiogenic remodeling of tissue-engineered organs are to provide 

growth factors that will cause rapid capillary formation inside implanted constructs, or 

by stimulating blood vessel infiltration by host vasculature. Agents including vascular 

endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth 

factor (PDGF), and transforming growth factor (TGF), have been delivered alone or in 

combination. Researchers demonstrated the use of gelatin microparticles to prolong VEGF 

activity in 3D bioprinted scaffolds52. Matrigel encapsulated endothelial progenitor cells 

along with VEGF encased in gelatin nanoparticles have been used. Implantation of the 

scaffolds in nude mice showed significantly higher vessel formation in the sustained-release 

group. In another study, a vertical organization of hallow channels was designed to 

replicate the liver vascular network using a gelatin/alginate/fibrinogen gel124. Hepatocytes 

combined with gelatin/alginate and chitosan provided structural support around the vascular 

network. The group was able to induce stromal cells to differentiate into endothelial cells 

Jorgensen et al. Page 14

Chem Rev. Author manuscript; available in PMC 2021 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and form a vascular network by administering EGF. Others printed hematopoietic stem 

cells encapsulated in hydrogels cross-linked on-demand in patterns with liquid media. 

Differentiation into multiple lineages then occurred125. Other methods include promoting 

the recruitment of circulating stem cells through specific antibodies.

4.3. Direct printing of vascular constructs

In direct printing of vascular constructs, a pre-designed three-dimensional structure forms 

through one of several bioprinting methods (i.e., Extrusion, inkjet, LIFT) by depositing cell­

laden hydrogels or media126. Within this context, one method of vessel printing is through 

vertically stacking circles or pores within the Z-Plane in concentric layers. In one study, a 

multi-nozzle extrusion-based technique allowed for the vertical fabrication of alginate-based 

tubular constructs. The design incorporated a large outer circular structure (12mm diameter) 

of alginate followed by an inner circle (8mm diameter) of deposited crosslinker (CaCl2) 

stacked to 15mm vertically127. However, one limitation of the vertical printing design was 

shrinkage occurring during the crosslinking process. Vertical channels can be implemented 

into larger tissue constructs to overcome this challenge. Other researchers demonstrated 

this idea using a drop-on-demand modified HP Deskjet 500 and showed that a bioink 

composed of human microvascular endothelial cells in fibrin could fabricate micron-sized 

channels. Cell viability improved by implementing an aqueous printing process. Following 

depositing, structures were cross-linked with thrombin to provide structural stability. Cells 

within printed channels proliferated and aligned to form confluent 3D tubular structures. 

Thus, combining cell and scaffold printing promotes cell proliferation and formation of 

microvasculature128.

The challenge of vertical shrinkage has also been addressed by printing vessels horizontally. 

In one study, a horizontal printing strategy with a four-armed polyethylene glycol derivative 

to improve hydrogel rheological stiffness and allow higher density cell suspensions. 

NIH 3T3 cells were encapsulated in PEG gel and then printed in sausage-like hydrogel 

microfilaments using a layer-by-layer deposition50. This method was later used to produce 

tubular constructs with a core and structural halo. Encapsulated cells gradually remodeled 

the synthetic environment into a tissue-like extracellular matrix129. While horizontally 

printing vascular constructs can reduce some of the physical demands on fabricated vessels, 

the stability of the lateral walls must remain in consideration in terms of compensation 

shrinkage. Consequently, groups recognized this need and optimized a tubular printing 

technique by accounting for concavity deformation by compensating and adopting a non­

circular printing trajectory, resulting in a nearly circular product130.

In whole organs, vascular networks have complex vascular trees. To replicate branched 

tubular structures, Norette et al. used a combination of cell spheroids and extrusion 

bioprinting. In their design, HUVMCS, fibroblasts, and SMCs were printed as small 

multicellular cylindrical rods, and rounded into spheroids. Printed agarose rods formed 

horizontal bifurcations, followed by dispensing spheroids into the mold. The spheroids 

fused in the mold and matured, and a vascular network developed after removing the 

agarose mold38. However, in vivo vascular branching is not limited to a horizontal plane. 

Thus, fabricated fibroblast-based vertical conduits with zig-zag overhangs can be formed 
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using a specialized platform-assisted 3D inkjet bioprinting system131. This technology was 

later improved with an inkjet printing approach with a liquid support-based of calcium 

chloride solution. The solution was multi-modal, acting as both the support material and as 

a cross-linking agent. This enabled freeform printing of overhanging features by providing a 

buoyant force. Vascular-like channels with both vertical and horizon bifurcations, as well as 

overhangs, were successfully printed132.

Further attempts to improve the structural integrity of bioprinted vasculature have also 

utilized support baths to provide physical support during tissue development. Feinberg 

et al. modified a MakerBot Replicator for syringe-based extrusion deposition of bioink 

solutions, termed freeform reversible embedding of suspended hydrogels (FRESH). Bioink 

solutions printed within the gelatin support that served as a temporary, thermoreversible, and 

biocompatible support133. Using a similar approach, Blaeser et al. used liquid fluorocarbon 

as liquid support. The high buoyant density of the fluorocarbon allowed their soft hydrogels 

to float, allowing for freeform printing thin-walled hydrogel cylinders29.

While direct printing of porous structures method has proved successful, the ultimate goal 

would be to print vessels with patent lumens in a single step134. Coaxial nozzle printing is 

a significant step in this effort. In coaxial printing, a nozzle is prepared with an inner and 

outer tube, and a connected feed nozzle (See Figure 6). The feed nozzle is filled with a 

bioink crosslinker that is distributed through the inner tube, while the outer tube contains 

the desired matrix bioink with encapsulated cells. During printing, the outer and inner 

tubes dispense simultaneously, resulting in an outer tube with a matrix bioink and an inner 

cylinder with the crosslinker. The crosslinking mechanism occurs instantaneously from the 

luminal center outward, maintaining patency during printing.

Zhang et al. demonstrated the use of coaxial nozzle blood vessel bioprinting, wherein 

alginate hydrogel flowed through the feed tube while a crosslinking solution of CaCl2 

flowed through the central tube, creating a patent lumen. The investigators printed 

microfluidic channels embedded within a bulk hydrogel to test functionality. Cells within 

the construct maintained high viability, suggesting that vascular networks could be produced 

using a coaxial nozzle135. Subsequent work has improved the structural stability of printed 

coaxial vascular conduits through reinforcement with carbon nanotubes (CNTs). Conduits 

were printed with encapsulated human coronary artery smooth muscle cells. The multi­

walled carbon nano-tube reinforcement increased the tensile strength and allowed the 

conduits to be printed at a lumen diameter of less than 1mm136.

Recently, Gao et al. combined bioprinting with coaxial vascular conduits to create 

microchannels for nutrient delivery (See Figure 7). The scaffolds were printed using L929 

mouse fibroblasts encapsulated in sodium alginate and CaCl2 to partially crosslink filaments 

as they were laid within a CaCl2 bath137. It was easier to form high-strength structures 

when a higher concentration sodium alginate solution is used, and the distance between 

adjacent hollow filaments was smaller. In subsequent work, the investigators encapsulated 

endothelial progenitor cells with the proangiogenic drug atorvastatin in vascular tissue 

derived decellularized ECM and alginate composite hydrogel. Vascular conduits were 

then fabricated from this bioink using their coaxial method. Bioprinted vessels were then 
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ligated onto the venous area of an ischemic model in mice. A functional blood vessel 

graft developed, resulting in recovery from ischemic injury138. Most recently, this coaxial 

printing technique was implemented for the direct printing of an in vitro vascular model. 

Upon endothelialization, the vessels exhibited representative vascular function, including 

selective permeability, antiplatelets/leukocyte adhesion, and self-remodeling in response to 

physiological shear stress and directional proangiogenic signals134.

One cutting edge technology, SLATE (stereolithography apparatus for tissue engineering) 

has been developed by Miller et al. to generate biologically compatible complex multi 

vascular networks with functional intravascular topologies139. The photopolymerizable 

hydrogels can be used to establish intravascular and multi vascular design with great 

freedom with projection stereolithography. In a recent study, researchers demonstrated that 

monolithic transparent hydrogels comprising functional bicuspid valves and intravascular 

fluid mixers and could be formed. Interwoven vascular networks were generated with 

space-filling topologies to test oxygenation and flow of human red blood cells during tidal 

ventilation and distension of a proximate airway140 (see figure 8).

4.4. Indirect printing with sacrificial material

In addition to direct printing of vascular networks, luminal support made of sacrificial 

materials (i.e., gelatin or agarose) can maintain a patent internal lumen during vessel 

formation using a method termed indirect printing. Wust et al. described this process 

in-depth to determine the effects of material, orientation, geometry, and cell embedding on 

the indirect printing of vascular channels. For their experiment, an alginate-based bioink was 

used to embed human MSCs while a central tube of gelatin served to stabilize the luminal 

center. The gelatin was then leached from the center with tissue maturation, leaving a hollow 

channel141. Other indirect printing methods used to form microchannel networks include the 

use of agarose gel fibers were bioprinted with a highly controlled 3d architecture followed 

by casting cell-laden GelMA hydrogel over agarose gel fibers and photopolymerization. The 

agarose cylinders were then removed from the photo crosslinked cast, forming perfusable 

microchannels142. The vascular networks improved cellular viability, differentiation, and 

mass transport in the tissue constructs, and endothelial monolayers formed in the channels.

Dai et al. designed their own novel indirect bioprinting method. First, a layer of collagen 

hydrogel was printed in a flow chamber, followed by a single strand of human umbilical 

vein endothelial cells (HUVECs) embedded in gelatin. Collagen was then cast around the 

gelatin strand, and the construct was incubated at 37c. A flow of media was then sent 

through the open channel, which removed the thermoresponsive gelatin, leaving HUVECs 

attached to the remaining collagen matrix. A confluent endothelial channel formed, which 

was able to maintain cell viability up to 5mm from the channel under physiological flow 

conditions143. To build on this method, two cylindrical tubes were printed, separated by a 

fibrin support center imbedded with endothelial cells and fibroblasts. Under physiological 

flow conditions, a microvascular bed formed within the fibrin support center, connecting the 

two parallel fluidic vessels123.

Lewis et al. have reported embedded three-dimensional bioprinting to functionalize tissue 

segments with patient-specific induced pluripotent stem cell-derived organoids, in an attempt 
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to achieve tissues high cellular density and function (See Figure 9). The organoid matrices 

exhibited self-healing behaviors and had clear viscoplastic properties required for sacrificial 

writing into functional tissues. To further demonstrate the functionality of the printed 

constructs, the group created perfusable microarchitectural cardiac tissue fragments that 

fused and beat synchronously over a 7-day period144.

5. Advances in engineering organ-specific structures to enable organ 

function

Organ-specific microstructures are crucial for bioprinted whole organs to function properly. 

Microstructures are often highly complex, with intricate and delicate structural elements 

arranged in complex patterns and composed of multiple cell types. Attempts to engineer 

microstructures have proven successful in less complex organs, such as skin. Christiano 

et al. described a method for engineering hair follicle spheroids, which formed primitive 

hair follicles when embedded in a biomimetic skin structure then implanted on mice. 

The 3D structure of the spheroids increased hair follicle specific genetic markers145. To 

further improve this method, the group implemented a casting method in which hair follicle 

columns were engineered with high-density FDPC cells at the base, followed by a column 

of keratinocytes. These structures matured into hair follicles-like structures that were evident 

on H/E. When implanted on full-thickness skin wounds in mice, the engineered hair follicles 

formed hair146. In like manner, the complex microstructures of whole organs will need 

to be formed using both mechanical and cellular ques, while also maintaining the macro 

and mesostructural elements necessary for organ function. For some organs, technology has 

advanced to the point where organ bioprinting, or bioprinting of critical organ structure, 

is currently being developed. For more complex organs, such as the lungs and kidney, 

alternative methods such as organoid formation are providing preliminary efficacy and 

organ-like function which may serve as the building blocks toward the goal of complete 

organ engineering. For this reason, we have included studies that describe the spectrum of 

organ bioprinting development.

5.1. The heart

Cardiovascular tissue is composed of fully differentiated cells, which are organized to 

constitute the various anatomical elements of the heart. Cardiovascular diseases, including 

acute coronary syndrome, arrhythmias, hypertension, and congenital heart disease account 

for over 17 million deaths per year, with a predicted increase to over 23 million by 

2030147–149. Adult cardiovascular tissue exhibits a very limited ability to self-renew after 

injury, thus later stage cardiovascular disease, extensive intervention may be required, such 

as artificial mechanical replacements150. Mechanical valves have been used with great 

success for several decades; however, these treatments have limited efficacy in pediatric 

patients, as the growing size of their heart necessitates multiple procedures to implant larger 

valves151. Ventricular Assist devices have become a standard of care for patients on the 

transplant waitlist152. Further development and implementation of the total artificial heart 

has proved successful. However, this is very costly. Ultimately, functional replacement with 

transplantation is the main therapy that can provide a permanent resolution for heart failure 

patients153. As with other organs, donor’s hearts are difficult to acquire. Thus, the demand 
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for tissue-engineered human hearts would be great. Engineered hearts have traditionally had 

limited success due to their onerous load requirements, a constant flow of blood through 

the organ, and the complex network of vessels necessary for the delivery of oxygen and 

nutrients.

Heart valves are one of the most delicate structures in the heart and are necessary to control 

against the backflow of blood in the heart and for creating a pressurized chamber for blood 

to be pumped throughout the body154. Thus, valves, while incredibly thin, must withstand 

incredible amounts of mechanical pressure155. Deficiencies of traditional bio-prosthetic 

and mechanical valves, such as durability of the device, the need for anticoagulation, 

implant anti-immunogenicity, and the capacity for growth, may be improved through 

tissue engineering. Our lab has specifically addressed this challenge through an in situ 

healing approach156. Specifically, donor heart valves were decellularized and seeded with 

CD144 antibody to allow for the capture of circulating endothelial progenitor cells. Once 

implanted in the tricuspid position, the valves remodeled to form physiologically normal 

heart valves that grew with the growing lamb157. However, 3D bioprinting can further 

help to fabricate specific valve constructs that can be fitted specifically into patients with 

their personalized anatomy. Other printing strategies involve both scaffolds and cells. In 

one study, 3D printing of an aortic valve scaffold was performed by incorporating alginate 

and poly (ethylene glycol)-diacrylate (PEG-DA) hydrogels aortic valve interstitial cells158. 

Micro-CT was used to compare native aortic valve geometries with the printed construct, 

demonstrating high fidelity printing. Additionally, the aortic heart valves were capable 

of encapsulating aortic root sinus smooth muscle cells and aortic valve interstitial cells 

for the leaflets. Methacrylated hyaluronic acid gelatin methacrylate bioink encapsulating 

human aortic valvular interstitial cells were also developed by extrusion bioprinting34, 49. 

By using 3D printing technology, the group was able to optimize cell distribution and 

viability. Additionally, the use of variable bioink components resulted in high cellular ECM 

deposition of collagen, glycosaminoglycan, and muscle actin. Still, these technologies and 

studies do not adequately answer the questions of longevity and mechanical performance 

that will be required of these bioprinted valves. The complex biomechanical requirements of 

these valves are outside of the scope of this review, but have been addressed in detail in other 

reviews159.

Bioprinting the complex cardiac vascular network is the crucial next challenge faced by 

cardiac tissue engineers. 3D bioprinted vessels can replicate the anatomical structure and 

physiological characteristics of vessels, especially for small diameter vessels less than 6mm 

in diameter160. Perfusable vasculature relies on an endothelial lining for biomechanical 

support161. Multiple methods have been described in printing vascularized tissue, including 

1) the use of sacrificial templates and indirect bioprinting to form open channels in solid 

constructs, 2) printing channels directly into a construct in an interconnected network, 

and 3), direct printing tubular blood vessels in a vasculature network162. However, thus 

far, these preliminary methods are inadequate for the generation of clinically relevant 

tissues163, particularly for complex, and hierarchically scaled structures complete with cells 

and relevant physiology164 (see section 4 for more details).

Jorgensen et al. Page 19

Chem Rev. Author manuscript; available in PMC 2021 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ultimately the goal of the coronary vasculature is to allow for perfusion of blood and 

delivery of nutrients to the myocardium to allow for synchronous contraction. In place of 

fully engineered vasculature, some groups have chosen to forgo “over-engineering” in favor 

of cellular self-assembly. In a study by Forcas et al., cardiac tissues were bioengineered 

using a self-assembly approach, allowing for multicellular spheroids to fuse and form a 

beating patch. The solid tissue blocks demonstrated synchronous beating, and endothelial 

cells organized into primitive vessels39. More recently, a novel biomaterial-free method 

was developed to deliver stem cells using printed cardiac patches53. Similar to the Forcas 

method, cells were aggregated to create mixed cardiac spheroids with pluripotent stem cell 

cardiomyocytes, fibroblasts, and endothelial cells, and then assembled into a cardiac patch. 

The beating printed constructs exhibited action potential waveforms and uniform electrical 

conduction similar to those seen in the native ventricle. The patch successfully vascularized 

when engrafted into rat myocardium53. However, long term follow up and functional 

analysis was not reported. The short culture of the cardiac patches and cellular immaturity 

resulted in weak mechanical properties. Future studies of cardiac patches should include 

additional characteristics, including modulation with electrical and mechanical stimulation 

with a bioreactor, and implantation into more translatable myocardial injury are more likely 

to yield viable therapeutics.

Laser-Induced-Forward-Transfer (LIFT) and extrusion bioprinting can also be used in 

combination to form cardiac patches with angiogenesis at the edge of myocardial infarction, 

which have been shown to preserve cardiac function after acute MI56. A cardiac patch 

was printed using a decellularized heart ECM derived bioink. The constructs contained 

cardiac progenitor cells and stem cells, and the native ECM derive bioink created a suitable 

biochemical and biophysical microenvironment for cell differentiation and functionality. 

When implanted in vivo, the printed cardiac patch demonstrated enhanced cardiac 

function with minimal infarct complications and promoted robust vascularization within 

the engineered tissue matrix104. Implantation of constructs with primary human derived 

cardiomyocyte progenitor cells into a mouse MI model demonstrated that transplanted cells 

were able to survive for up to one month and improved cardiac function, demonstrating the 

capacity for autologous myocardial printing47.

Our group has fabricated contractile myocardial tissue through 3D bioprinting165. The 

cardiac tissue constructs contained primary cardiomyocytes isolated from infant rat hearts 

and suspended fibrin-based bioink, a sacrificial hydrogel, and a supporting polycaprolactone 

frame. Like other bioprinted cardiac tissue, ours demonstrated spontaneous synchronous 

contraction in vitro. Immunostaining for α-actinin and connexin 43 confirmed that the 

cardiac tissues electromechanically coupled, dense, and aligned cardiomyocytes. The 

constructs demonstrated a physiologic responses cardio inductive drugs with contraction 

forces and beating frequency similar to the expected response in native tissue165.

Dvir and colleagues 3D-bioprinted a heart-like model using decellularized ECM hydrogel, 

demonstrating that human cardiomyocytes and endothelial cells could be integrated into 

their printing design166. In their method, an omental tissue biopsy was excised from the 

patient. Cells isolated from the tissue were reprogrammed towards stem cells, and ultimately 

differentiated into endothelial cells and cardiomyocytes. Simultaneously, a personalized 
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hydrogel was processed from a patient-specific extracellular matrix. The two reprogrammed 

cell types were then encapsulated to form hydrogel bioinks that were printed to generate the 

parenchymal cardiac tissue and blood vessels. To prove this concept, cellularized miniature 

hearts were printed, and although not functional, demonstrated the potential for the approach 

to engineer functional and personalized hearts166.

Feinberg et al. utilized freeform reversible embedding of suspended hydrogels (FRESH) 

technique to generate a large-scale and complex, 3D construct of the heart133. The 

technique utilizes a support bed of a thermally reversible, viscous gelatin slurry that 

offers somewhat flexible support for the printing nozzle133. The gelatin slurry allows 

the nozzle to easily penetrate the support bed without resistance while still holding 

the printed hydrogel structure in place without collapse. After printing, the hydrogel is 

released by heating to 37°C, which melts the support gelatin. Using their model, they 

bioprinted a heart construct for 5-day-old chick embryo, using a gelatin microparticle 

slurry supported by a fibrinogen collagen Matrigel bioink with myoblasts (See Figure 

10). Their method was the first to bioprint the complex trabecular structures unique to 

cardiac anatomy by utilizing CAD modeling, and their low-viscosity collagen bioinks 

were printed in the gelatin slurry133. Most recently, The FRESH technique was used to 

rebuild elements native to the human heart, ranging from small capillaries to the full 

organ. PH-driven gelation allowed for unprecedented filament resolution (20-micrometer). 

This allowed them to print porous microstructure to enable rapid microvascularization 

and cell infiltration. The gelatin microparticle slurry supported the relatively weak, low 

viscosity collagen hydrogel, which was printed with physiological cell numbers of 300 

million cells/mL. Micro-computed tomography confirmed that the FRESH bioprinted 

heart reproduce patient-specific anatomical structure. Furthermore, the ventricles printed 

with human cardiomyocytes contracted synchronously with directional action potential 

propagation, and wall thickening at peak systole. Finally, the group combined all elements 

of their printing process to print a neonatal sized heart model, and although not functional, 

microCT confirmed the shape fidelity of the construct167. Even so, significant challenges 

remain before bioprinting hearts of adult human scale is realized, including generating 

the billions of cells required for bioprinting large tissues, scaling up the manufacturing, 

and creating a standardized regulatory process for translation to the clinic. Furthermore, 

engineered cardiac tissue studies published to date lack long term follow-up, biomechanical 

and functional analysis, and in most cases do not include in vivo implantation. In 

order to address the critical need for transplantable organs, addressing the biomechanical 

requirements and longevity of the engineered organ is paramount. Future studies should aim 

for this standard of translation.

5.2. The liver

The liver accounts for 2–5% of body weight, making it the largest solid organ in the body, 

and is responsible for performing over 500 functions, including metabolic, immunologic, 

and detoxification processes168. Native hepatic tissue is primarily of hepatocytes, stromal 

cells, Kupffer cells, and blood vessel associated cells. These cells are arranged into tissue 

structures with cells tunneled through with bile ducts and blood vessels. This complex 

network, known as the hepatic acinus, is responsible for filtering toxins from the blood 
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and producing bile that is used in digestion. The liver has a unique ability to regenerate 

and restore mass and function after greater than two-thirds damage169, 170. Treatment 

options for severe liver disease include cell transplantation and extracorporeal devices; 

however, orthotopic whole or partial liver transplantation remains the gold standard for liver 

failure171. The benefits of transplantation are strained due to health care expenses and the 

risk of immune rejection172. Furthermore, attempts to produce an autologous artificial liver 

have been thwarted by an inability to culture primary hepatocytes for an extended time31.

Hepatocytes comprise 60% of the liver volume and have a high proliferation capacity in 

vivo; however, these cells can lose their specific function with in vitro culture. It has been 

shown that the function and viability of these cells enhance when they are in the form of 

aggregations173. Recently, Bhatia et. al described this phenomenon in a study that used in 
situ expansion of engineered liver174. They fabricated structurally organized tissue units 

composed of human hepatocyte and fibroblast aggregates engineered with endothelial cords. 

The tissues expanded in after implantation into a mouse model of liver injury. These findings 

were in part the result of the degradable fibrinogen hydrogel they used. Ultimately, the graft 

expanded over 50 times through the course of the 3 month study and produced multiple liver 

proteins.

In other studies, investigators used a hepatocyte seeded biodegradable poly-lactic 

co-glycolic acid with a three-dimensional synthetic scaffold to improve cellular 

transplantation175. They found that the persistence of hepatocyte survival and phenotype 

expression were dependent on the implantation site, with improvement demonstrated in 

transplanted hepatocytes bathed in hepatotropic factors were the gut drains into the portal 

vein176. To address the need for branched vascular channels, the group micromachined 

complete vascular systems on silicon and Pyrex surfaces with the potential for integration 

into engineered tissue before implantation. Specifically, trench patterns with branched 

vascular and capillary network architecture were etched using photolithography. Endothelial 

cells and hepatocytes were cultured as monolayers on the molds and both cell types were 

maintained, and hepatocytes maintained albumin production.

Later studies demonstrated that hepatocellular function can be maintained in bioprintable 

hydrogels, including photo-cross-linkable polyethylene glycol (PEG)177. Bhatia et al. 

fabricated hepatic tissue constructs with photopatterning platform for embedding cells 

in hydrogels with multi-layered, complex architecture178. Later termed human ectopic 

artificial livers (HEALs), their constructs stabilized primary human hepatocyte by paracrine 

and juxtacrine and paracrine signals in the scaffold. Transplantation of the HEALs into 

mice exhibited humanized liver function persistent, including synthesis of human proteins, 

human drug metabolism, drug-drug interaction, and drug-induced liver injury179. The group 

later utilized inVERT molding (Intaglio-Void/Embed-Relief Topographic molding) to direct 

microscale organization of induced pluripotent stem cells with compartmental placement of 

cells and compartment microstructure to modulate hepatic functions (see figure 11)180.

Other groups have demonstrated that human embryonic stem cells or human induced 

pluripotent stem cells can be used to generate hepatocyte-like cells. In one study, 

a bioprinting model used a valve-based inkjet printer to fabricate mini livers, which 
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demonstrated both nuclear factor 4 alpha and albumin secretion32. The printed cellular 

alginate hydrogel matrix reached peak albumin secretion after differentiation for three 

weeks, the longest in vitro culture published at the time. It also demonstrated that 

valve-based printing did not damage human pluripotent stem cells, and helped maintain 

their pluripotency, followed by directed differentiation into specific lineages of patient­

specific hepatic cells. More recently, primary rat hepatocytes, HUVECs, and human lung 

fibroblasts were printed with an extrusion bioprinter. In the design, polycaprolactone formed 

a framework, while collagen bioink containing the cells was infused into the support 

structure. The resulting 3D co-culture environment induced capillary network formation, 

which facilitated hepatic cell growth. The hepatocytes demonstrated the ability to secrete 

albumin and synthesize urea, suggesting that the heterotypic interaction among hepatocytes 

and the newly formed vascular network increased the survival and function of hepatocytes 

in collagen hydrogel65. While these findings are promising, the complexity of the liver 

microvascular network and anastomosis with the bile duct, portal vein, and hepatic artery 

have yet to be realized. These elements will be essential to the scale-up of current tissue­

engineered liver models into clinically relevant liver tissue.

5.3. The lungs

Many patients suffer from end-stage lung diseases that ultimately requires transplantation. 

However, these procedures require highly specialized expert surgeons, and the risk of 

rejection and donor scarcity continue to be major challenges. Engineers have made several 

attempts to regenerate in vitro lung tissue181–183. However, a functional 3D alveolar model 

has still not been successfully fabricated. The native lung has an intricate diverging network 

of airway, with alveolar sacs that are 200micrometeres in diameter. This branching network 

an incredible surface area to volume ratio with a up to 100m2 184. The delicate blood-air 

interface within these sacs is formed as branching vascular networks divide into capillaries 

adjacent to the thin respiratory membrane outlining the alveolar sacs. The respiratory 

membrane is perhaps the most remarkable human tissues, with an average thickness of 

only 0.5 microns, which facilitates the oxygen and carbon exchange for 5 L/min of blood 

in the pulmonary capillaries184. Thus the anatomical complexity of the lung has made a 

reproduction of this tissue a challenge.

One method to address the complex microanatomy of the lung is to approach it from 

the angle of microfabrication. Mockros et al. described the feasibility of developing 

microchannel artificial lungs. The method theorized blood-side channels, up to hundreds 

of millions of parallel vascular channels, short blood paths, low-pressure drops, and low 

blood primes. They compared small circular or rectangular channels, broad open channels, 

or rectangular channels with gas-permeable screen-filled walls. Each was tested with a 

theorized drop in pressure of 10 mm Hg while eliminating the possibility of shear-induced 

blood trauma, and determining the acceptable channel length for oxygenating at least 4 

L/min of blood. One theorized method to achieve this would require 140 million, 12 

μm circular channels fabricated with gas-permeable materials185. One of the significant 

challenges of fabricating such a device is the requirement for uniform microchannel 

formations and seamless connections. To address this need, the group used microscale 

screens to provide uniform support and stability for the microchannels. The prototype 
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devices were formed with one single 3 or 6 mm long and 69 mm wide channel, and blood 

oxygenation was tested. They demonstrated fluxes in oxygen up to 9 × 10−7 moles/(min × 

cm2), demonstrating that their device reached the theoretical membrane limit186. Similarly, 

Federspiel et al. utilized soft lithography to create three-dimensional blood microchannel 

and gas pathway arrays in PDMS (poly-dimethylsiloxane) to prototype gas permeance 

and cell culture testing. In their novel design, the blood microchannels were lined with 

endothelial cells to reduce the risk of thrombosis in the system. The gas permeance had 

maximum values of 9.16 × 10−6 and 3.55 × 10−5 mL/s/cm2/cmHg, for O2 and CO2 

respectively, and confluent and viable endothelial cell monolayers were maintained with 

perfusion187.

Similar technology was developed by a lung assist device to bridge the gap to transplant 

for patients suffering from failing lungs. The device incorporated a branched network of 

vascular channels with a contiguous gas chamber, separated by a gas-permeable membrane. 

Three gas-permeable membranes were used to test the exchange of oxygen and carbon 

dioxide. They found a linear increase in Oxygen and carbon dioxide transfer up to 8.0 

mL/min blood flow188.

Alternatively, several groups have explored the use of the decellularization approach, 

followed by cell seeding as a method for maintaining the complex microstructural 

network of the native lung. Investigators explored if lung tissue can be regenerated 

in vitro by removing the cellular components of rat lung while preserving and ECM 

scaffold to maintain the innate branching structures of lung airways and vasculature. 

The decellularized organs seeded with pulmonary epithelium and vascular endothelium 

in a bioreactor. They found the epithelium did in fact display hierarchical organization, 

and the endothelium repopulated the vasculature. Mechanical characterization of the in 
vitro engineered lungs demonstrated values similar to native lung tissue. Furthermore, 

the engineered lungs participated in gas exchange when implanted into rats. While these 

findings only demonstrate an initial step in generating functional lungs in vitro, these results 

suggest that cellular repopulation of the lung ECM is a possible strategy189. Panoskaltsis­

Mortari also developed a lung matrix bioreactor to regenerate lung tissue seeded with cells. 

Their decellularized mouse lung matrix was connected to a ventilator to simulate breathing­

induced stretch while submerged in a growth medium, which allowed them to show that 

the pulmonary matrix remained intact over time. Key structural components, including 

the basement membrane, alveoli, vessels, and airways, were preserved with remarkable 

maintenance orientation. They ultimately seeded the matrix with fetal alveolar type II 

cells, which demonstrated pro-Sp-C, cytokeratin 18, and 4’, 6-diamidino-2-phenylindole­

positive cells lining alveolar areas of the decellularized matrix190. Finally, the method 

of decellularized lungs by detergent perfusion was also implemented to yield acellular 

vasculature scaffolds with intact airways and alveolar ECM182 (see figure 12). Their 

seeded scaffolds contained epithelial and endothelial cells, maintained in a perfused and 

ventilated in a bioreactor. Within one week, the constructs were capable of blood perfusion 

at physiologic pressures comparable to isolated native lungs.

Alternatively, groups have applied organoid designs for forming organ-level lung function 

on a chip. Investigators designed a micro physiological organoid with a functional alveolar­
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capillary interface mimicking the human lung and compared it with observations in a 

mouse lung. When bacteria and inflammatory cytokines were introduced into the alveolar 

space, the system mounted a biomimetic response. Furthermore, the application of a cyclic 

mechanical strain while exposing the system to silica nanoparticles accentuated the toxic 

and inflammatory response of the cells. The mechanical stimulation also enhanced epithelial 

and endothelial uptake of nanoparticulates, stimulating the transport of the nanoparticles 

into microvascular channels181. More recently, an in vitro human lung basement membrane 

model was fabricated using inkjet bioprinting. The tissue implemented endothelial cells and 

type II alveolar epithelial cells separated by a thin layer of Matrigel™ to act as a basement 

membrane. They found that manually seeded cells formed patchy, layered clusters with 

thick ECM between the cells that hindered communication between the cells. Alternatively, 

cells that were printed spread out uniformly over the surface of the membrane, allowing 

for thin mono-layers to form. Thus the bioprinted monolayer cell cultures demonstrated 

enhanced barrier quality than the manually formed samples51. Ultimately, advances in these 

technologies, when coupled with vascularization technologies such as the SLATE printing 

technique described by the Miller lab139 (see section 4.3, figure 8) and optimized cell 

culture, could be scaled up to translatable lung tissue for transplantation.

5.4. The pancreas

The pancreas is a complex and fragile organ that is responsible for producing enzymes 

that are released into the small intestine to aid in digestion. It is also responsible for 

producing the hormones insulin and glucagon which regulate blood sugar and uptake. 

This key function is carried out by cell clusters called the islets, composed of α-cells 

(glucagon), β-cells (insulin), and δ-cells (somatostatin). Destruction or loss of function of 

any of these cell types can result in serious diseases for patients. For example, diabetes 

mellitus (DM) results from loss of sensitivity or destruction of beta cells. The disease is 

characterized by extreme hyperglycemia resulting from failed glucose metabolism. This 

can result in major long-term organ complications nephropathy, neuropathy, retinopathy, 

and vasculopathy191, 192. It is estimated that 8.5% of the world population (422 million 

people) suffers from diabetes, and these numbers are predicted to increase to over 590 

million by the year 2040193. About 10% of patients with diabetes have Type 1 diabetes 

mellitus (T1DM)191, which occurs most often as a result of autoimmune destruction of the 

insulin-producing β cells, resulting in absolute insulin deficiency194.

Pancreas transplantation has been shown to be an effective and curative treatment for 

T1DM. However, there is a significant risk of mortality with the procedure, so it is 

reserved for patients receiving kidney transplants as a result of T1D induced end-stage 

kidney disease195. Pancreatic islet transplantation has been developed to address the need 

for minimally invasive pancreatic implantation. The approach utilizes purified allogeneic 

donor islets which are infused percutaneously into the recipient’s liver via the portal 

vein196, 197. However, the high glucose, low oxygen, and increased toxin levels in the liver 

are suboptimal for the integration of fragile pancreatic islets198. Thus, alternative delivery 

methods and locations are being investigated192.
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One attempt at overcoming the hypoxia associated with pancreatic islet transplantation 

involves is to seed islets onto degradable 3D scaffolds199. Scaffolds can be made of that 

mimic the microenvironment of the pancreas and increase the surface area and porous 

channels for vascular ingrowth to increase oxygen and nutrient supply200. As the scaffold 

degrades, the ECM proteins are deposited into surrounding tissues while the islets are 

engrafted gradually201. Investigators have aimed to identify a more optimal site for islet 

transplantation for implanting a biodegradable scaffold construct. The scaffolds were seeded 

with islets and transplanted into the epididymal fat pad of diabetic mice. All animals 

with islets embedded in a scaffold or implanted in the kidney became normoglycemic. 

Islets transplanted without scaffolds took much longer to become normoglycemia, and less 

than 45% of mice survived. All grafts were removed after 100 days post-transplantation, 

at which point animals became hyperglycemic. Ultimately, this study demonstrated the 

benefit of embedding islets in scaffolds to restore normoglycemic levels, and that the effect 

is similar to islets transplanted underneath the kidney capsule200. Similarly, extrahepatic 

transplantation of islets was performed using a synthetic biodegradable polymer scaffold. 

The polymer scaffold was fabricated from copolymers of lactide and glycolide (PLGA) 

and formed with micropores to improve nutrient diffusion and vascular ingrowth from host 

tissues. The islet seeded scaffold was then transplanted into onto intraperitoneal fat of 

diabetic recipients and compared with islets implanted without a scaffold. Bioluminescence 

imaging of the engraftment site demonstrated that islets transplanted onto the polymer 

scaffold remained in the transplant location with prolonged survival. Furthermore, these 

islets maintained the native islet architecture and vascularized. Islets that were implanted 

onto the scaffold demonstrated improved function compared to those without. This was 

true in terms of diabetes reversal, the average time necessary to achieve euglycemia, 

intraperitoneal glucose tolerance, and weight gain. These findings indicate that the synthetic 

polymer scaffold provided a delivery vehicle for islet transplantation while enhancing the 

function of the extrahepatic transplantation of islets202. Finally, the omental pouch has 

been tested as an alternative site for islet implantation in a nonhuman primate model of 

diabetes. They found that omental pouch recipients had delayed engraftment, but with 

similar protein production compared to hepatic transplantation, suggesting that extrahepatic 

transplantation could be used as an alternative site for some patients203. Furthermore, since 

rejection by the immune system remains a major hurdle, the co-encapsulation of islets with 

regulatory T-cells (Tregs) could be of great benefit. Wallace et al. described how this could 

be achieved via 3D bioprinting using a co-axial bioprinter, to generate a scaffold containing 

a core of islets surrounded by a shell of Tregs, providing localized immune protection204. 

When murine pancreatic isolated are printed with human Tregs, the Tregs protect the islets 

from xeno response associated with xenogeneic mononuclear cells, demonstrating that co­

encapsulation of Tregs by co-axial 3D bioprinting can provide local immune protection.

A vital characteristic of all extrahepatic islet cell transplants is the requirement for 

mechanically stable porous scaffolds that will allow for vascularization when implanted 

in vivo. Bioplotting has been used to fabricate a 3D alginate-based porous scaffold with 

an improved surface to volume ratio, to allow for increased nutrient and oxygen transport. 

The morphology and viability of β-cells and islets were not altered during the embedding 

process, and the method prevented cell aggregation. The 3D plotted scaffold confines islets 
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in one location which allowed for blood vessel growth into the pores of the construct33. 

Alternatively, investigators have developed a multifaceted transplantation strategy combining 

3D bioprinting and differentiation of stem cell-derived β cells. Their microporous device 

composed of polylactic acid filled with stem cell β cell clusters embedded in a fibrin gel. 

Cell cluster sizes were then identified using finite element modeling to design a scaffold 

for optimal oxygen consumption and diffusion for culture at physiological levels of oxygen. 

When transplanted into mice, their β cell-embedded bioprint device improved islet cell 

function and maintained their structural integrity46.

Similarly, Shea et al. investigated using a porous, biodegradable scaffold to deliver islets 

to extrahepatic sites. The scaffold architecture was optimized for cells, allowing for 

revascularization of the islets with increasing the inflammatory response. Islets were seeded 

on the scaffolds and implanted into epididymal fat on pigs, which restored normoglycemia 

in less than two days. This was achieved by increasing the islet seeding density. The group 

also found that transplanting the constructs into the porcine omentum improved engraftment 

compared with gastric submucosa205. These investigators have since explored the use of 

microporous scaffolds to promote engraftment of pancreatic progenitors derived from stem 

cells. They found that the microporous scaffolds supported cell engraftment which matured 

into insulin producing units. They added a sustained release of exendin-4, which led to 

significantly increased C-peptide production, with increased concentrations monohormonal 

insulin-producing cells206. Most recently, Shea et al. engineered scaffold with microporous 

biomaterials to guide pancreatic progenitor assembly into clusters, allowing differentiation 

of hPSC-derived pancreatic progenitors. They found that modulating the scaffold pore 

sizes augmented insulin expression and secretion in response to glucose compared to cells 

cultured in suspension207.

Bioprinting also enables the co-transplantation of islets with supporting which has been 

shown to improve islet survival210. One study showed that a bioprinted heterogeneous tissue 

strand of insulinoma beta TC3 and dermal fibroblasts exhibited rapid fusion with high 

viability, and consistent cylindricity to allow for precise fabrication, while maintaining cell­

specific functional markers211. This process can be improved through the use of co-axial 

extrusion, allowing co-printing of islets with supporting cell192. This allows for the delicate 

core islets to be surrounded by a protective biomaterial shell layer208. This was achieved 

by printing a novel microcapsule with core-shell structures using a two-fluid co-axial 

electro-jetting. This single-step method confined the islets to the core region, resulting 

in improved encapsulation and diabetes correction. Most recently, Wallace et al. used a 

coaxial based printing system and an alginate/gelatin-based bioink formulation for islet cell 

encapsulation. They found that pancreatic islet structure was well maintained during the 

3D printing process, and that co-axially printed endothelial progenitor cells and islets had 

improved function and viability, enabling survival of clinically relevant doses of islets (see 

figure 13)212.

An additional component of pancreatic cell printing is the ECM microenvironment. 

Investigators have studied the effect of matrix-integrins on beta-cell function and viability 

following isolation. One group found that immediately after islets isolation, the peri-insular 

basement membrane was absent, and over six days, they saw a decline in islet attachment to 
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the collagen matrix. Furthermore, arginine-glycine-aspartate synthetic peptide was shown to 

block the attachment of islets, suggesting that the process was integrin-mediated. This was 

confirmed as expression of alpha3, alpha5, and alphaV diminished during the culture period. 

This change was correlated with functional changes, including decreased proinsulin gene 

expression, islet insulin content, and stimulated insulin release, and resulted in increased 

β-cell death from apoptosis. These adverse events could be reversed by exposure of islets to 

matrix proteins201. Odorico et al. have also demonstrated that ECM plays an essential role 

in development by regulating cell behavior through biochemical and structural stimulation. 

To utilize this concept, their group developed a novel decellularization method to produce 

an acellular, 3D biological pancreatic scaffold and hydrogel (see figure 14). They found 

that including a homogenization step during the decellularization process significantly 

improved lipid removal, resulting in improved gelation capacity of the resulting ECM 

at body temperature209. Most recently, the decellularization process was used to produce 

ECM isolated from the pancreas to provide a tissue-specific microenvironment for islet 

cells printing. This process yielded in vitro culture of Human islets with greater than 60% 

viability, with an associated increase in insulin secretion by islets printed in the ECM bioink. 

This process was further enhanced by the additional of endothelial cells and a layered, 

printed, 3D construct. The construct demonstrated advanced pancreatic functions including 

regulation of insulin secretion and maturation of insulin-producing cells from stem cell 

progenitors213.

To address the need for viable β cells, Melton et al. developed a scalable differentiation 

protocol to generate millions of glucose-responsive β cells from hPSC. The stem-cell­

derived β cells (SC-β) were found to be phenotypically and functionally, similar to native 

β cells. Specifically, the in SC-β cells expressed markers found in mature β cells, fluxed 

calcium in response to glucose, packaged insulin into secretory granules, and secrete 

insulin. Furthermore, the cells secreted human insulin into the serum in a glucose-responsive 

manner and ameliorated hyperglycemia when implanted into diabetic mice189. Next, human 

SC-β cells were used for long-term glycemic correction, a diabetic, immunocompetent 

animal. The SC-β cells were encapsulated with alginate derivatives and implanted into the 

intraperitoneal space of streptozotocin treated mice. Glycemic correction occurred following 

implantation without immunosuppression until removal at day 174 post-implantation. The 

grafts produced human C-peptide, and in vivo, glucose responsiveness was controlled to 

confirm the function of the implanted cells. Finally, implants removed after 174 days in 

vivo contained viable insulin-producing cells214. Most recently, they reported an approach to 

generate SC-β cells from type 1 diabetic patients. The produced cells responded to different 

forms of β-cell stress in vitro and maintained normal β-cell function. They concluded that no 

major differences were present in SC-β cells derived from type 1 diabetic patients compared 

with SC-β cells derived from non-diabetic patients, suggesting that SC-β cells derived 

from type 1 diabetic patients could be used to treat the patient’s diabetes in an autologous 

manner215. By combing functional engineered pancreatic units such as insulin-producing 

organoids, encapsulated β-cells, and differentiated stem cells with bioprinting technologies 

that enable large scale deposition and organization of these building blocks, there is potential 

for pancreatic engineering and replacement to be realized.
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5.5. The kidney

Kidney failure is a global challenge facing countless patients, the only available therapeutic 

options are dialysis and renal transplantation, however limited donor organs, risk of 

tissue rejection, coast, and other complications remain a concern216. For tissue engineers, 

the kidney is one of the most complex organs due to the unique developmental cues 

and micro-scale spatial organization. The kidney contains more than 30 different cell 

types, with intricately patterned epithelial tubes named nephrons217. Each nephron is 

further segmented into unique regions, including Bowman’s capsule that surrounds the 

glomerulus, followed by the renal tubule. Each segment of the kidney is responsible for 

its own unique physiological roles, and thus has different micro-anatomical features218. 

Thus, the complexity of kidney cannot be reproduced by traditional tissue engineering 

methodologies. Rather, each element of the kidney macro and microstructure must be 

engineering logically, including specific cell types required by each element, microtubular 

structure, vascularization, and kidney-specific biomaterials.

The (Re)Building a Kidney consortium aims to combine many of these approaches to 

improve the isolation, expansion, and differentiation of kidney cell types that can be 

integrated into complex biomimetic kidney replicates. This will allow for the development of 

in vitro engineering of replacement kidney tissue, as well as develop strategies to stimulate 

regeneration of nephrons in situ219. Within the group, Little et al. identified developmental 

mechanisms that regulate differentiation of progenitors to form the kidney mesenchyme 

versus the collecting duct. These factors were used to generate kidney organoids containing 

nephrons connected to an organized collecting duct network encapsulated in renal 

interstitium and endothelial cells. This delicate structure included single nephrons, with 

markers specific to the proximal and distal tubules, which ultimately for loops of Henle, 

and glomeruli containing podocyte foot processes. The transcription profiles of kidney 

organoids were highly correlated with developing human kidneys in the first trimester. 

Finally, the proximal tubules endocytose dextran and react appropriately to cisplatin, a 

nephrotoxin (see figure 15). These kidney organoids represent powerful models for future 

applications, including disease modeling and nephrotoxicity screening220. Furthermore, 

kidney organoids and other tissue equivalents may be applicable as building blocks for 

whole organ engineering.

Finding reliable cell sources and appropriate biomaterial supporting the cell growth and 

functionality is the essential factor to achieve successful tissue formation221. Our group 

demonstrated the ability to create a functional renal unit using a renal device fabricated 

from polycaprolactone polymer222. The structure was then seeded with renal cells isolated 

from the mouse kidney. The fabricated structure formed functional renal like structures 

upon in vivo implantation. Recent progress in stem cell-based methodologies is allowing 

for even more specified kidney engineering strategies. First, the ability to replicate essential 

developmental cues in vitro can allow human pluripotent stem cells to be differentiated 

towards renal cell types that are lost in kidney disease, including tubular cells and 

podocytes217. It has been shown that iPSC-derived podocytes are morphologically analogous 

to cultured human podocytes, including mRNA expression and protein localization of the 

podocyte markers synaptopodin, nephrin, and Wilm’s tumor protein (WT1). The system 
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can be further tuned to allow the cells to maintain proliferative capacity. Finally, the iPSC­

derived podocytes integrate into re-aggregated metanephric kidney explants and developed 

into glomeruli223. More recently, iPSC-derived podocyte-like cells were used to generate 

a morphology and expression typical of podocytes, including synaptopodin, podocin, 

nephrin, and WT-1. They further demonstrated the upregulation of the podocyte marker 

synaptopodin with a correlating downregulation of pluripotency markers Oct4 and Sox-2, 

further confirming cell differentiation. The cultured podocytes were capable of endocytotic 

uptake of albumin224. Finally, investigators showed that hPSCs first can be induced to 

primitive streak-like cells by activating canonical Wnt signaling. The cells processed from 

mesoderm precursors to nephron progenitors, and ultimately matured into podocytes that 

adopted podocyte morphology, expressed appropriate markers and phenotypes, including 

albumin225.

With the development of methods for generation of glomerulus specific cells in hand, the 

technology can be implemented into more complex approaches such as the use of tissue 

spheroids and chip platforms as building blocks for fabricating microtissues such as vascular 

networks and macrotissues226. This concept was tested by co-culturing differentiated hiPS 

cells derived podocytes, with human glomerular endothelial cells in a microfluidic device. 

A biomimetic glomerulus formed with glomerular basement membrane collagen, which 

had the ability for clearance of insulin and albumin. Furthermore, their glomerulus-on-a­

chip mimicked albuminuria and podocyte injury when exposed to Adriamycin227, 228. 

Protocols are also established for differential induction of each lineage of the uteric bud 

from mouse and human PSCs229. Similarly, 3D human glomeruli have been formed from 

induced pluripotent stem cell-derived kidney organoids combined with podocyte cell lines. 

The 3D co-cultures were able to maintain in vitro protein localization, and improve the 

glomerular basement membrane. The investigators went on to form a glomerular organoid 

using cells from a patient with congenital nephrotic syndrome. The disease modeling 

organoid demonstrated reduced protein levels of both nephrin and podocin230. Ultimately, 

the usefulness of kidney organoids will be limited by their developmental accuracy, and may 

ultimately provide insight into nephrogenesis231.

Similarly, the formation of either isolation of cells specific to the renal proximal tubule 

or differentiation of these cells from progenitor precursors is required to continue the 

engineering of a functional nephron. A protocol was developed for the differentiation of 

hESCs into renal epithelial cells that expressed renal proximal tubular cell markers. The 

differentiated stem cells were morphologically and functionally similar to renal proximal 

tubular cells and generated tubular structures in vitro. When implanted in vivo, the 

cells formed a simple epithelium in the kidney cortex232. 3D bioprinting was used to 

print primary renal proximal tubule epithelial cells, fibroblasts, and endothelial cells into 

an in vitro model of the proximal tubule interstitial interface. The bioprinted construct 

formed microvascular networks, supported by cellular ECM deposition. Tight junctions 

were formed in the 3D proximal tubule tissues and had the expression of renal efflux 

and uptake transporters. The tissues demonstrated a fibrotic response to TGFβ, with both 

excess extracellular matrix deposition and increased gene expression associated with human 

fibrosis. Furthermore, when the group treated the proximal tubule with cisplatin, they found 
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a biomimetic reduction viability. Cimetidine reversed these effects, confirming the presence 

and action of OCT2 transporters in cisplatin-induced nephrotoxicity233.

More recent advances by Lewis et al. have developed more complex three-dimensional 

models of kidney tissue that recapitulate human. In the model, a 3D human renal proximal 

tubule with convoluted tubular architecture with an open lumen was printed into an 

extracellular matrix and formed into a microfluidic chip. The tube is then actively perfused 

with proximal tubule epithelial cells, resulting in enhanced epithelial morphology and 

functional properties. Furthermore, when the nephrotoxin Cyclosporine A was perfused 

in the system, the epithelial barrier is disrupted in a dose-dependent manner44. The 

investigators have since added adjacent conduits lined with confluent epithelium and 

endothelium with independently closed-loop perfusion. This system demonstrated active 

reabsorption via the tubular-vascular exchange of solutes, as well as both albumin uptake 

and glucose reabsorption (see figure 16). Finally, when induced with hyperglycemia, a 

human-like diseased state is formed, which can be rescued by administering a glucose 

transport inhibitor234. Most recently, Cho et al. utilized coaxial printing to fabricate hollow 

microfluidic tubes to engineer renal parenchyma composed of endothelial cells and renal 

tubular epithelial235. Their system was aided by a functional hybrid bioink that improved the 

microenvironment to allow for vascularization. This method yielded both functional renal 

proximal tubule on a chip as well as implantable constructs. The hollow tubes demonstrated 

long-term graft survival in vivo with therapeutic capability in a renal disease model. Thus, 

the combination of bioactive biomaterials, along with microfabrication of the renal tubules 

can produce functional kidney units. As these technologies are scaled up they can be used 

as building blocks, combined with larger scale vasculature, to bioprint function kidney tissue 

for clinical translation.

5.6. The brain and nervous system

Treatment of central nervous system disorders is one of the most challenging for physicians 

due to the lack of regenerative capability in neural tissues236. Currently available treatments 

for central nervous system diseases rely on correcting the physical manifestations of the 

syndrome, and cell therapies have shown some efficacy237. 3D bioprinting aims to do more 

to treat nervous tissue disease through engineering neural constructs. Bioprinting brain 

tissue possesses many challenges for engineers, including a complex vascular network, 

challenging cell isolation and culture, and incredibly complex neural networks171. The 

bioprinting technique best suited to address these challenges is micro extrusion bioprinting. 

This technique enables engineers to create a multicellular structure as using neural cells 

for building neural networks and vascular cells to enhance vascularity in the printed 

construct238. It has been speculated that the co-culture of both neuronal and endothelial 

cell types enhances cellular proliferation and the formation of neural tissue networks.

Cellular spheroids have been implied as a method to improve cellular integration 

and enhance cellular communications. The advantage of using co spheroid system for 

construction mini-brain is to enhance neurovascular network formation, moreover using 

spheroid based bioink maintains the cellular viability during printing by protecting the 

cells from the applied shear stress239. A 3D tissue construct was engineered with a 
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neuronal network capable of transplantation onto brain tissue in vivo. The neuro spheroid 

were generated in a polydimethylsiloxane microchamber, which allowed for sprouting and 

connection neuronal. The neuro spheroid maintained the neuronal network after transfer 

onto the cortical surface of a brain. After transfer the network was active for over one week. 

Imaging demonstrated that the network had extended axons into the host cortical tissue, 

establishing synaptic connections with host neurons240. Later, the investigators established 

a millimeter-sized neural building block to form a 3D heterogeneous neural component. In 

conjunction with this technology, they established a method to observe the spatiotemporal 

changes of a single neuron to visualize in real-time the axonal extension and dendritic 

branching241. Similarly, collagen fiber orientation and polydimethylsiloxane microchambers 

were used to develop a 3D reconstructed neuronal tissue to mimic the cerebral cortex, 

allowing for specific positioning of somata and directionality of neurite elongation. The 

investigators detected interlayer synchronous firings with interlayer propagation by chemical 

synaptic transmission242. Finally, spheroids with cortical cells were generated that formed 

neurons and glia with laminin-containing 3D networks. Furthermore, the neurons formed 

excitatory and inhibitory synaptic circuitry243. A method was also developed to form large 

multicellular organoids with layers of neuronal cells expressing human midbrain markers 

(see figure 17). The investigators found mature and electrically active neurons capable of 

dopamine production, as well as neuromelanin-like granules, similar to human substantia 

nigra tissues244.

One method used by researchers to functionalize tissue organoids is through the use of 

microfluidics. Lee et al. developed a microfluidic chip to provide a constant flow of fluid 

to neuro spheroids. Neuro spheroids that were cultured under flow conditions formed more 

robust and complex neural networks and were larger than spheroids held in standard culture 

conditions. This is likely due to the supply of continuous nutrient, oxygen, and cytokine 

transport and removal of metabolic wastes as a result of constant flow. When Amyloid-

β was introduced into the flow system, the viability of neuro spheroids was reduced, 

destroying neural networks245. Similarly, a microfluidic model of a simplified 3D neural 

circuit was formed. The microfluidic device was filled with Matrigel with continuous flow 

administered during gelation, resulting in the alignment of the ECM components along the 

flow direction. Neurites of primary cortical neurons were then grown into the Matrigel to 

form axon bundles approximately 1500 μm in length. By day 14, neural networks formed 

from presynaptic to postsynaptic neurons, and aligned 3D neural circuits were established 

that expressed PSD-95 and synaptophysin246. Recently, our group has developed a 3D 

tissue equivalent model of the blood brain barrier will all six major human brain cell types 

(neurons, endothelial cells, astrocytes, microglia, and oligodendrocytes). The organoids 

closely mimic normal brain tissue, with expression of cell specific markers, tight junctions, 

and adherens junctions. Furthermore, the organoids demonstrate charge selectivity through 

the blood-brain barrier and alteration of functional protein distribution under hypoxic 

conditions247.

The idea of printing neural tissue is not new; however, due to the complexity of neural 

networks, progress has been slow. Investigators described a method of fabricating cellular 

patterns and structures with primary embryonic hippocampal and cortical neurons using 

automated and direct inkjet printing. After printing, the neurons maintained healthy neuronal 
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phenotypes and electrophysiological characteristics. The printing process allowed for sheets 

of neural cells to be layered in fibrin gels248. Later, direct cell printing was used to pattern 

neural cells in a multilayered collagen gel. The construct included embryonic neurons 

and astrocytes printed on top of a collagen base layer and gelled by adding aerosolized 

sodium bicarbonate. This process was repeated with multiple layers to form a cell-hydrogel 

composite249. Similar technology was utilized to fabricate biological nerve grafts, that 

improved compound action potential critical for motor function when implanted into a 

rat model of sciatic nerve injury. This ultimately improved the arterial blood pressure by 

electrically eliciting the pressor reflex37.

Inkjet printing was used to investigate the deposition of retinal ganglion cells and glia. 

Both cell types were successfully printed using a piezoelectric printer with no evidence 

of destruction or distortion of the cells during jet ejection and drop formation. The 

investigators did, however, find a reduced cell population due to sedimentation during 

printing. Most importantly, cell viability was not affected by the printing process. To confirm 

these findings, the group tested printed and non-printed RGC/glial cells in culture and 

found no significant difference in cell survival or neurite outgrowth. Finally, glial substrate 

increased neurite outgrowth250. In another study, 3D brain-like structures with distinct 

layers composed of primary neural cells encapsulated in a gellan gum-RGD hydrogel 

were bioprinted. The investigators found that peptide modification of the gellan gum 

hydrogel had a positive impact on cell proliferation and the formation of a supportive 

neural network formation48. Later, a piezoelectric-inkjet-printer was used to distribute 

Schwann cells and neuronal analog NG108-15 cells. The neuronal and glial cell viabilities 

were both maintained above 85% immediately after printing, and the printed neuronal 

cells quickly produced neurites251. Others have sought to use other complex methods 

to functionalize neuronal tissue. Kaplan et al. reported a method in which modular 3D 

compartmentalized architectures were formed with a silk protein-based porous scaffolds. A 

complex cutting process was developed to fabricate modular structures to allow for a puzzle­

like assembly. The silk protein scaffolds were highly versatile, allowing the modules to fit 

into self-supporting structures without additional reinforcements. By doing so, the group 

could target complex architectural features of the brain, including six-layered laminar cortex 

and white matter tracts with microcircuitry. Ultimately, primary cortical neurons on the 

scaffold demonstrated electrophysiological function. When injured, the scaffolds responded 

in a biomimetic manner, electrophysiologically and biochemically, confirming that this 

modular brain-like tissue is capable of real-time nondestructive assessments including an 

injury-induced surge of excitatory neurotransmitters and transient seizure activities post­

TBI252.

Finally, the implementation of stem cells in bioprinted neuronal tissue provides a platform 

for generating functional implants without requiring primary neuronal biopsies. Neural stem 

cells have been embedded in a range of thermoresponsive and biodegradable polyurethane 

dispersion and bioprinted them. Investigators found that a 25–30% polyurethane hydrogel 

had both excellent cell proliferation and differentiation compared with all other groups. 

When acellular polyurethane hydrogel was injected into a model of neural injury in 

zebrafish, the impaired nervous system was repaired. Surprisingly, the neural stem cell-laden 

polyurethane-only group showed a minor repair effect in the zebrafish model. However, 
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traumatic brain injury in the adult was rescued by implantation of a 3D-printed neural 

construct253. More recently, other investigators printed human neural stem cells embedded 

in a polysaccharide-based bioink comprising alginate, carboxymethyl-chitosan, and agarose 

deposited by direct-write printing (see figure 18). The bioink gels rapidly with stable cross­

linking and forms a porous 3D scaffold, which allows encapsulated stem cells to expand 

and differentiate. The neural tissue constructs differentiated in situ and formed synaptic 

contacts and established neural networks that were spontaneously active. Furthermore, the 

constructs expressed gamma-aminobutyric acid and showed a bicuculline-induced increase 

in calcium response254. These promising results suggest that functional neural units can 

be engineered. However, consistent fabrication of site-specific neuronal building blocks of 

more complex and critical brain structures are far from being realized. Current efforts to 

map and understand the complexity of neuronal networks and the functions of each brain 

structure will inform engineering in the future. In the meantime, neural tissue engineers can 

continue to make advances towards clinically translatable tissue implants of the peripheral 

nervous system.

6. Outlook and future directions for the field

3D bioprinting has revolutionized the field of organ engineering255. Early implementation 

of the technology has shown that the three-dimensional macrostructure (>1cm) of organs 

can be recapitulated with high fidelity and resolution. Further advances in the field have 

enabled the development of mesostructural elements (1mm-1cm), including small-diameter 

blood vessels to allow organ engineering with perfusion. At the other end of the spectrum, 

biomaterial advances have produced tunable bioinks that replicate nanostructural organ 

components (<1μm) such as the ECM that is essential to promote cellular attachment, 

proliferation, and growth. The full potential for cells to self-assemble into functional organ 

microstructures will require all these elements, with bioprinting enabling Macro to Micro 

organization and biomaterials promoting Nano to Micro self-assembly.

While significant efforts have been made to enhance bioprinting techniques, biofabrication 

methods to date are often siloed within the camps of extrusion, inkjet, and laser-assisted 

bioprinters256. A combination of these and other forms of 3D fabrication will need to 

be incorporated into one multi-functional machine in order to meet all the demands of 

high-fidelity organ fabrication257. Combination bioprinters are not without precedent, and 

several groups have shown the added value of utilizing the strengths of complementary 

fabrication methods, allowing enhanced structural stability by high viscosity hydrogels 

with mass deposition by extrusion techniques258, 259. Coaxial extrusion printing technology 

could then be implemented to fabricate vascularity and other tubular constructs necessary 

within the construct. Furthermore, LIFT or inkjet methods may be used to fabricate high­

resolution microstructures. Also, organ-specific printers could be developed to meet the 

needs of different organ types. Combination bioprinters can then be enhanced by the use 

of a combination of biomaterials. Composite bioinks already present in the literature, 

ranging from mixed natural polymers, mixed synthetic polymers, and natural-synthetic 

combinations, have demonstrated their ability to improve the mechanical and biological 

properties of printed organs260–262. Furthermore, the implementation of organ-specific ECM 

bioinks or solutions supplements within composite bioinks could enhance cell attachment, 
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proliferation, biological performance, and self-assembly into organ-specific microstructures 

for organ function.

6.1. Cutting edge technologies

At the cutting edge of whole organ bioprinting, new printing technologies, including 

SLATE (described in section 3), FRESH (described in section 5), and SWIFT, have 

been implemented to printing microscale complexity of native tissues263. The SWIFT 

method uses sacrificial biomaterials in combination with functional tissue utilize cellular 

organoids with autologous induced pluripotent stem cell organoids. These are formed into 

matrices with high cellular density, after which perfusable vascular channels are printed 

by embedding. The organ like constructs exhibited perfusable cardiac tissue that beats 

synchronously over one week. Thus this 3D biomanufacturing method may enable the rapid 

assembly of perfusable tissues at therapeutic scales144.

Additionally, the use of microfluidic technology is recently entering the arena of bioprinting 

as a method for developing complex and tunable characteristics of printed constructs. 

Khademhosseini et al. developed a stereolithography-based bioprinting platform that 

incorporates microfluidics for multi-material fabrication (see figure 19). The method uses 

a digital micro-mirror, incorporated into a moving stage, along with a microfluidic system 

containing four pneumatic switch valves for dynamic patterning of 3D constructs. The 

multivalve device is capable of fast switching between hydrogel bioinks, allowing for layer­

by-layer multi-material bioprinting with a high spatial resolution with faster print times than 

conventional stereolithographic printers. Their group tested a variety of hydrogel constructs 

ranging from including poly (ethylene glycol) diacrylate and gelatin methacryloyl264.

Most recently, investigators described an improved method for rapid voxelated matter 

printing. Inkjet-based three-dimensional (3D) printing is widely adopted as a method for 

creating 3D voxelated materials with high precision. However, this method requires low­

viscosity inks to ensure successful printing. Extrusion-based printing has been developed to 

enable a broader range of materials; however, the use of extrusion printing has been limited 

to extrusion of filaments that are aligned and then layered. To combined the strengths 

of these methods, investigators developed a multi-material multi-nozzle 3D (MM3D) 

printing method in which voxelated soft matter composition, function, and structure can be 

programmed at the voxel scale (see figure 20). Their MM3D print heads exploit a diode-like 

behavior as a result of multiple viscoelastic materials converging at a common junction, 

enabling high-frequency switching between up to eight bioinks. This results in the formation 

of voxels (approximately the size of the nozzle diameter cubed), allowing manufacturing of 

intricate motifs, while also increasing the speed at which the structures can be fabricated265.

6.2. Manufacturing scale-up of biofabricated organs

Scaling and commercialization of bioprinted tissues present significant hurdles for the 

translation of cutting edge technologies. Cell sourcing, fabrication logistics, and tissue 

designs are highly personalized to each patient and to the organ type being fabricated. 

Thus, the current costs associated with these technologies present a practical challenge. 

Simplifying the manufacturing processes and materials used could substantially improve the 
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outlook for tissue-engineered products in this space. For example, investments in this area 

should develop universal components to reduce the costs associated with original materials 

and designs. Furthermore, upfront costs of 3D bioprinted or tissue-engineered structures 

must be seen in the light of the alternative of costly life-long treatments and the associated 

morbidities (i.e., dialysis, management of chronic disease, immunosuppression for transplant 

recipient). For many conditions, a cost analysis could demonstrate that a single, curative 

intervention is economically preferred to life-long, non-curative treatments266.

Furthermore, the use of automated design and fabrication can be used to improve 

reproducibility and regulation of personalizing tissue designs. While the complexity of 

anatomical designs designed requires certain engineering leeway, clear design parameters 

can be utilized by implementing modeling software for structures personalize to the 

patient and their unique injury in an automated manner267. This concept is complicated by 

biomaterial and cellular self-assembly, along with the integration of the bioprinted construct 

by host cells. Further knowledge is required to predict the outcomes of such complex prints 

properly and requires thorough analysis of the in vitro and in vivo interactions over time268.

Finally, the logistical demands of living cells and tissues are especially challenging. 

Manufacturing autologous patient-specific tissues is particularly complex, since most 

hospitals and clinics do not have clinical-grade cell processing or 3D-printing capabilities. 

Thus, a new shipping system will be required to provide stability and documented 

compliance. Furthermore, the number of facilities with the technology, resources, and 

expertise for fabricating organs and tissue for transplantation is limited. Strategically located 

biofabrication hubs, could be implemented, where patient-derived cells would be sent to 

the hub, the biofabricated organ produced, and then shipped back to the care provider for 

implantation. This could be done in concert with ongoing programs, such as UNOS, that 

have optimized methods for organ procurement, multi-site coordination, preservation and 

transportation, and include centers of excellence for implantation.

6.3. Regulation and standardization of engineered organs

The promise of 3D-bioprinted tissues and organs as a curative treatment for human disease 

will follow a steep regulatory path. Despite advances in the reproducibility of bioprinting, 

the FDA continues to assess 3D-printed medical devices under the same guidelines as 

conventionally manufacture products. The 21st Century Cures Act has provided a first step 

in simplifying the pathway by providing an alternative approval pathway for therapies 

designated as a ‘regenerative medicine advanced therapy’ (RMAT)269. The FDA also 

released detailed guidance for manufacturers of 3D printers to guide their efforts towards 

translatable clinical products270. At their core, these guidelines are in place to protect 

patients and ensure consistent therapy. This, of course, also applies to bioprinted constructs 

that contain bioactive materials and cells.

Regenerative medicine technologies are fundamentally distinct from other clinical products 

and rely on incredibly complex mechanisms, with unknown effects in humans. However, 

it should be recognized that molding or casting has already been used for approved 

tissue-engineered products for many years. In the simplest form, bioprinting builds upon 

the reproducibility of mold casting techniques by tightly controlling the deposition of 
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biomaterials. Bioprinting also has the potential to reduce human interaction and human 

error while manufacturing engineered tissues. These improvements in biomaterial deposition 

by bioprinters need to be recognized by regulators as a benefit of the technology in terms of 

safety and reproducibility.

There are no standards for 3D bioprinting technology, biomaterials, or the bioprinting 

process despite current standard (ISO/DIS 17296-1) and guidance documents270. For 

this technology to expand to clinical relevance, increased levels of standardization are 

necessary. Standardizing bioprinting materials, similar to standardized cell expansion media, 

would improve product-development time and clinical translation of bioprinted constructs. 

Additional quality-control systems including a data throughout the manufacturing process 

will be require to ensure reproducibility and safety of regenerative-medicine product 

manufacturing271.

6.4. Outlook

Clinically relevant bioprinted organs will need to demonstrate functionality and efficacy, 

with biomechanical properties that closely mimic the native organ, complete with vascular 

networks. While the scale of 3D-printed tissue constructs continue to improve, bioprinting 

complex tissues with high physiological demands continues to be a challenge, that will 

require advances in primary cell and stem cell isolation and expansion, specialized 

biomaterial development, and combined bioprinting technologies. Furthermore, as these 

technologies develop, validation of the function and longevity of engineered organs will 

need to be established. For clinical translation, these parameters will need to be realistic, 

safe, and provide a real and understandable benefit to the patients consenting to these 

treatments. Each of the enabling technologies discussed herein provides great hope for the 

future of our field, and the promise of printing solid organs for clinical translation. In 

this pursuit, it is essential to the translation of whole organ bioprinting is the preclinical 

testing of bioprinted whole organs. This in vivo data is crucial to defining the level of in 

vitro maturation vs. post-implantation remodeling and integration by the host. Thus, early 

pre-clinical in vivo models are crucial to clarify the direction of future studies further. 

Finally, the driving force behind all the innovations in solid organ engineering is to meet the 

unmet clinical need for transplantable organs among suffering patients. It has been theorized 

that by replacing all current supply constraints, organ replacement could prevent >30% of all 

deaths in the United States4. Solid-organ bioprinting is at the cusp of this endeavor, with the 

promise of whole organ engineering on the horizon.
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Figure 1. Organ Anatomy by Structural Resolution.
Organ complexity can be arranged into 4 primary structural resolutions, macrostructure, 

mesostructure, microstructure, and nanostructure. As an example, the kidney 

macrostructurally (resolution >1cm), is an organ with three major tubular structures 

connecting to the body’s vascular supply and renal network. Mesostructural elements 

(1mm-1cm) help transport key products to and from the functional kidney units. On the 

microstructural level (1μm-1mm) are a network of complex structures that make up the 

kidney’s functional unit: the nephron made up of the proximal and distal convoluted tubules, 

the loop of Henle, and the collecting duct. Finally, the kidney nanostructure (1nm -1μm), 

can be characterized, with its unique extracellular matrix (ECM) components, diffusion 

channels, and enzymes (the SEM image is reprinted under creative commons license from 

reference15. Copyright 2018, Springer Nature).
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Figure 2. Organ Anatomy by Structural Complexity.
There are four general levels of tissues and organ macrostructural complexity: flat tissue 

structures, such as the skin or cornea; tubular structures, such as blood vessels; hollow 

structures, such as the bladder; and solid organs, such as the kidney. Tissue engineering 

complexity generally increases along this continuum as increased metabolic functions and 

structural requirements are needed for targeted for repair of the tissue or organ (adapted with 

permission from ref7. Copyright 2012 Science Translational Medicine).
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Figure 3. 
Natural Polymers Chemical Structure.
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Figure 4. 
Synthetic Polymers Chemical Structure.
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Figure 5. Decellularization of tissues with biochemical analysis.
Images of decellularized (a) cartilage tissue (scale bar, 50 μm), (b) heart tissue (scale bar, 

100 μm), and (c) adipose tissue (scale bar, 100 μm). (Reprinted with permission from ref43. 

Copyright 2014 Nature Communications).
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Figure 6. Coaxial Printing.
A) A schematic depiction of the coaxial printing process fabrication process. Alginate 

gelation is realized in coaxial printing (i), thermal crosslinking of collagen fibers is then 

induced by incubation at 37 °C (ii), followed by immersion in medium to the and obtain 

a hollow tubular shape (iii). B) Combining a variety of core and shell allows for printing 

tubes with different inner diameters. C) By adjusting the flow rate in the shell nozzle permits 

tubular structures with unique wall thicknesses with a 15/19 gauge coaxial nozzle. D) The 

15/19 gauge coaxial nozzle produced successful tubular, vessel like structures with EPCs, 

AMPS, and EPC/AMPS laden BBVs (scale bar: 500 μm). (Reprinted with permission from 

ref138. Copyright 2019 Advanced Functional Materials)
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Figure 7. Coaxial blood vessel bioprinting.
Maturation of coaxial cell printed vasculatures. The formed endothelium layer in the 

luminal wall of tube expressed VE-cadherin on day 7 (scale bar: 100 μm) (Reprinted with 

permission from ref134, 138. Copyright 2019 Advanced Healthcare Materials). Assessment of 

functional recovery in a murine hind limb ischemia model with representative images of six 

treatment groups with transplanted coaxially printed vessel-like constructs showing different 

outcomes, including limb loss, foot necrosis, toe loss, and limb salvage. Blood perfusion 

was evaluated by laser Doppler perfusion imaging analysis in the ischemic limbs of the mice 

transplanted with PBS, BBV, ABBV, EPCs (EPC), EBBV, and EABBV. (Reprinted with 

permission from ref134. Copyright 2019 Advanced Functional Materials).
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Figure 8. SLATE printed lung structure with oxygenation and tidal ventilation with vascularized 
alveolar topologies.
(A) A design of the alveolar model offset to derive an unsheathing vasculature, and a 

cutaway view to illustrate the shared airway atrium of the model alveoli. (B) A Photographs 

of a bioprinted construct during RBC perfusion with the air sac ventilated with O2 (scale bar, 

1 mm). (Reprinted with permission from ref140. Copyright 2019 Science).
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Figure 9. SWIFT indirect printing method.
An illustration of the SWIFT process, step-by-step. A 3D CAD model of a normal human 

heart was downloaded from the NIH 3D Print Exchange. A scale mold was formed using 

human CT imaging data, and the left anterior descending artery, diagonal and septal 

branches were printed by embedding into the septal-anterior wall wedge of the cardiac tissue 

matrix. Scale bar, 5 mm. (Reprinted with permission from ref144. Copyright 2019 Science 

Advances).
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Figure 10. 3D Bioprinted neonatal-scale human heart fabricated using the FRESH 3D 
bioprinting technique.
First, an schematic of the dual-material FRESH printing method using a collagen bioink 

and a high-concentration cell ink. (A) 3D model of an adult human tri-leaflet vale, followed 

by top (B) and side (C) views of a FRESH-printed collagen heart valve. (D, E) A 3D 

human heart model derived from MRI, with a multiscale vascular network (left ventricle). 

The coronary artery is the template that guides smaller-scale vessels, which progressively 

decrease in diameter. (F) An MRI-derived 3D human heart scaled to neonatal size followed 

by the (G) FRESH-printed collagen heart. (H) Cross-sectional view of the fresh bioprinted 

heart. High-fidelity images of the trabeculae (I) and associated G-code (J). High-fidelity 

image of the septal wall (K) and G-code (L). (Reprinted with permission from ref167. 

Copyright 2019 Science).
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Figure 11. Liver fabrication using InVERT molding.
(a) The diagram describes InVERT (Intaglio-Void/Embed-Relief Topographic molding) 

molding, with cell populations displayed red (relief phase) and green (intaglio phase). (b) 

This method allows for construct formation up to 14cm in diameter. (c) InVERT molding 

allows for multi-compartmental patterning of a range materials. Labeled cells: endothelial 

cells (green); fibroblasts (red); are patterned in fibrin gel using a branching substrate (top) 

or in agarose using a substrate molded using a corner cube bike reflector (middle). Manual 

stacking allows for layering of the molded cell layers for multilayer patterning (scale bars 

500 μm). (Reprinted with permission from ref180. Copyright 2013 Nature Communications).
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Figure 12. Lung Decellularization.
Regenerated lung constructs attached to an in vitro lung bioreactor (pa, pulmonary arterial 

cannula; pv, pulmonary venous cannula; tr, trachea) during inspiration (right; RUL, right 

upper lobe; RML, right middle lobe) and expiration (left). (Reprinted with permission from 

ref182. Copyright 2010 Nature Medicine). (A) A three-dimensional micro-CT rendering of 

the acellular matrix airway compartment, with large airways shown in green, compared with 

(B) angiography of the vascular compartment (red) (4 mm scale bar). (C) Smaller vessels 

are visualized with micro-CT (500 μm scale bar). (D) Immunoblot for MHC-1, MHC-II, 

and β-actin demonstrate removal of cellular proteins during decellularization. Next, they 

compared Hematoxylin and eosin (H&E) stained native rat lung (E) and decellularized lung 

matrix. (F) (50 μm scale bar). (G) Quantification of Collagen, elastin, glycosaminoglycan, 

and DNA contents of the native lung (black bars) compared to the acellular lung ECM 

matrix (hatched bars). (Reprinted with permission from ref183. Copyright 2013 Science).
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Figure 13. Pancreas Bioprinting.
Schematic representation of the proposed coaxial printing approach to establish vascularized 

bioartificial pancreatic constructs (A). Pancreatic insulin-secreting cells will be housed in the 

core component, which will be surrounded by EPC or Tregs cells. The Dual Ink Co-Axial 

Bioprinter (B), 3D models of the extruder heads (C) and the nozzle (D), microscope image 

of the coaxial structure of printing nozzle (E) and bright-field image of coaxial control 

strand printed with blue/red dye to visualize core and shell structure respectively (F) are 

displayed. (Reprinted with permission from ref212. Copyright 2019 Advanced Healthcare 

Materials).
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Figure 14. Pancreatic Islet Encapsulation.
(A-C) Comparison of islets encapsulated in regular capsules and core-shell capsules. 3D 

reconstructed confocal fluorescent images of islets encapsulated in core-shell capsules. The 

islets were stained blue, while the shell was labeled green. (Reprinted with permission from 

ref208. Copyright 2013 Advanced Healthcare Materials). (D-F) hPSC-derived ILCs were 

embedded in hP-HG for 4 days, fixed, embedded, and stained for Col I, Ins (green), Ki67 

(red), or PDX1 (red nuclei). Images show healthy cell clusters containing non-proliferative 

Ins+ cells in the clusters and numerous PDX1+ Ins− progenitor cells and Ins+ PDX1+ 

beta-like cells. (Reprinted with permission from ref209. Copyright 2018 Scientific Reports).
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Figure 15. Kidney Organoids.
Kidney organoids derived from induced pluripotent stem cells shown to contain patterned 

nephrons, collecting ducts, renal interstitium, and endothelium similar to the native fetal 

human kidney. This figure provides a comparison between a normal human fetal kidney 

(left) and the kidney organoids (right) (Reprinted with permission from ref219. Copyright 

2017 Journal of the American Society of Nephrology).
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Figure 16. Kidney Tubule Bioprinting.
Design and fabrication bioprinted renal proximal tubule. (A) A schematic depiction of the 

fabrication process, demonstrating that (B) both simple and complex models can be printed 

(Scale bar: 10 mm.). (C) Immunofluorescence staining of the tissue with which Na+/K+ 

ATPase (green), CD31 (red), and nuclei (blue) (Scale bar: 1 mm.). (D) Images taken at 

high-magnification after staining (Scale bars: 100 μm.). (Reprinted with permission from 

ref234. Copyright 2019 PNAS).
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Figure 17. Midbrain Organoid.
(A) Schematic diagrams illustrating the overall strategy to midbrain organoids.

(B) Fontana-Masson staining to reveal NM-like granules in both intra- (blue arrows) and 

extracellular compartments (black arrows) of the organoids compared with (C) Fontana­

human midbrain tissue. (E) SEM image of isolated NM granules from the organoids, 

compared with (F) Huma midbrain tissue. (Reprinted with permission from ref244. 

Copyright 2016 Cell Stem Cell).

Jorgensen et al. Page 70

Chem Rev. Author manuscript; available in PMC 2021 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 18. Brain bioprinting strategy
A Schematic illustration of the major steps for direct-write printing of bioprinted brain 

constructs with an optimized bioink with encapsulated neural stem cells for 3D culture 

and differentiation. (Reprinted with permission from ref254. Copyright 2016 Advanced 

Healthcare Materials).
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Figure 19. Microfluidic Bioprinting.
(A) Schematic diagram of the microfluidic chip with four inlets and one shared outlet.

(B) A model of the closed chamber under sinusoidal fluid flow, and images (C-E) 

demonstrating the role of mixing and washing of streamline flow in GelMA solution, with 

a star pattern or two rectangular patterns vs. no pattern. (Reprinted with permission from 

ref264. Copyright 2018 Advanced Materials).
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Figure 20. Multimaterial Multi-nozzle 3D Print Heads for Voxalated Printing
(Left) A summary image of the voxelated architecture printed using a single 0D nozzle 

(top), the 1D (middle), and 2D (bottom) MM3D print heads. Finally, an image of voxelated 

material fabricated by MM3D printing using a 4 × 4-nozzle, four-material, 2D print head. 

(Reprinted with permission from ref265. Copyright 2019 Nature).
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Table 1.

Summary of hydrogel formulation by bioink, year, and target organ

Bioink Formulation Crosslinking 
Mechanism

Bioprinting 
Method

Target 
Organ

Structural 
Elements Targeted Year Reference

Agarose agarose 1% collagen 
.8%, agarose 1% 
chitosan .33%

Covalent and 
Physical

Extrusion General Microstructure and 
Nanostructure

2015 28 

3% agarose with 3% 
alginate printed into 
a gluorcarbon support 
liquid

Physical Extrusion Vascular Mesostructure 
(Blood vessel)

2013 29 

3% agarose Physical Extrusion Vascular Mesostructure 
(blood vessel)

2013 30 

Alginate 3% Alginate CaCl2 Extrusion Liver Microstructure 
(Liver)

2017 31 

1.5% RGD-Coupled 
Alginate

CaCl2 and 
Sodium 
Borohydride and 
barium chloride

Microvalve Liver Microstructure 
(Liver)

2015 32 

4% Alginate, 5% 
Gelatin

CaC12 Extrusion Pancreatic Microstructure (Islet 
of Langerhans)

2015 33 

.06 g/mL Gelatin, .05 
g/mL Alginate

CaC12 Extrusion Cardiac Mesostructure 
(Heart Valve)

2013 34 

7.5% Aglinate CaC12 Extrusion Cardiac Microstructure 
(Cardiac Muscle)

2012 35 

Cell aggregate Media None Microvalve Kidney Microstructure 2013 36 

Agarose Physical Extrusion Neuro Mesostructure 2013 37 

Agarose Physical Extrusion Vascular Mesostructure 2009 38 

Media None Extrusion Cardiac Microstructure 2008 39 

Collagen 890uL type I collagen 
gel, 60uL sodium 
hydroxide, 250 uL 
sodium bicarbonate

Physical Extrusion Lymphatic Macrostructure, 
Microstructure, 
and Nanostructure 
(Thyroid Gland)

2017 40 

.2% Collagen NaHCO3 Microvalve Bladder Mesostructure 2010 41 

Decellularized 
matrix

Liver ECM, Cardiac 
ECM, Skeletal Muscle 
ECM

Physical Extrusion Liver Nanostructure 2015 42 

 Cardiac ECM, Physical Extrusion Heart Microstructure and 
Nanostructure

2014 43 

Fibrin 15% Gelatin and 
Fibrin 50mg/mL

Thrombin and 
CaCl2

Extrusion Kidney Microstructure 2016 44 

elatin (35~45 mg/ml), 
fibrinogen (20–30 mg/
ml), HA (3 mg/ml) and 
glycerol (10% v/v)

Thrombin Extrusion Muscle Macrostructure (Ear) 
Microstructure (Mu 
scle Fibers)

2016 45 

10mg/mL Fibrinogen Thrombin Extrusion Pancreatic Mesostructure and 
Microstructure

2016 46 

Gelatin HyStem Gelatin and 
HA

Thiol Extrusion Cardiac Microstructure and 
Nanostructure

2015 47 

Gellangum .5% RGD-Gellan Gum CaCL2 Extrusion Neural Mesostructure and 
Microstructure

2015 48 

Hyaluronic 
Acid

HAMa Photo-Crosslink Extrusion Cardiac Mesostructure and 
Microstructure

2014 49 
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Bioink Formulation Crosslinking 
Mechanism

Bioprinting 
Method

Target 
Organ

Structural 
Elements Targeted Year Reference

GelMA HAMa Photo-Crosslink Extrusion Vascular Mesostructure 2010 50 

Matrigel Matrigel Physical Inkjet Lung Microstructure 2015 51 

3/1 Matrigel to 
Alginate

Physical Extrusion Vascular Microstructure 2014 52 

Media Spheroid Physical Needle Array Cardiac Microstructure 2017 53 

Spheroid Physical Needle Array Liver Microstructure 2017 54 

PBS and C2C12 
Myoblasts

Physical Inkjet Muscle Microstructure 
(myotube)

2013 55 

Polyethylene 
glycol

2% Thyolate HA, 4% 
TetraPA

PEGDA Extrusion Vascular Mesostructure 2010 50 

Polyurethane Polyurethane and 
Matrigel

Physical Laser Cardiac Mesostructure 2011 56 
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