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Abstract

Three-dimensional (3D) printing technologies enable not only faster bioconstructs development 

but also on-demand and customized manufacturing, offering patients a personalized biomedical 

solution. This emerging technique has a great potential for fabricating bioscaffolds with complex 

architectures and geometries and specifically tailored for use in regenerative medicine. The next 

major innovation in this area will be the development of biocompatible and histiogenic 3D printing 

materials with bio-based printable polymers. This review will briefly discuss 3D printing 

techniques and their current limitations, with a focus on novel bio-based polymers as 3D printing 

feedstock for clinical medicine and tissue regeneration.
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1. Introduction

3D printing, also known as additive manufacturing (AM), is the process of layering material 

to construct a three-dimensional structure with high precision from a computer aided design 

(CAD).1–3 Complex 3D products, with precisely controlled architecture (external shape, 
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internal pore geometry, and interconnectivity), have been fabricated using 3D printing with 

high reproducibility and repeatability.4–8 In view of the versatility of 3D printing, it has been 

promoted as the initiation of a new industrial revolution.9, 10 3D printing of bioscaffolds 

refers to the printing of bioscaffolds with biocompatible and bioresorbable materials to 

construct a 3D structure comparable to the implant tissue area and designed to promote 

tissue integration and regeneration and enhance injury recovery. The global market of 3D 

printing of bioproducts is expected to grow into a $1.82 billion market by 2022, which 

includes bio-based products and materials for analytical, dental, medical, orthopedic, 

consumer testing, and food applications.11, 12 Along with the rapid growth of 3D printing of 

bioscaffolds, corresponding printable materials are in growing demand and have become one 

of the most intensely research areas over the past five years. 12–15

Bio-based polymers are bio-products derived from living organisms such as plants, trees and 

algae.16–18 As the industry of bioplastics grows, the terms “bio-based” and “biodegradable” 

are used interchangeably, but, in this review, we wish to make a clear distinction between 

these two polymer types.19–22 A biodegradable material is one that can be degraded 

naturally by micro-organisms, whereas a bio-based material is derived from agricultural 

resources such as corn or soybeans.19–22 Bioplastics can be biodegradable, bio-based, or a 

combination of both. However, a bio-based material does not guarantee biodegradability. 

Environmental concerns have stimulated research efforts to explore the process of creating 

bio-based materials and their applications.23–26 For instance, pyrolysis, hydrolytic cracking, 

and fermentation processes are common industrial methods used to extract sugars, starches, 

oils, etc. from crops.27–32 These intermediate products can then be converted into bio-based 

plastics such as poly lactic acid (PLA), polyhydroxyalkanoates (PHAs), and cellulose 

degenerates.

Considering the significant knowledge produced on bio-based polymers and their inherent 

properties, exploration of printing materials from bio-based polymers is an innovative idea 

that has attracted worldwide interest.33–36 For example, 3D macroporous gelatin 

methacrylamide constructs were fabricated by combining insight gained from material 

chemistry, engineering, and biology to achieve high cell viability (>97%)37; high-density 

collagen hydrogels were used to print tissue constructs which were mechanically stable and 

able to support and maintain cell growth.38

In this review, we will briefly discuss the approaches to 3D printing of bioscaffolds and 

current techniques and subsequently comment on the future potential of bio-based materials 

for 3D printing of bioscaffolds, with emphasis on cellulose-derived polymers, PLA, PHAs, 

soybean oil based polymers, and soybean protein. Natural hydrogel polymers including 

alginate, gelatin, collagen, chitosan, fibrin and hyaluronic acid are extensively applied as 3D 

printing materials and readers are directed to these excellent reviews.12, 39–42

2. 3D printing technologies and applications

3D printing technology is widely used for a variety of applications and many techniques 

such as material extrusion, powder bed fusion, and vat photopolymerization have already 

been developed.14, 43–47 For 3D printing of bioscaffolds with bio-based polymers, 
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stereolithography (SL), fused deposition modeling (FDM) and binder jetting are frequently 

used methods.7, 14, 48–66 These 3D printing technologies are compared in Table 1 and are 

briefly discussed below.

Since its discovery in the early 1970s, stereolithography (SL) has become one of the most 

common 3D printing techniques.54, 67 The process consists of a container with a liquid 

photopolymerizable resin and an ultraviolet (UV) laser held by galvanometers. Directed by a 

CAD program, the laser beam traces a design onto the resin creating a hardened layer. The 

steps are repeated with new resin layers until the design is completed. A similar process 

known as digital light processing (DLP), also utilizes UV light but with a projector below 

the resin, so that all layers can be exposed at once. With DLP, the size of the structure can 

present limitations but compared to SL, fewer fabrication steps are required, which offers a 

faster print time.68–70 The laser used in SL is capable of producing smaller cross-sectional 

areas, allowing detailed designs with a resolution range of 150 μm.71 The disadvantage of 

SL is that the laser unit is expensive. The cost of the machines is always negligible when 

compared to human health and life. Thus, SL is still highly desirable and promising for 

development of bioscaffolds.

Fused deposition modeling (FDM) utilizes extrusion to print 3D structures.56, 72, 73 The 3D 

printer uses heat to extrude layers of a thermoplastic material, commonly acrylonitrile 

butadiene styrene (ABS) or poly lactic acid (PLA), from a nozzle onto a base.56, 73, 74 The 

deposited layers fuse together and harden into the final construct. Advantages of this method 

are durability, high accuracy, and low material cost.58, 75–77 Furthermore, its precision 

allows printing of complex scaffolds for numerous engineering applications. Compared to 

SL, the limitation of FDM is that the printed objects always have contour-like surficial 

structures caused by filament-fused-deposition manufacturing, which has impeded the 

acquisition of smooth surfaces.78

Binder jetting or inkjet printing is the process of creating layers using bonding powder and a 

binding material.79, 80 Each layer starts with a thin layer of powder on top of the platform. A 

movable inkjet unit distributes a binder material that selectively joins particles based on the 

corresponding CAD model. The process is repeated with new layers until the structure is 

complete. A post-production process uses heat to remove any unbound powder remaining. 

While binder jetting advantageously features rapid printing speed and low costs, there are 

challenges with post-production processes, including powder removal from printed scaffolds 

and reduced compressive strength due to the applied heat treatment.63 In addition, a 

common limitation with binder jetting is relative low resolution in 3D printed constructs.

These techniques have demonstrated their capability to fabricate bioscaffolds. Gauvin and 

the colleagues utilized SL to create scaffolds that mimicked the microarchitecture of tissues.
81 In addition to the structural intricacy, the scaffolds had high porosity and were capable of 

uniformly distributing and proliferating human umbilical vein endothelial cells. Chen et al. 

applied FDM to produce polycaprolactone scaffolds for bone tissue applications.82 With the 

addition of a matrix consisting of hyaluronic acid, methylated collagen and terpolymer, their 

scaffolds exhibited high cell seeding efficiency and osteogenic differentiation. Zein et al. 

used FDM to create poly(ԑ-caprolactone) scaffolds with an innovative honeycomb 
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architecture.72 Each layer extruded measured 0.254 mm thick. The morphology of the 3D 

structures expressed fully interconnected channel networks with controlled porosity. Multi-

cell constructs consisting of human amniotic fluid derived stem cells, canine smooth muscle 

cells, and bovine aortic endothelial cells were printed by Xu and the colleagues, 

demonstrating the ability to produce complex tissue constructs with binder jetting.83 These 

studies provide a strong basis for 3D printing bioscaffolds with bio-based polymers.

3. Bio-based polymers for 3D printing of bioscaffolds

3.1 Cellulose-derived polymers

The abundant availability of cellulose has made this organic polymer an attractive material 

for use in 3D printing of bioscaffolds. Cellulose-based polymers are widely used in pill 

fabrication.84 Cellulose acetate and hydroxypropyl methylcelloluse were 3D printed to 

manufacture a multi-active solid dosage form known as polypill.85 A hydrophobic cellulose 

acetate shell was first extruded; active drugs were mixed with hydrophilic hydroxypropyl 

methylcelloluse and extruded into the segmented compartments of cellulose acetate to form 

sustained release compartments. This polypill demonstrates that complex medication 

regimes can be combined into a single customized tablet, which could potentially improve 

adherence for patients currently taking multiple tablets and allow personalization of a 

particular drug combination/drug release to fit the needs of an individual.

Nanocellulose has been used to 3D print wound dressing materials because it offers strength, 

productes a transparent film, creates a moist wound healing environment, and forms elastic 

gels with bioresponsive characteristics.86 Two different nanocelluloses were prepared with 

(2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO) mediated oxidation and a combination of 

carboxymethylation and periodate oxidation. The latter resulted in a homogeneous material 

with short nanofibrils of widths less than 20 nm and lengths less than 200 nm. Due to the 

small dimensions of the nanofibrils, good rheological properties were achieved for use as a 

3D printing bioink. The printed 3D porous structures were found to suppress bacterial 

growth, an interesting property for a wound dressing application.

Markstedt et. al. combined nanofibrillated cellulose with alginate to print cartilage tissues.36 

The shear thinning properties of cellulose yielded 2D and 3D shaped structures. 

Interestingly, using magnetic resonance imaging (MRI) and computed tomography (CT) 

images as blueprints, anatomically shaped cartilage structures, such as a human ear and 

sheep meniscus, were 3D printed as shown in Figure 1. The cellulose-alginate blend was 

capable of printing at room temperature with a low pressure. Furthermore, the printed 

structures were biocompatible and cell supportive (Figure 1). Cell viability was 73% and 

86% after 1 and 7 days, respectively, in human chondrocytes which were printed with the 

noncytotoxic, nanocellulose-based material. Although developing printable materials with 

natural cellulose polymers to print 3D structures is still an evolving technique in tissue 

engineering, this study provides a glimpse of the potential of nanocellulose being used for 

3D printing of living tissues.
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3.2 Polylactic acid (PLA)

Polylactic acid (PLA) is a polyester derived from renewable resources like corn starch and 

sugar beets.87, 88 In addition to its fast biodegradability, the material is relatively cheap, 

easily produced, and can produce constructs of high resolution in 3D printing.89 PLA is one 

of the most popular materials in research and industry because it has a low crystallization 

rate, high dimensional stability as well as tunable properties by adding pigments, nucleating 

agents, UV stabilizers, and inorganic particles, allowing for many applications such as 

wounds materials, tissue regeneration, bone defects, and controlled drug delivery.90–93

PLA has been used widely to 3D print a variety of geometries, as shown in Figure 2.89, 94 

The scaffold geometry including pores size, shape, struts size, and orientation significantly 

affects mechanical performance, permeability, nutrient access, diffusion and cell response.95 

For example, mesenchymal stem cell (MSC) differentiation and proliferation of pre-

osteoblastic cells were highly affected by the geometry of individual pores within the 

scaffold. 96, 97 Nonetheless, 3D printed PLA scaffolds with different architectures are 

investigated for biomedical applications in view of their good biocompatibility and 

biodegradation. Almeida and the colleagues explored the application of PLA scaffolds for 

inflammation in tissue repair.98 Using nozzle deposition, they created orthogonal scaffolds 

with pores of 165+/ 5μm in the axial direction and struts 75 +/ 5μm. The scaffolds were then 

seeded with human monocytes and the results showcased high production of interleukin. 

Kao and the colleagues printed PLA scaffolds coated with polydopamine and seeded with 

human adipose-derived stem cells.99 The coating enabled enhanced adhesion and 

proliferation. Their results also increased collagen I secretion and cell cycle progression, 

providing sufficient support in the use of PLA to direct cell responses in bone tissue 

engineering. Another study by Rosenzweig et al. demonstrated the use of PLA scaffolds for 

cartilage and nucleus pulposus tissue regeneration.100 Articular chondrocytes and nucleus 

pulposus cells were cultured. After three weeks, high levels of cell viability, proteoglycan, 

and collagen II were detected.

Using supporting structures made with PLA, hierarchical multiphase scaffolds can be 

fabricated, offering complex and multifunctional tissue regeneration. A biphasic (PLA/

gelatin) vascularized bone construct was developed by a dual 3D bioprinting platform 

technique.101 PLA fiber was fabricated into a hard bone scaffold using an FDM printer, 

while gelatin methacrylate hydrogel was printed into an elastic blood vessel using SL 

printing. In the integrative design, complex vascularized bone constructs, comprised of a 

hard-mineral structure surrounded by a soft organic matrix, were able to more closely mimic 

natural bone characteristics. Moreover, they also introduced the regional immobilization of 

bioactive factors into construct design to promote osteogenesis and angiogenesis through 

biocompatible mussel inspired adhesion and “thiol-ene” click reactions.

While FDM has the capacity to fabricate PLA into various architectures, the high 

temperature required for FDM fabrication makes it difficult to successfully incorporate 

bioactive components into scaffolds or include bioactive growth factors; although FDM has 

been used to print drug doped medical devices including catheters, pessaries, filaments, bone 

screws, and stents for cleft lip repair, FDM still has difficulties in achieving biomimetic nano 

resolution for regulating cellular events. 93 A recent work used surface modification to 
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improve biocompatibility and functionality of 3D printed PLA scaffolds, providing 

significantly greater potential for biomedical application.102 The bone scaffolds were printed 

using PLA with an FDM printer. A novel and simple surface modification strategy was 

implemented to control the release of bioactive factors in a spatiotemporal manner through a 

layer-by-layer (gelatin/polylysine) assembly technique. This provided a nanoscale surface 

and allowed immobilizing bioactive cues to be put onto the biomimetic 3D scaffolds. As 

shown in Figure 3, compared to an unmodified PLA control, both human mesenchymal stem 

cells (hMSCs) and human umbilical vein cells (HUVECs), on the 3D bioprinted scaffolds 

modified with nanocoating, exhibited excellent adhesion and proliferation. hMSCs were 

widely distributed and maintained a spindle morphology while HUVECs preferred to grow 

in lines and form an highly aligned network-like structure (Figure 3 C).

Besides acting as a backbone for scaffolds, PLA can be used to develop complex structures 

with minimal material loss. For example, PLA was used to print a 3D mold; thermoset resin 

was then poured into the mold.103 After a curing process, PLA was readily removed by 

immersion in chloroform while the cross-linked thermoset structures, with controlled and 

graded porosity, were leftover.103 The graded structure mimics the non-uniform distribution 

of porosity found within natural tissues (Figure 4). This guided approach using a mold 

exhibited different pore morphologies, creating enhanced biomedical conditions.103

3.3 Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates (PHAs) are natural polymers made by bacterial fermentation.104–106 

PHAs offer the benefits of being biodegradable, high biocompatibility, and are available 

from renewable resources.104–106 Common applications in the market currently include 

implant/surgical products, medical and food packaging, and stem cell growth. Within PHAs, 

there are a variety of derived materials used in research including polyhydroxybutyrate 

(PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and poly-4-hydroxybutyrate 

(P4HB).104–106 Similarly to PLA, this material can be modified through temperature, 

enzymes, and inorganic materials to improve its mechanical properties and chemical 

functionalities. Wu et al. improved the hydrophilicity of PHBV scaffolds by adding bioactive 

glass (BG).107 The hybrid scaffolds were seeded with rabbit articular chondrocytes and 

exhibited good cell migration, an increased adhesion and proliferation percentage, and 

greater extracellular matrix content. Additionally, BG increased the mechanical strength of 

the scaffold. These results indicate the possibility of using PHBV modified scaffolds for 

bone repair and cartilage tissue engineering.

Typically, with PHAs, techniques like solvent casting, leaching, gas foaming, and 

electrospinning are used to make polymeric scaffolds. Xing and others conducted a study to 

assess PHBV scaffolds for in vitro antibacterial activity against Staphylococcus aures and 

Klebsiella pneumoniae.108 Using electrospinning, they created nanofibrous scaffolds loaded 

with metallic silver particles. While the PHBV scaffolds alone did not greatly improve 

antibacterial activity, the addition of silver to PHBV showed 90% bacterial growth inhibition 

or greater. Most importantly, the PHBV scaffolds had good cell compatibility and viability, 

supporting the potential for joint replacement applications. PHAs have also been studied for 

nerve tissue regeneration. Prabhakaran and the colleagues fabricated composite scaffolds 
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made of PHBV and collagen to study biocompatibility and neurite outgrowth.109 Compared 

to random patterns, the aligned nanofibrous scaffolds showed superior cell differentiation. 

Also, neurite elongation grew parallel to the direction of orientation of the nanofibers. 

Masaeli and others had similar results for their PHBV/collagen I scaffolds where cell 

proliferation was significantly higher on aligned fibers.110 Their research concluded that for 

aligned fibrous scaffolds, the cells oriented in the direction of fiber alignment due to contact 

guidance phenomenon. These findings suggest that PHBV scaffolds can be successfully 

used for nerve grafts in neural engineering with the appropriate fiber orientation and blended 

compositions.

Using FDM printing with PHA filaments is another emerging candidate for 3D bioprinting. 

By carefully examining the temperature control elements of extrusion machines as well as 

the thermal properties of the PHA material, usable PHA filaments were fabricated with 

suitable extrusion speed and post-extrusion processes. However many research efforts with 

PHA have faced difficulty forming filament materials.111, 112 Some factors may be 

responsible for the delay in 3D printing of PHA scaffolds. Unlike common 3D printing 

materials such as ABS and PLA, PHA has a smaller production scale, making it less 

interesting to 3D printing industries. Although 3D printing was invented decades ago, it is 

still an advancing technology with a young market, and researchers in PHA study have not 

extensively expanded their studies in 3D printing fields. However, due to their excellent 

biocompatibility and biodegradation properties, future efforts to develop PHA based 3D 

scaffolds are highly anticipated.

3.4 Soybean oil based polymers

Soybean oils are a valuable feedstock used in preparation of a variety of polymers including 

polyurethane, polyester, polyether and polyolefin.16, 113–115 Although soybean oils are not 

naturally present as polymers, they are precursors for monomer chains that can be used to 

synthesize various polymers, making the polymers’ structures changeable by converting 

soybean oil to different monomers.16 Soybean oil based monomers have a similar structure 

as petroleum-based monomers, making them alternatives for petroleum-based biopolymers.
16

Soybean oil can be easily prepared at room temperature and manipulated for the desired 

physical properties. For example, when Hong and Wool combined soybean oil with keratin 

fibers, they observed an increase in storage modulus, resistance to fracture, and bend 

strength.116 Kolanthai et. al. prepared and tested copolyesters made of soybean oil cross 

linked with sebacic and citric acid.117 After the scaffolds were prepared using the methods 

of salt leaching and freeze drying, bone marrow hMSCs were seeded. Despite no 

osteoinductive factors being added, on day 7 calcium phosphate deposits formed, indicating 

osteogenic differentiation. By day 14, there was a significant increase in mineral deposits. 

These results show possible applications of soybean oil in bone tissue engineering. Sittinger 

and the colleagues implanted soybean scaffolds in mice to determine in vivo 
biocompatibility.118 Two scaffolds, soy-gelatin blend and soy-alginate blend were tested. 

Overall, the soy-gelatin blend had a higher clindamycin percentage of release compared to 

the soy-alginate blend, most likely due to the pore structure and faster degradation rate. 
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However, both scaffolds managed to significantly decrease the viability of bacteria 

compared to the non-releasing control scaffolds. This presents a novel, low-cost alternative 

to current medical applications particularly in skin and cartilage that use synthetic materials 

which often increase the likelihood of infection and are unable to degrade.

Soybean oil epoxidized acrylate has been used as photocurable liquid resin to fabricate 

biocompatible scaffolds.119 As shown in Figure 5, smart and highly biocompatible scaffolds 

capable of supporting growth of multipotent human bone marrow mesenchymal stem cells 

(hMSCs) were developed through 3D stereolithography printing. The porosity of the 

scaffolds was readily adjusted by changing printing infill density. Laser frequency and 

printing speed significantly affected superficial structures of the polymerized soybean oil 

epoxidized acrylate. Remarkably, the shape memory scaffolds formed a temporary shape at 

−18 °C and fully recovered their original shape at human body temperature (37 °C), which 

indicates the great potential for 4D printing applications. More importantly, the soybean oil 

materials showed similar cell compatibility with PLA and polycaprolactone (PCL), 

significantly higher than with polyethylene glycol diacrylate (PEGDA).

3.5 Soy Protein

Soy protein is a versatile bio-based material already widely used in the food industry as a 

renewable alternative to plastics.120, 121 Novel endeavors in soy protein as a new biomaterial 

have continually increased as a result of its low cost and ready availability. Additional 

advantages of soy protein compared to other natural proteins are its long shelf life and plant 

origins.122 Furthermore, it can be mixed with other materials to yield different chemical and 

mechanical properties. Soy protein has shown great potential in the field of 3D printing 

tissue scaffolds.123

Bone defects and surgical treatments require implants to support the growth of new tissues. 

Low immunogenicity and tissue regeneration are important to the implantation of 

biomaterials. Soybean contains isoflavones known to alleviate tumor cell proliferation and 

slow down immunocompetent cell activity. Santin and the colleagues studied the effects of a 

bone filler derived from soybean curd on osteoblast cell behavior.124 The new biomaterial 

was made by thermosetting defatted soybean curd. They found that the fillers reduced 

osteoblast proliferation and stimulated an increase in collagen when inserted in vitro. The 

material could be used to make films, porous scaffolds, and granules. The promising results 

show potential to use soybean fillers to reduce the inflammatory response of macrophages 

induced by implants as well as delay bone resorption.

A study by Chien et. al. studied the effects of soy protein for in vivo inserted implants.125 

Soy protein scaffolds degraded in 14 days whereas bovine collagen (FDA-approved) 

scaffolds took much longer, 56 days, to degrade. To examine the effects of the soy scaffolds 

on immune response, different levels of protein were loaded. Lower soy protein weight in 

the scaffold did not produce as much inflammation as the scaffold with a higher protein 

weight. Furthermore, the scaffold with more protein, less porosity, and slower degradation 

had a more severe immune response. Over time, soy-specific antibodies were formed after 

scaffold implantation but no allergies were detected. In addition to protein density, scaffold 

degradation and porosity play important roles. Chien and Shah modified soy protein with 
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heat and enzyme crosslinking to create scaffolds.126 The enzyme treatment increased 

degradation time by 1 week and increased hMSC viability. Potentially, soy protein scaffolds 

can be successfully integrated into regenerative medicine when optimal protein density and 

controlled scaffold degradation are fully understood.

Soy protein also has interesting capabilities for drug delivery and wound healing 

applications. While the physical properties in its purest form are not optimal, other natural 

polymers can be blended with soy protein to increase its biostability. Olami and others made 

a blended structure consisting of soy protein and alginate to examine the release profile of 

the drug clindamycin.127 The drug release had a burst effect of 70% and decreased in release 

rate for 4 days. Corresponding to the release, there was a significant diminution in bacterial 

viability. Peles and the colleagues found similar success by creating a soy protein isolate 

matrix injected with gentamicin.128 The release profile was moderate with a decreased 

release rate for 4 weeks. These results using soy protein clearly validate their possibility for 

drug and cell carrier platforms.

One difficulty working with soy protein is creating a scaffold with fine fibrous structures. 

Most proteins have weak water stability and creating fibers are difficult. Xu and the 

colleagues developed water stable scaffolds without crosslinking by creating a slurry of soy 

protein, 10 wt% cysteine, and sodium dodecyl sulfate.129 Adipose derived mesenchymal 

stem cells were seeded onto the ultrafine fibrous scaffolds. After incubation in PBS for 28 

days, the scaffolds preserved their fibrous structures, indicating superior tolerance compared 

to other researched 3D soy protein scaffolds (with and without crosslinking). In addition, 

after 2 weeks of cell culture, the 3D electrospun scaffolds had 227% and 114% higher cell 

proliferation than the 2D scaffolds and 3D commercial scaffolds had. This can be attributed 

to the fact that the fibers in the 2D scaffolds were more tightly stored, limiting cell 

penetration whereas the 3D scaffolds were more porous. The 3D commercial scaffolds 

presented deeper cell penetration but the cell distribution was not uniform as the cells only 

attached to the walls of the scaffold. Comparing cell differentiation, the 3D scaffolds had the 

highest increase in newly secreted fat supporting 3D soy protein-based scaffolds as an 

alternative solution in tissue engineering applications to address volume loss or tissue 

replacement due to trauma.

As a relatively new bioprinting material, soy protein has shown auspicious results in the 3D 

printing field. Chien et al. designed a study to use denatured soy protein and bioplotting to 

create specific 3D constructs.130 A soy protein slurry was prepared and inserted into a 

polyethylene syringe, then extruded through a 3D Bioplotter. To print scaffolds with 

controlled pore geometry, slurries consisting of various concentrations of soy protein and 

glycerol, to decrease mass flow rate, were used. To increase mass flow rate, the extrusion 

pressure was increased to a limit of 0.0072+/−0.0002 g/s. Any lower or higher pressure 

produced indistinct constructs. The scaffolds were cured with ethanol then treated with 

dehyrothermal (DHT), freeze drying and DHT, and chemical crosslinking with 1-ethyl-3-(3 

dimethylaminopropyl) carbodiimide (EDC). Figure 6 shows SEM images of their surface 

morphology. Human mesenchymal stem cells survived on all scaffolds, with the non-treated 

and thermally-treated scaffolds having the highest cell attachment efficiency (Figure 6B).
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4. Perspective and conclusions

Bio-based polymers, including cellulose derived polymers, PLA, PHAs, soybean oil based 

polymers, and soy protein, are great material candidates for future 3D printing of 

bioscaffolds. Foundational research efforts show promise in bio-based materials to replace 

traditional printing materials such as petroleum derived plastics.

Printing strategies and novel material designs play important roles in the fabrication of 

bioscaffolds. Although initial efforts to adjust printing systems to produce desirable 

structures with bio-based materials have been made, there are still challenges to fabricate 

advanced and fully functionalized tissues/medicines. Thus, exploring new structural bio-

based polymers and chemically modifying current bio-based polymers to enhance their 

biocompatible and printable features will be vital for achieving clinical bioscaffolds with 

bio-based polymers in the future. Understanding in vitro/vivo interactions with bio-based 

polymers while maintaining their printing integrity is another subsequent step for 

advancement. 3D printing of bioscaffolds with bio-based polymers is an emerging field and 

its exponential development is foreseeable in the near future.
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Figure 1. 
(A) 3D printed small grids (7.2 × 7.2 mm2) with Ink8020 after cross-linking. (B) The shape 

of the grid deforms while squeezing, and (C) it is restored after squeezing. (D) 3D printed 

human ear and (E and F) sheep meniscus with Ink8020. Side view (E) and top view (F) of 

meniscus. (G,H) Representative images showing dead (red) and live (green) cells (G) before 

and (H) after bioprinting hNC in Ink8020 and 3D culture for 1 day. (I) Representative 

images (at 10× magnifications) showing dead and live cells in 3D printed constructs after 7 

days of culture.
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Figure 2. 
SEM images of biodegradable 3D structures with various materials, geometries and 

architectures, (A) PLA/CaP glass composite orthogonal structure; (B) PLA tubular 

hexagonal mesh; (C and F) Chitosan orthogonal-diagonal structure; (D) PLA orthogonal-

displaced structure, (E) PLA hexagonal mesh.
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Figure 3. 
(A) (i)Schematic illustration of the fabrication process of nanocoating modified 3D printed 

PLA scaffolds. According to the native bone structure, the biomimetic perfused scaffold 

combining bone support and vascular channels was designed and printed by FDM printer. 

Then surface modification process was performed to obtain a bioactive vascularized bone 

construct. (ii) Schematic representation of sequential adsorption and biologically inspired 

release of growth factors in the nanocoating film. The rhBMP-2 was adsorbed in first 15 

dual-layers and then rhVEGF was adsorbed in the top 5 dual-layers together with genipin 

crosslinking reaction. When MSCs and HUVECs were co-cultured in dynamic fluid, the 

secretion of MMP2 by HUVECs could trigger the release of growth factors. After 4 weeks 

of culture, the vascularized bone structure would be formed in vitro. (B) Confocal 

fluorescence images of hMSCs and HUVECs co-culture on various scaffolds in a static 

culture condition for 5 days. hMSCs were labeled with cell tracker green, and HUVECs 

were stained with cell tracker red, respectively. The scale bars indicate 200 μm. The cBCG 

scaffold was also imaged as 3D scanning structure. (C) Fluorescent images of hMSCs and 

HUVECs on the 3D printed scaffolds with F-actin (red) and nucleus (blue) staining in a 

static culture condition for 3 days. The hMSCs exhibited a well distributed spread on 

scaffold surface, while the HUVECs formed aggregative microvascular networks. The scale 

bars indicate 100 μm.

Yang et al. Page 19

Polym Rev (Phila Pa). Author manuscript; available in PMC 2019 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A) The fabricated scaffold. (i) A 5-mm-diameter and 3-mmthickness scaffold compared to a 

cent. (ii) The SEM image of the pore distribution in the scaffold. (iii) Varied pore diameters 

in different directions. (iv) The potential for minimally invasive application; a, sample 

original shape; b, temporary shape at −18 °C; c,0 s at 37°C; d, 10 s at 37 °C; e, 3 min at 

37°C. (B) Confocal microscopy images of MSC growth and spreading morphology on 

printed samples of C40P300PH and C20P300PH when compared with PCL control after 1-, 

3-, and 5-day culture. The color red represents cell cytoskeleton and the color blue 

represents cell nuclei.
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Figure 5. 
(A) Schematic of soybean oil epoxidized acrylate fabrication process from raw material 

through resin fabrication and application. (B) SEM images of printed scaffolds, red scale bar 

100 μ m. (a–d) Printing speed 10 mm/s, laser frequency 20000 Hz, infill density 20%, 30%, 

40% and 50%, respectively; (e–j) Laser frequency 12000 Hz, infill density 20%, printing 

speeds 10, 20, 30, 40, 60, and 80 mm/s, respectively; (k,l) Infill density 20%, printing speed 

10 mm/s, laser intensity 16000 and 8000 Hz, respectively. (C) Confocal images of hMSCs 

spreading on printed scaffolds from soybean oil epoxidized acrylate (printing speed 10 

mm/s, laser frequency 20000 Hz) with different infill density. Data are mean ± standard 

deviation, n = 6. * p < 0.05, * * p < 0.01, * * * p < 0.001. Scale bars are 100 μm.
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Figure 6. 
(A-E) Effect of post-treatment on scaffold surface morphology. (A) Representative SEM 

image of scaffold surface showing pore structure of 90° scaffold. Below (A) are macroscopic 

views of 45° scaffolds with various post-treatments. n = 5 for all diameters measured. 

Nontreated (NT): no further treatment beyond 95% ethanol dehydration. Average diameter 

was 6.57 – 0.19mm. Freeze-dried and dehydrothermal treated (FD-DHT): scaffolds freeze-

dried before dehydrothermal treatment (DHT). Average diameter was 6.57–0.14mm. 

Average diameter was 4.97 – 0.33mm. 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide 

(EDC): carbodiimide crosslinking. Average diameter was 6.09 – 0.04mm. (B–D) SEM 

images of the strand surface after various post-treatments. (B) NT. (C) FD-DHT. (D) DHT. 

(E) EDC. Inset shows representative cross sections of printed scaffolds. (F,G) Effect of post-

treated scaffolds on human mesenchymal stem cell seeding efficiency and growth. (F) Cell 

seeding efficiency (%) of the scaffolds with starting seeding density of 100,000 cells/

scaffold. (G) Proliferation of cells on scaffolds at days 1 and 7. *p < 0.05.
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Table 1:

3D technologies and appropriate materials with advantages and disadvantages outlined

Technology Materials Advantages Disadvantages

Stereolithography (vat polymerization) Photocurable acylate, 
epoxy based resins

Complex geometries,7, 48 

high resolution49, 50
Slow print time,51 post process 
required (curing),52, 53 limited 
material choice54

Fused Deposition Modelling (material 
extrusion)

Extrudable 
thermoplastics (ABS, 
PLA, PLGA, TPS, etc.)

strong mechanical 
properties,55, 56 low costs,57 

fast printing speed58

poorer surface finish, high 
temperature, low resolution,59 

limited material choice60

Bbinder jetting, (powder bed and inkjet 
printing)

Ceramics, metals, 
thermoplastic polymers, 
composites

Fast printing speed,14 

complex geometries,61, 62 

low cost63

low resolution,64 post printing 
process,65, 66 poor mechanical 
properties
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