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Abstract 

Over the past two decades, significant progress has been achieved in the field of tissue engineering 

(TE) to restore/repair damaged tissues or organs and, in this regard, scaffolds made from 

biomaterials have played a critical role. Notably, recent advances in biomaterials and three-

dimensional (3D) printing have enabled the manipulation of two or more biomaterials of distinct, 

yet complementary, mechanical and/or biological properties to form so-called hybrid scaffolds 

mimicking native tissues. Among various biomaterials, hydrogels synthesized to incorporate living 

cells and/or biological molecules have dominated due to their hydrated tissue-like environment. 

Moreover, dispensing-based bioprinting has evolved to the point that it can now be used to create 

hybrid scaffolds with complex structures. However, the complexities associated with multi-

material bioprinting and synthesis of hydrogels used for hybrid scaffolds pose many challenges 

for their fabrication. This paper presents a brief review of dispensing-based bioprinting of hybrid 

scaffolds for TE applications. The focus is on the design and fabrication of hybrid scaffolds, 

including imaging techniques, potential biomaterials, physical architecture, mechanical properties, 

cell viability, and the importance of vessel-like channels. The key issues and challenges for 

dispensing-based bioprinting of hybrid scaffolds are also identified and discussed along with 

recommendations for future research directions. Addressing these issues will significantly enhance 

the design and fabrication of hybrid scaffolds to and pave the way for translating them into clinical 

applications. 
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1. Introduction 

The unavailability of adequate organs to meet the increasing demand for organ 

transplantation has created a global organ shortage crisis (Kang et al., 2016). Tissue engineering 

(TE) has emerged as a promising approach to regenerate human tissues and organs. In particular, 

scaffold-based TE aims to develop cell-seeded micro-constructs, so called ‘scaffolds’, to 

eventually replace, protect, restore, or repair damaged tissues such as skin, bladder, trachea, and 

myocardium after implantation (Atala et al., 2006; Boucard et al., 2007; Cebotari et al., 2006; 

Langer, 2009; Macchiarini et al., 2008; Matsumura et al., 2003; Sekine et al., 2006). Driving 

significant innovations in TE, three-dimensional (3D) printing, also known as ‘additive 

manufacturing’ (AM), has enabled the creation of biocompatible 3D scaffolds with a wide range 

of complexities that are suitable for transplantation. The 3D-printed scaffolds should resemble the 

biological and mechanical properties of native tissue to promote successful and functional tissue 

regeneration as well as avoid postoperative complications (Boccardi et al., 2015; Teo et al., 2006). 

To this end, numerous efforts have been made to fabricate biomimetic 3D scaffolds with biological 

and mechanical properties similar to native tissues.  

3D scaffolds can be prepared by both conventional and modern techniques. Conventional 

methods include electrospinning (Kishan et al., 2016), freeze-drying, gas foaming (Offeddu et al., 

2016), and particle or porogen leaching (Kim et al., 2008). Unlike conventional methods, modern 

techniques such as laser-assisted, inkjet-based, and dispensing-based (also known as extrusion-

based) cell printing (Dababneh and Ozbolat, 2014; Murphy and Atala, 2014; Seol et al., 2014; 

Wang et al., 2016) enable precise control for adding complex features to the scaffolds layer-by-

layer as per a virtual computer-aided design (CAD) drawing (Sarker and Chen, 2017). Figure 1 

presents schematic diagrams of AM techniques.  
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Figure 1. Schematic of a) inkjet-based, b) laser-based, and c) dispensing-based machines 

AM techniques are able to fabricate cell-laden hydrogels (Ning and Chen, 2017; Wilson 

and Boland, 2003) and they facilitate the direct printing of cells or bioactive molecules in defined 

locations with high cell viability to mimic the targeted tissue (Cui et al., 2012; Fedorovich et al., 

2011b; Guillemot et al., 2010; Liu et al., 2010; T. Xu et al., 2012). Table 1 presents the advantages 

and disadvantages of three AM techniques for TE applications. (Guillotin et al., 2010; Hon et al., 2008; Moon et al., 2009; Ozbolat and Yin Yu, 2013; Xu et al., 2013; 

Yu et al., 2013) 

Table 1. Merits and demerits of common 3D bioprinting techniques (Guillotin et al., 2010; Hon et al., 

2008; Moon et al., 2009; Ozbolat and Yin Yu, 2013; Xu et al., 2013; Yu et al., 2013) 

Techniques Laser-assisted  Inkjet-based Dispensing-based  

Advantages Nozzle-free technique  

Printability of viscous 

biomaterials 

Good resolution and 

accuracy  

No clogging 

 

Good cell viability  

Printing various cell types  

Noncontact nozzle 

Relatively high-resolution 

printing 

Good mechanical properties  

Shorter fabrication time than 

the other two methods 

Printing various 

concentrations of 

biomaterials with high cell 

densities 
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Disadvantages  Poor mechanical properties 

and long fabrication time 

using some biomaterials 

Cell damage due to using 

laser  

Poor mechanical properties 

High viscosity biomaterials 

are not printable  

Nozzle clogging  

Poor cell viability due to 

shear stress in nozzle 

Limited resolution, nozzle 

clogging 

 

Among these three techniques, dispensing-based bioprinting offers the most attractive 

features. It is less expensive than inkjet- and laser-based printing modules and operationally more 

flexible with respect to printing multiple materials and cell types for organ printing (Huang et al., 

2013; S. Li et al., 2009a, 2009b; Sui et al., 2009; Wang et al., 2015, 2013, 2010; Wang and Xu, 

2010). Time pressure, rotary screw, or positive displacement are the main mechanisms in a 

dispensing-based cell printing system (Figure 2) (M. G. Li et al., 2009). Encapsulated cells, growth 

factors, proteins, and peptides can be simultaneously dispensed via this technique to form 3D 

structures (Wang et al., 2006; Xu et al., 2010, 2009, 2007, Yan et al., 2005a, 2005b; Zhang et al., 

2007). Over the last decade, this technique has created new opportunities to achieve the goal of 

complex organ printing (Albrecht et al., 2016; Liu et al., 2015; Wang, 2015; Xu and Wang, 2015; 

Zhao et al., 2014; Zhao and Wang, 2013; Zhou et al., 2016), so that the first efforts to print large-

scale 3D constructs have been made using this technique. In 2007, the dispensing-based bioprinter 

technique was used to fabricate organs with more than two cell types (Xu et al., 2007). Specifically, 

adipose tissue-derived stem cells and hepatocytes were assembled into vascular liver tissues using 

this technique (Wang et al., 2016).  
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Figure 2. Different types of dispensing-based bioprinting techniques: positive displacement, time 

pressure, and rotary screw approaches 

Dispensing-based bioprinting has been widely used to fabricate cell-laden hydrogels. 

Biocompatible hydrogel materials mimic the properties of soft tissue, making them excellent 

materials for cell encapsulation (England et al., 2016). Although hydrogels provide an appropriate 

environment for cells due to their high water content, they have poor mechanical properties. Thus, 

hydrogels at higher concentrations have been used to improve printing fidelity but this results in 

insufficient in-growth of new tissue (Augst et al., 2006). Some hydrogels, such as alginate, do not 

have attractive biological features and should be modified to be more functional (Shim et al., 

2012). On the other hand, other components, such as synthetic polymers, can provide the required 

mechanical properties but, in the majority of cases, are not biologically compatible (Izadifar et al., 

2016). Thus, researchers have combined synthetic/natural hydrogel polymers with the assistance 

of crosslinkers to improve the mechanical stability of cell-laden hydrogels. Otherwise, the 

hydrogels can collapse during the printing process due to lack of support (Jung et al., 2010; 

Kawazoe et al., 2010; Schagemann et al., 2010; Tanaka et al., 2010). These structures fabricated 

by combining two or more biomaterials to achieve synergistic biological and mechanical 

properties are called hybrid scaffolds. Typically, dispensing-based hybrid scaffolds reported in the 
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literature take the form of cell-laden hydrogels and stiffer natural/synthetic polymers (Izadifar et 

al., 2017). These scaffolds have been widely used in TE applications, such as the regeneration of 

cartilage, mandible, calvarial bone, peripheral nerve, and skeletal muscle (Izadifar et al., 2012; 

Kang et al., 2016; Rajaram et al., 2012). 

This paper aims to review recent developments with respect to the design and fabrication 

of hybrid scaffolds based on dispensing-based bioprinting. In this regard, imaging techniques, 

potential biomaterials, physical architecture, and mechanical properties of hybrid scaffolds are 

discussed. The importance of vessel-like hollow channels/vascular networks and cell viability, as 

current challenges in TE, is then highlighted. Finally, the current limitations of 3D bioprinting and 

future directions for the development of hybrid scaffolds are discussed. 

2. Fabrication of hybrid scaffolds for TE 

Hybrid scaffolds are bio-fabricated from two or more natural/synthetic polymers in 

addition to crosslinkers. Figure 3 shows the procedure for the fabrication of hybrid scaffolds. The 

first step is obtaining imaging data from the patient, followed by generating a CAD model, 

selecting a biomaterial as well as cell source, and fabricating the hybrid scaffold. To fabricate 

hybrid scaffolds, a mixture of materials can be printed layer-by-layer or multiple layers of various 

materials can be combined; in some cases, sacrificial supports are also utilized. Hence, issues 

including poor mechanical/biological properties of hydrogels can be addressed by combining cell-

laden hydrogels with stiffer natural/synthetic polymers in addition to crosslinkers. 
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Figure 3. Schematic of the fabrication process of a hybrid ear-shaped scaffold by a dispensing-

based 3D bioprinting technique including I) conversion of the medical image to a CAD model, II) 

transformation of the data to the machine, III) biomaterial and cell source selection, and IV) bioprinting 

of sacrificial support, auricular cartilage, and fat tissue 

Various conventional methods have been used to prepare hybrid scaffolds in which 

hydrogels were incorporated into the scaffold by perfusion, but inadequate reproducibility and 

heterogeneous cell positioning limit the application of them (Izadifar et al., 2016). Dispensing-

based 3D bioprinting can effectively overcome such limitations. For instance, poly-caprolactone 

(PCL) and cell-laden alginate hydrogels have been printed using a multi-head tissue/organ building 

system (MtoBS) (Shim et al., 2012). Using other methods, hybrid scaffolds were fabricated by 

combining 3D cell printing and electrospinning techniques (Mota et al., 2015; Yeo et al., 2016) or 

acellular scaffolds using electrospinning and 3D printing together (S. Naghieh et al., 2017; Saman 

Naghieh et al., 2017). 

Depositing biomaterials accurately is the key to mimicking the heterogeneous structures of 

native tissues. One challenge for both modern and conventional methods used to fabricate hybrid 

scaffolds is manipulating two or more biomaterials. A common method to manipulate multiple 

biomaterials is to use multiple dispensers, each depositing a different biomaterial (Khalil and Sun, 

2007); this approach has been widely used to create hybrid scaffolds (Schuurman et al., 2011; 
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Shim et al., 2011). The critical issue of this approach is to control the biomaterials accurately to 

be deposited as per the CAD model. In other words, the problem associated with this method is 

the inability to simultaneously and accurately deposit biomaterials/cells. The other possibility for 

the deposition of multiple biomaterials is to print a mixture of biomaterials, such as a mixture of 

alginate and gelatin (You et al., 2016a). Simple mixing of various biomaterials/cells and 

fabricating scaffolds is one of the techniques used to create composite structures and in situ-

forming hydrogel scaffolds (Macaya and Spector, 2012; Wang et al., 2011). However, accurate 

control over the deposition of biomaterials/cells is a challenge of this method. To tackle this issue, 

researchers have leaned towards other techniques such as coaxial nozzle-assisted 3D bioprinting 

to print biomaterials simultaneously (Gao et al., 2015) and, particularly, to create vessel-like 

channels, as will be discussed in subsequent sections. 

Because hybrid scaffold fabrication requires the handling of multiple biomaterials with 

different rheological properties, fabrication conditions might need to be rigorously determined and 

selected. In the dispensing-based technique, continuous and uniform printing of strands is 

associated with the moving speed of the needle, which is determined by (Tian et al., 2009): 

 𝑉 =
4𝑄

𝜋𝐷2
  (1) 

where V, Q, and D are the moving speed, flow rate of the dispensed biomaterial, and needle inner 

diameter, respectively.  

Notably, the flow rate of the biomaterial dispensed is a function of operational parameters 

(e.g., pressure, temperature), the flow behavior of the biomaterial (e.g., viscosity, consistency, flow 

behavior indexes), and geometric parameters (e.g., needle diameter, length), as given by (M. G. Li 

et al., 2009): 

 𝑄 = 𝜋
𝑟𝑖

3 𝑟𝑜
3

4
 [

3𝑛 𝑡𝑎𝑛 𝜃 (∆𝑃+ 
2𝜏𝑦

𝑡𝑎𝑛 𝜃 𝑙𝑛
𝑟𝑖
𝑟𝑜

)

2𝐾 (𝑟𝑖
3𝑛 − 𝑟𝑜

3𝑛 ]

1

𝑛

 (2)  

This equation is for a tapered needle, where P is the applied pressure, ri and ro are the entrance and 

exit radius of the needle, respectively, and 𝜃 is the angle between needle and deposition surface. 
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Moreover, 𝜏𝑦, n, and K are the yield stress, flow index, and consistency index, respectively. Note 

that n and K are associated with temperature and 𝜃 is related to the length of the needle. 

Hence, the manipulation of biomaterials used to fabricate hybrid scaffolds is quite 

challenging. For example, different fabrication parameters have been considered for printing 

PCL/alginate hybrid scaffolds (Manojlovic et al., 2006; Shim et al., 2012). Generally, a low driving 

force is needed for hydrogels due to their low viscosity. Furthermore, precise force control is 

required to print cell-laden hydrogels and arrange cells precisely at high resolution. On the other 

hand, dispensing materials such as PCL require a higher temperature and driving force. Thus, 

adequate cooling is required during the printing process of successive layers of hybrid scaffolds to 

overcome heat-induced cell damage in cell-laden hydrogels. 

In addition to the problems associated with manipulating biomaterials in a dispensing-

based bioprinting system, liquid polymers are required prior to fabrication. Natural and synthetic 

polymers require different conditions (e.g., temperature, solvent) to be dissolved and they also 

need specific conditions (e.g., low temperature, light, crosslinkers, pH) to be crosslinked (Sarker 

et al., 2015). Therefore, a key challenge in the fabrication of hybrid scaffolds is to manipulate 

multiple materials with different dissolution and crosslinking or gelation properties. Furthermore, 

more challenges arise to attach successive printed layers with different biomaterials and when it is 

required to meet specific fabrication parameters (e.g., extrusion pressure, speed, temperature, type 

of crosslinker) to achieve printability with geometric precision. 

3. Design of hybrid scaffolds for TE 

The first step regarding the design of a customized hybrid scaffold could be the creation of 

a CAD model using medical images (Figure 3). This step plays a decisive role in the biofabrication 

process with respect to the accuracy of the fabricated scaffold. Biochemical, as well as physical 

aspects, should be considered in designing tissue scaffolds. Biochemical aspects are associated 

with the chemical composition and biological properties of the scaffold. Physical design is related 

to the morphology and mechanical properties of the scaffold. This section highlights imaging 

techniques and potential biomaterials for the fabrication of hybrid scaffolds. Some fabrication 

features, morphology, mechanical properties, and how to modulate the mechanical properties of 

hybrid scaffolds are also discussed. 
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3.1- Role of imaging techniques and support in the fabrication of custom-made 

hybrid scaffolds 

As illustrated in Figure 3, the fabrication of customized hybrid scaffolds starts with 

processing medical image obtained from the patient. Imaging data acquisition and conversion into 

the format recognized by the machine must have sufficient resolution (Naghieh et al., 2016b). 

Recently, AM and medical imaging techniques, as noninvasive medical imaging modalities, have 

been used to fabricate customized patient-specific scaffolds (Y. S. Zhang et al., 2017). For 

example, customized patient-specific implants consisting of autologous cell-laden polymer 

hydrogels have been reported (Hutmacher et al., 2004; Ricci et al., 2012). To this end, defects of 

the patient can be scanned using medical imaging and the data obtained then converted into a CAD 

model (Cazon et al., 2014; Fierz et al., 2008). In fact, computed tomography (CT) and magnetic 

resonance imaging (MRI) have replaced conventional radiographs to give a 3D view of anatomical 

regions (da Silva Oliveira Brito et al., 2016). The term computer-aided TE is now considered a hot 

topic and refers to gaining patients’ anatomic data by means of CT or MRI imaging (Sun and Lal, 

2002). A comprehensive review has recently been published on the importance of imaging data, 

challenges, and practical steps needed to fabricate a 3D printed model from cardiovascular CT 

data (Otton et al., 2017).  

Figure 4 illustrates the development of complex organ manufacturing over time using 

imaging techniques. This process starts with cell encapsulation in biodegradable hydrogels to print 

large 3D scaffolds; in this regard, the study carried out by Nicodemus and Bryant in 2008 is a good 

example (Nicodemus and Bryant, 2008). Efforts then switched to the fabrication of artificial organs 

with more than two types of cells (Murphy and Atala, 2014). Currently, great potential has been 

demonstrated for the fabrication of custom-made hybrid scaffolds with perfused vascular networks 

using a combination of 3D bioprinting, imaging, and vascularization techniques (Richards et al., 

2017). 
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Figure 4. The evolution of complex organ manufacturing based on hybrid scaffolds using medical 

imaging 

Hybrid scaffolds with complex structures are used in various applications, including 

mandible bone, calvarial bone, ear cartilage, skeletal muscle, and articular cartilage reconstruction 

(Izadifar et al., 2016; Kang et al., 2016). Biological structures such as the ear (Mannoor et al., 

2013) and aortic heart valve (Duan et al., 2013; Hockaday et al., 2012) have been fabricated from 

polydimethylsiloxane (PDMS) elastomer and alginate hydrogel via syringe-based extrusion. 

Although combining AM and imaging techniques is a promising method for the fabrication of, for 

instance, poly (polyetherketoneketone) bone plates (Shah et al., 2014) and PCL tracheal splints 

(Zopf et al., 2013), it has a critical limitation: in most cases, only soft materials such as hydrogels 

are printed and the creation of complex structures remains a challenge (Martin et al., 2014; Murphy 

and Atala, 2014). Complex structures might be defined as large-size structures, such as the ear, 

that have complex curvatures. More considerations are necessary to fabricate such structures, one 

of which is having a sacrificial support during their printing. 

Fabrication of complex structures, such as the ear, can start from image processing to the 

fabrication of a custom-made porous scaffold with the assistance of a sacrificial support. Many 

studies have been conducted in this regard; for instance, Lee et al. used polyethylene glycol (PEG) 

as a sacrificial support and its removal did not have any detrimental effect on cell viability (J.-S. 

Lee et al., 2014). Hinton et al. printed complex structures of a 3D model of the heart of a 5-day-
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old chick embryo, coronary arterial tree, and human femur by creating a gelatin slurry support bath 

to support the main structure during printing (Hinton et al., 2015). In another study, Pluronic F-

127 hydrogel was used as a support just before crosslinking of the hydrogel (Kang et al., 2016). 

Lee et al. reported the regeneration of both auricular cartilage and fat tissue after printing a PCL 

and cell-laden hydrogel; they used PEG as a sacrificial layer to support the complex structure of 

the ear (J.-S. Lee et al., 2014). Another study reported a supramolecular assembly (guest-host 

system) for the development of bioinks and support hydrogels, such that filaments were deposited 

in the support hydrogel (Highley et al., 2015). Using a slurry of gelatin microparticles is another 

method to support complex 3D structures during printing (Hinton et al., 2015). In a similar study, 

a soft granular gel was used as a support medium and alginate droplets were dispensed into a bath 

of CaCl2 as a crosslinker (Bhattacharjee et al., 2015; Christensen et al., 2015). Additionally, some 

researchers used a submerged-in-crosslinker approach to crosslink the hydrogel just after printing 

to create hybrid scaffolds with cell-laden hydrogels (Gao et al., 2015; You et al., 2016b). 

Sacrificial support is required for the fabrication of complex structures, as depicted for the 

ear in Figure 5. Supports are quiet useful assets to tolerate the weight of material during the printing 

process of a structure and specifically for situations, that material cannot be printed without 

support. The process starts with the generation of a CAD model using imaging data and progresses 

to the fabrication of a porous scaffold. The ear has a complex shape and composition and is a good 

candidate to illustrate the complexity of printing such structures. Notably, the ear has both 

auricular cartilage and fat tissue and, thus, bioprinting of the ear is also a good example of the 

fabrication of hybrid scaffolds using various biomaterials. Figure 5.a shows the 3D model of the 

ear created using imaging data. This 3D model is then converted to an STL file and, after ensuring 

its accuracy, different parts, support, and the final porous structure can be designed (Figure 5.b). 

It is worth mentioning that the regeneration of ear tissue with traditional techniques is difficult.  
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b 

a 

 

 

Figure 5. 3D biprinting of complex structures via sacrificial support for ear regeneration: a) 

obtaining CAD model from imaging data, b) left picture: 1- converting CAD model to STL file, 2- 

investigation of the accuracy of STL file, 3- defining desired parts for bioprinintg with different cells, 4- 

creation of the CAD model of sacrificial support based on main CAD model, 5- fabrication of porous 

scaffold via bioprinter, right picture: a representative sample of ear fabricated by a 3D-Bioplotter (CAD 

model is available at https://www.thingiverse.com/thing:304657 (Addamay123, 2017))(Addamay123, 2017) 

3.2- Potential biomaterials used in the fabrication of hybrid scaffolds 

Biomaterials should act as a mechanical support and provide biological requirements for 

targeted cells selected based on application. Hydrogels, such as alginate, are good substrates for 

https://www.thingiverse.com/thing:304657
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the incorporation of cells but do have not appropriate mechanical stability. To address this issue, 

hybrid scaffolds, including hydrogels and other natural/synthetic components, are used. From the 

biological point of view, many efforts have been made to fabricate functionalized scaffolds. 

Moreover, extracellular mimetic hydrogels are outstanding examples used in various biomedical 

applications that provide an artificial extracellular microenvironment resembling both the 

mechanical and biological features of extracellular matrix (ECM). Such structures have been 

applied to cartilage, bone, tendon, and intervertebral disc regeneration (Lv et al., 2013). 

In addition, the selected biomaterials should be biocompatible to support cell activities 

such as proliferation, migration, etc. (Ferris et al., 2013). Moreover, they should have a suitable 

degradation rate and non-toxic byproducts to degrade just after tissue regeneration and 

replacement of ECM proteins. A degradation rate that is too fast/slow results in issues such as lack 

of stability of the biomaterial (Ning and Chen, 2017). Moreover, the selected biomaterials should 

be printable with suitable fluidic viscosity. In this regard, some biomaterials have good printability 

(Fedorovich et al., 2008); for those with poor printability, methods such as the use of sacrificial 

materials can be utilized. When using hydrogels in a dispensing-based system, good crosslinkers 

should be used to prevent any collapse during the printing process (Murphy and Atala, 2014). 

Hence, many factors including printability, degradation rate, mechanical stability, biological 

requirements, etc. should be taken into account during biomaterial selection,  

Both synthetic and natural polymers have been widely used in TE applications. Some 

synthetic polymers used in scaffold fabrication cannot provide an appropriate environment for cell 

attachment because they are hydrophobic and do not have cell attachment sites. In contrast, 

hydrogels are good candidates for cell encapsulation and 3D bioprinting but have poor mechanical 

properties. Hence, the combination of synthetic biomaterials (or other components) and hydrogels 

creates potential constructs for 3D biofabrication (Kundu et al., 2015a). 

To overcome the poor mechanical properties of cell-laden hydrogels, several efforts have 

been made to combine hydrogels and other synthetic/natural polymers using a dispensing-based 

technique to support cell-laden hydrogels (Kim et al., 2015; Yeo et al., 2016). In this regard, Kang 

et al. reported the fabrication of hybrid scaffolds by combining cells with gelatin, fibrinogen, 

hyaluronic acid (HA), and glycerol mixed into Dulbecco’s Modifies Eagle Medium (DMEM) 

(Kang et al., 2016). In a similar study, PCL improved the mechanical stability of cell-impregnated 
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alginate for cartilage tissue regeneration (Izadifar et al., 2016). In addition to mechanical 

properties, shear-thinning materials are generally desired candidates for 3D dispensing-based 

bioprinting due to the rapid decrease of viscosity of the material after extrusion from the nozzle 

(Shim et al., 2012). 

Hydrogels can be functionalized to improve their biological properties. For instance, one 

polysaccharide-based hydrogel widely used in dispensing-based bioprinting is alginate, which has 

good biocompatibility, low toxicity, and high printability (Ahn et al., 2015; Andersen et al., 2015; 

Perez et al., 2013). This biomaterial has been successfully used to incorporate pancreatic islet cells, 

fibroblasts, myoblasts, and chondrocytes (Bohari et al., 2011). In spite of many attractive features, 

a lack of cell binding sites limits the application of sodium alginate; for instance, Shim et al. 

reported that alginate (derived from brown seaweed) might not promote cellular activities because 

it has no bioactive proteins (Shim et al., 2012). In this regard, many efforts have been made to 

functionalize alginate. For example, carbodiimmide chemistry is useful for forming covalent bonds 

between various peptides and the alginate molecule. Such peptides can significantly enhance the 

functionality of cell-laden alginate for neurite outgrowth (Bettinger et al., 2006). In this regard, the 

lack of adhesion sites on alginate has led researchers to functionalize this polymer by adding 

peptides, fibronectin, laminin, fibronectin, collagen, gelatin, etc. (Dhoot et al., 2004; Matyash et 

al., 2012; Novikova et al., 2006). Another option for functionalizing hydrogels is the addition of 

immobilized growth factors, e.g., to functionalize chitosan hydrogel for the differentiation of 

neural stem cells (Lv et al., 2013).  

Another point to take into account is that selected biomaterials utilized in the fabrication 

of hybrid scaffolds should have a proper degradation rate. For example, hybrid scaffolds have been 

fabricated using cell-laden alginate hydrogel and PCL (Izadifar et al., 2016); however, all of the 

pores were filled with gel and eliminated channels available for nutrient perfusion. Thus, the rate 

of degradation should be appropriate so that the scaffold degrades and provides some channels for 

perfusion. The issue of lack of nutrients, specifically for the inner parts of the scaffolds, has been 

extensively discussed elsewhere (Izadifar, 2013). To address this issue, radio frequency heating 

has been used to accelerate the biodegradation of scaffolds and create a pathway for nutrient 

perfusion (Izadifar and Chen, 2013). A recent review discusses the challenge of how to match the 

degradation rate of scaffolds with the growth of native tissue (Yang et al., 2017). Other researchers 
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have tried to fabricate hybrid scaffolds with pores intentionally left empty for oxygen and nutrient 

transport and as an example refer to (Shim et al., 2012). 

Overall, the biomaterials selected for hybrid scaffolds should satisfy both mechanical and 

biological requirements. Table 2 lists the potential biomaterials that can be utilized in the 

fabrication of hybrid scaffolds as well as dispensing-based printing machines used in the 

biofabrication of hybrid scaffolds. (Shim et al., 2012) 

Table 2. Potential biomaterials and printing parameters used in the biofabrication of hybrid scaffolds 

Materials Application Description 
Dispensing-based 

printing machines 
Ref 

PCL and alginate 
Osteochondral tissue 

regeneration 

PCL (molecular weight = 70000–

90000 Da), 4% w/v alginate 
MtoBS 

(Shim 

et al., 

2012) 

PCL and alginate 

Generation of organized 

living grafts with 

improved mechanical 

stability 

PCL (molecular weight = 70000–

90000 Da), 2% w/v medium 

viscosity sodium alginate 

BioScaffolder 

dispensing: multi-arm 

dispensing- 

based bio-printing  

system 

(Schuur

man et 

al., 

2011) 

Nanofibrillated 

cellulose (NFC), 

PCL, and alginate 

Auricular cartilage 

regeneration 

2% (w/w) of plant-derived NFC, 

PCL Capa 6500, 0.5% (w/w) 

sodium alginate 

3D Discovery® 

instrument 

(Martín

ez 

Ávila 

et al., 

2016) 

PCL, Pluronic F-

127, hydrogel: 

gelatin, fibrinogen, 

hyaluronic acid 

(HA) and glycerol 

Bone, cartilage, skeletal 

muscle 

PCL (molecular weight 

=43000~50000 Da), gelatin 

(35~45 mg/mL), fibrinogen (20–

30 mg/mL), HA (3 mg/mL), and 

glycerol (10% v/v), 33% w/v 

Pluronic F-127 added to a 10% 

v/v glycerol solution. 

Integrated tissue and 

organ printing (ITOP) 

(Kang 

et al., 

2016) 

PCL, PEG, 

alginate 
Ear regeneration 

PCL (molecular weight =45000-

60000 Da), PEG (molecular 

weight = 20000 Da), 4% w/v 

alginate 

MtoBS 

(J.-S. 

Lee et 

al., 

2014) 
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Fibrinogen, 

collagen type I, 

and Matrigel 

3D printed bifurcated 

tubes 
- 

MakerBot Replicator 

printer 

(Hinton 

et al., 

2015) 

Cell-laden sodium 

alginate (Na-Alg) 

and CaCl2 

Micro-channels for 

nutrients delivery 

2-5% (w/v) Na-Alg solution 

2-5% (w/v) CaCl2 

Coaxial nozzle-assisted 

3D bioprinting system 

(Gao et 

al., 

2015) 

Alginate, HA 
Peripheral nerve 

regeneration 

Alginate and HA (2.5 % w/v 

alginate and 0.25 % w/v HA) 

3D-BioplotterTM 

system, EnvisionTEC 

(Rajara

m et 

al., 

2014) 

PCL and alginate Cartilage TE 

PCL (molecular weight =48000-

90000 Da); 

Alginate: 2 and 2.5% medium 

viscosity alginate 

3D-BioplotterTM 

system, EnvisionTEC 

(Izadifa

r et al., 

2016) 

Collagen hydrogel 

precursor, gelatin, 

fibrinogen, 

thrombin 

Vascular Network System 

10% (w/v) gelatin, collagen 

hydrogel precursor (rat tail, type 

I), fibrinogen (10 mg/mL), 

thrombin (3U/mL) 

A developed bio-

printing platform 

(V. K. 

Lee et 

al., 

2014b) 

PCL and alginate Cartilage TE 

PCL (molecular weight =70000-

90000 Da), 4 and 6% alginate 

 

Multihead deposition 

system (MHDS) 

(Kundu 

et al., 

2015a) 

Collagen, gelatin Fluidic channels 
Collagen hydrogel precursor (rat 

tail, type I), 7% (w/v) gelatin 
Bio-printer system 

(W. 

Lee et 

al., 

2010) 

PCL, PEG, 

alginate/ 

atelocollagen/ 

decellularized 

ECM 

Heterogeneous tissue 

regeneration 

PCL (molecular weight =70000-

90000 Da), PEG (molecular 

weight = 20000 Da), 

MtoBS 

(Pati et 

al., 

2013) 

Oxidized alginate, 

gelatin 

Processability of 

the oxidized alginate- 

gelatin hydrogel in 

bioplotting applications 

2% (w/v) sodium alginate 

(molecular weight of 100000–

200000 g/mol), gelatin (type A) 

Three axes moveable 

bioplotter (type 

BioScaffolder 2.1) 

(Zehnde

r et al., 

2015) 

PCL and alginate 
Soft and hard tissue 

regeneration 

PCL (molecular weight =60000-

80000 Da), 

3.5 wt% alginate (low viscosity, 

high G-content non-medical grade 

LF10/60) 

Dispensing system 

(Lee et 

al., 

2013) 
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3.3- Physical architecture of hybrid scaffolds 

The morphology of a scaffold is defined by the geometry, distribution, and 

interconnectivity of pores, which are considered to be key parameters for 3D scaffold fabrication 

(Izadifar et al., 2012). Due to the dependency of the mechanical properties into on the geometrical 

characteristics of the scaffold, here we emphasize the physical architecture; and in the next 

subsection, mechanical properties are discussed separately. In particular, in a porous scaffold, the 

macropores support cell migration whereas micropores promote cell–cell interactions and mass 

transport. Moreover, larger pores facilitate ECM extension and small pores enhance cell 

proliferation (El-Ayoubi et al., 2011; Lien et al., 2009). A recent review emphasizes the physical 

architecture of scaffolds in tissue regeneration (Hinton et al., 2017). To facilitate cell–cell 

interactions, mass transfer within the designed hybrid scaffold should be facilitated by sufficient 

mechanical stability in a porous structure with interconnected pores. Furthermore, interconnected 

pores ensure homogeneous cell seeding and better nutrient diffusion (El-Ayoubi et al., 2011, 2008; 

Klein et al., 2009).  

In general, hybrid scaffolds require a porous structure with interconnected pores due to the 

dependency of initial cell–carrier substance impregnation, cell–cell interactions, mass transfer of 

nutrients, and tissue growth to this factor. Therefore, balance among various design parameters 

must be achieved as strand thickness, pore geometry, and porosity significantly affect the 

mechanical and biological performance of the printed scaffold. In this regard, You et al. showed 

that the mechanical properties of hydrogel scaffolds can be modulated by altering internal structure 

parameters, including strand orientation and spacing, to manipulate the physical architecture of the 

scaffold (You et al., 2016a). In another study scaffolds with high porosity facilitate cell attachment 

were reported (Spiteri et al., 2006). In a dispensing-based system, the main factors affecting the 

morphology of hybrid scaffolds are operating temperature, pressure, nozzle speed, and nozzle 

diameter. One of the advantages of developing hybrid scaffolds is that hydrogels cannot provide 

3D constructs with pre-defined internal architectures; only a few reports are available in this regard 

(Cohen et al., 2006; Guillotin et al., 2010). Generally, changing the physical features of scaffolds 

(e.g., pore size, strand width) results in changes to mechanical properties, to be discussed in the 

next section.  
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Table 3 summarizes the physical and mechanical properties of bioprinted hybrid scaffolds. 

The diameter of the dispensed strands depends on the pressure, temperature, nozzle size, and 

nozzle speed. PCL strands with various diameters (50 to 275 µm) have been printed by adjusting 

the aforementioned fabrication variables (Shim et al., 2012). In particular, changing these variables 

regulates the flow rate of the material dispensed from the needle/nozzle. In this regard, numerous 

models have been developed to predict the flow rate of the dispensed biomaterial to fabricate 

scaffolds with expected pore size and strand width (Chen et al., 2008; Sarker and Chen, 2017). (Shim et al.,  2012)  

(Schuurman et al., 2011) (Martíne z Ávila et al. , 2016) (Kang et al., 2016) (J.-S. Lee et al., 2014) (Gao et al., 2015) (Izadifar et al., 2016) (Kundu et al., 2015b) (Olubamiji et al., 2016) (Lee et al., 2013)  

Table 3. Physical architecture and mechanical properties of hybrid scaffolds 

Materials 
Strand 

width (µm) 

Pore 

size 

(µm) 

Mechanical 

properties (KPa) 
Description Reference 

PCL and 

alginate 
50-275 50-600 - 

 

(Shim et al., 

2012) 

PCL and 

alginate 
- 2000 

Young’s modulus 

near 600 

 

(Schuurman 

et al., 2011) 

PCL, NFC 

(cellulose), 

alginate 

Refer to 

picture 

Theoreti

cal 

porosity 

of 50% 

- 

 

Scale bar = 1 mm, with permission from the respective 

publisher 

(Martínez 

Ávila et al., 

2016) 
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PCL, 

Pluronic F-

127, 

hydrogel: 

gelatin, 

fibrinogen, 

HA, and 

glycerol 

∼ 370 ∼ 750 

Three-point bending test 

of the 3D bioprinted ear 

constructs for 1 mm 

extension: percentage of 

loading cycle 49.22 ± 

12.54 (pre-

implantation), 29.58 ± 

3.45 (after one month)  

 

With permission from the respective publisher 

(Kang et al., 

2016) 

PCL, PEG, 

alginate 
200 600 

Tensile modulus 14000–

16000 

 

(J.-S. Lee et 

al., 2014) 

Cell-laden 

sodium 

alginate 

(Na-Alg) 

and CaCl2 

Outer 

diameter of 

hollow tube: 

1192 

Inner 

diameter 

of 

hollow 

tube: 

892 

Ultimate tensile strength 

of 3D structure based on 

fusion of adjacent 

hollow filaments: 46 

(2% alginate), 77 (3% 

alginate), 116 (4% 

alginate) 

 

With permission from the respective publisher 

(Gao et al., 

2015) 

PCL and 

alginate 
∼ 400 ∼ 650 - 

 

(Izadifar et 

al., 2016) 

PCL and 

alginate 
200 ± 20 

400 ± 

20 
- 

 

With permission from the respective publisher 

(Kundu et 

al., 2015b) 
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PCL and 

alginate 

(only PCL 

was printed) 

200-400 
1000-

2000 

PCL compressive 

modulus: 6630-56460 

PCL tensile modulus: 

6030-46040 

Compressive modulus of 

alginate was considered 

negligible 
 

(Olubamiji 

et al., 2016) 

PCL and 

alginate 

Alginate: 466 

± 63, PCL: 

437 ± 11 

88 ± 47 
Tensile modulus: 15400 

and 8300 

 

With permission from the respective publisher 

(Lee et al., 

2013) 

 

 

3.4- Mechanical properties: hybrid scaffolds with tailorable mechanical properties 

As discussed above, stiffer materials are generally used to improve the mechanical 

properties of hydrogel biomaterials. Many studies cite the poor mechanical properties of hydrogels 

as evidence to justify the fabrication of hybrid scaffolds (Hölzl et al., 2016; Izadifar et al., 2016; 

Olubamiji et al., 2016; Shim et al., 2012). Because a hybrid scaffold might be a combination of a 

soft material and a stiff material, mimicking the mechanical properties of native tissue is quite 

challenging. Successful tissue regeneration largely depends on the mechanical properties of 

fabricated scaffold resembling native tissues. Different studies have made efforts to tailor the 

mechanical properties of scaffolds by exploring appropriate biomaterial and scaffold geometry 

(Moroni et al., 2005; Woodfield et al., 2004). In addition to experimental studies, some efforts 

have been made to predict the mechanical properties of scaffolds using numerical investigation. 

Numerical studies have been carried out to reduce the number of experiments to evaluate scaffolds 

using finite element models (Karamooz Ravari et al., 2015; Naghieh et al., 2016a; Ravari and 

Kadkhodaei, 2013). In this regard, more studies should be done to develop models that can predict 

the mechanical behavior of scaffolds considering the effects of geometric features. Inconsistency 
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between the mechanical properties of scaffolds and native tissues provokes a stress-shielding 

phenomenon and, thus, inhibits ECM secretion by cells (Olubamiji et al., 2016). According to the 

literature, various mechanical properties are desired with respect to the application of hybrid 

scaffolds; Table 3 presents mechanical properties of some hybrid scaffolds utilized in different 

applications. 

Hybrid scaffolds with tailorable mechanical stiffness (provided by thermoplastic polymers) 

have been printed together with cells (Schuurman et al., 2011). In particular, hybrid scaffolds 

composed of an acellular and soft matrix were fabricated to mimic specific native tissues and 

achieve the desired biomechanical and biological function (Eyrich et al., 2007; Hayami et al., 2010; 

McMahon et al., 2011; Nerurkar et al., 2010). Likewise, the spacing, orientation, and thickness of 

the fibers of hybrid scaffolds have been modified to improve mechanical properties in order to for 

use in intervertebral disks, cartilage, bone, and ligaments, and even in large blood vessels (Gloria 

et al., 2007; Holloway et al., 2010; Moroni et al., 2006). Cardiac implants with modulated 

mechanical properties have been reported using hydrogel bioprinting with various patterns 

(Izadifar et al., 2017). With respect to tailorable mechanical properties, more investigations are 

needed as this area is under-explored. Further, modulating the molecular weight of PCL and 

scaffold geometry has been attempted to fabricate hybrid constructs with similar mechanical 

properties to cartilage tissue (Olubamiji et al., 2016). Notably, conventional methods are unable to 

provide scaffolds with tailorable mechanical properties due to random pore size and distribution, 

uncontrollable porosity, and poor pore interconnectivity (Correlo et al., 2009; Lebourg et al., 2008; 

Lin et al., 2003; Moroni et al., 2006).  

Beyond the general goal of creating 3D scaffolds with mechanical properties similar to 

native tissues, the mechanical properties of scaffolds can affect vascularization. For example, cells 

respond to the mechanical properties of implanted scaffolds (Wen et al., 2014). Santos et al. 

showed that human umbilical vein endothelial cells (HUVECs) grown on collagen-coated low and 

high stiff polyacrylamide hydrogels showed different functional expression (Santos et al., 2015). 

Another study demonstrated that endothelial cells respond differently to angiogenic growth factors 

according to the mechanical properties of the scaffold (Shamloo and Heilshorn, 2010). 

Consequently, a vascular organization can be controlled via scaffolds by modulating mechanical 

properties; this effect can be useful to better control the creation of vascular networks. 
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4. Cell viability and scaffold activation in large hybrid constructs: the 

role of vessel-like hollow channels/vascular networks 

Creating vascular networks with perfusion capability within 3D thick scaffolds is one of 

the most critical challenges in the fabrication of large scaffolds for maintaining the viability of 

cells (Mironov et al., 2009); this important issue is the subject of a recent review (Kim et al., 2016). 

The creation of large hybrid scaffolds is no exception as large hybrid structures require appropriate 

vessel-like hollow channels/vascular networks to support cell viability throughout the 3D construct 

regardless of application. The creation of vessel-like hollow channels/vascular networks is not 

only important for vascularization using endothelial cells (ECs) but also vital for other applications 

using various types of cells. Vessel-like hollow channels/vascular networks play a major role in 

maintaining cell viability by facilitating adequate transport of oxygen and nutrients to the cells 

(Bae et al., 2012; Nomi et al., 2002; Zhang and Khademhosseini, 2015). The goal of the creation 

of hollow channels within scaffolds is to improve the cell viability in bioprinted scaffolds 

compared to those created with traditional scaffold-based TE techniques. This is considered a 

promising approach allowing the fabrication of complicated tissues for major internal organs, 

handling and positioning of multiple cell types, and integrating a vascular network in 3D tissue 

structures (Mironov et al., 2008; Nakamura et al., 2010). As an example of the importance of a 

hollow channel/vascular network, the lack of a network within a PCL/alginate hybrid scaffold 

reduced cell viability after just three days of culture (Schuurman et al., 2011). To address this 

issue, several attempts have been made to facilitate media transport within controlled scaffold 

geometry but failed due to the absence of integrated vascular networks (Yu et al., 2014). In this 

section, methods used to create vessel-like hollow channels/vascular networks and how to activate 

scaffolds for vascularization are discussed; the effect of printing parameters on cell viability is 

then summarized.  

Notably, some approaches, such as chemical modification of biomaterials, optimization of 

pore sizes to facilitate blood vessel ingrowth, incorporation of angiogenic factors (Zhu et al., 

2016), and prevascularization of the scaffold in a bioreactor can enhance the formation of 

vasculature within a hybrid scaffold. Generally, microfabrication (e.g., photo patterning, micro-

molding) and 3D bioprinting techniques are suitable for creating vascular networks (Rouwkema 

and Khademhosseini, 2016). Embedded microfluidic networks can improve perfusion in thick 
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scaffolds but, in the majority of cases, microfluidic fabrication methods require various processes 

and, thus, direct fabrication of a vascular network is not possible (Andersson and Van Den Berg, 

2004). Generation of a micro-pattern requires the knowledge of microfluidics to regulate the 

microenvironment (gas transfer, shear stress on cells, etc.) in cell culture. One example in this 

regard is using stacked multiple layers of poly (glycerol sebacate) embedded with microfluidic 

networks to promote the formation of a complex vascular network within a 3D scaffold (Bettinger 

et al., 2006). Moreover, sacrificial filaments (carbohydrate glass) incorporated within a 3D 

scaffold are useful for generating a vascular pattern, but this approach is not free from the 

complexities introduced by ECs seeding and the need to remove the sacrificial material. With 

respect to vascular networks, Huang et al. reported the fabrication of 3D zigzag cellular tubes 

according to the fusion of sodium alginate droplets via inkjet printing. However, this method 

requires the precise deposition of sodium alginate droplets and long printing times (C. Xu et al., 

2012). Another technique uses matrix-assisted pulsed laser evaporation; however, this method 

requires highly viscous materials and thus results in poor cell survival (Yan et al., 2012). Although 

seeding and encapsulation methods have been used to incorporate ECs within scaffolds, they can 

only form randomly organized vessels with poor interconnectivity.  

Similar to the fabrication of complex structures with the assistance of sacrificial 

biomaterials as mentioned in the previous sections, several studies have used sacrificial techniques 

for vascular architecture fabrication. A recent review focuses on the utilization of sacrificial bioink 

materials for bioprinting of vascular tissue scaffolds (Datta et al., 2017). However, ECs cannot be 

encapsulated during the fabrication of vascular channels in these methods (Gao et al., 2015; W. 

Lee et al., 2010; Wu et al., 2010). For instance, carbohydrate glass scaffolds were bioprinted but 

the sacrificial materials did not quickly dissolve after immersion in the culture medium (Miller et 

al., 2012). In other studies, a perfused vascular channel was prepared in which a gelatin-based 

sacrificial filament was embedded into a collagen scaffold (V. K. Lee et al., 2014a), and porous 

PCL bone grafts were vascularized through the post-seeding of human adipose-derived stem cells 

with a heterogeneous distribution (Temple et al., 2014). Figure 6 illustrates the various techniques 

utilized in the creation of vascular networks within hybrid scaffolds. These techniques use a 

hydrogel reservoir to print in a bath of the hydrogel as a support. Second, coaxial nozzle printing 

can be utilized to create hollow channels using simultaneous crosslinking of the hydrogel. This 

technique is also known as core-shell printing and is a good candidate for the creation of hollow 
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channels that can be used for drug delivery (Perez and Kim, 2015) or vessel-like channels as 

reported by many researchers (Datta et al., 2017; Jia et al., 2016; Z. Zhang et al., 2017). Third, 

sacrificial materials act as a support that can be removed after chemically crosslinking of the main 

matrix. Using this method, Norotte et al. reported the creation of hollow channels of multicellular 

pig smooth muscle cells with the assistance of agarose cylinders as a sacrificial biomaterial 

(Norotte et al., 2009). 

 

Figure 6. Printing of vascular networks within hybrid scaffolds using: a) hydrogel reservoir, b) 

coaxial nozzle, c) sacrificial material: I) CAD models of main (hybrid biomaterials) and sacrificial parts, 

II) final scaffold before removing sacrificial material (inset is the top view during fabrication), III) final 

hybrid scaffold after removal of the sacrificial material 

Moreover, hybrid scaffolds can be created from a 3D construct fabricated from functional 

biomaterials. Bioactive molecules such as cell-adhesion peptides, responsive moieties, and growth 
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factors incorporated into 3D scaffold can enhance biological function and vascularization 

(Hoffman, 2012; Martino et al., 2013; Purcell et al., 2014). Sequential release of various 

angiogenic factors (such as vascular endothelial growth factors, basic fibroblast growth factor, and 

platelet-derived growth factor) from 3D scaffolds stimulates vasculature formation and therefore 

has frequently been explored (Y. S. Zhang et al., 2017). Assembling multiple autologous cells, 

growth factors, and bioactive agents, mimicking the native tissue, is quite challenging; however, a 

3D bioprinter with multiple nozzles can efficiently overcome this difficulty. A strategy to deploy 

stem cells and growth factors together in large constructs to form vascular networks through the 

proliferation and differentiation of stem cells has been successful (Wang et al., 2016). Hybrid 

scaffolds including tricalcium phosphate, PCL, and cells supported large blood vessel formation 

in calvarial bone reconstruction, while the control group promoted limited vascularization in the 

periphery of the implant (Kang et al., 2016). The difficulty associated with thick tissue 

vascularization is forming an integrated vascular network within the 3D scaffold to allow the 

delivery of growth factors, oxygen, and other nutrients, and therefore this issue has been studied 

intensively (Chrobak et al., 2006; Ozbolat and Yin Yu, 2013). 

The importance of using vessel-like hollow channels/vascular networks is to ensure cell viability. 

However, printing parameters also affect cell viability. Needle geometry and pneumatic pressure 

can affect cell viability in the 3D vascular pattern fabricated by a dispensing-based system. Using 

this method, many factors should be considered regarding cell viability and printing cell-laden 

hydrogels. For instance, conical needles are superior to cylindrical needles with respect to shear-

induced cell damage, and therefore tapered needles are recommended (Izadifar et al., 2016). 

Additionally, highly viscous hydrogels offer better printability but cause cell damage in the 

printing process due to higher dispensing pressure (Nair et al., 2009). Some of the printing 

parameters and conditions used in the biofabrication of hybrid scaffolds for different TE 

applications are summarized in Table 4. A lower pneumatic pressure is recommended for cell-laden 

hydrogel printing to reduce the shear stress, which is one of the main factors influencing cell 

viability. Another factor is needle diameter, where smaller needle diameters result in more cell 

damage. Applied temperature and needle length are other paramount factors (Li et al., 2010). (Shim et al., 

2012) (Schuurman et al., 2011) (Martínez Ávila et al., 2016) (Kang et al., 2016) (J.-S. Lee et al., 2014) (Pati et al., 2013) (Hinton et al., 2015) (Gao et al., 2015) (Izadifar et al., 2016) (Kundu et al., 2015b) (Lee et al., 2013) (Rajaram et al., 2014) (Zehnder et al., 2015) 
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Table 4. Printing parameters and reported cell viability for different kinds of cells 

Materials 

Nozzle 

speed/feed 

rate 

(mm/min) 

Needle 

diameter 

(µm)/gau

ge size 

Pressure 

(KPa) 

Tempe

rature 

(°C) 

Crosslinking 

of hydrogel 

(mM) 

Cell types 
Cell 

viability 
Description 

Refe

renc

e 

PCL and 

alginate 

Scan speed of 

the head 

PCL: 100 

Alginate: 250 

PCL: 200 

and 150 

PCL: 400 

Alginate: 

piston-based 

system with a 

plunger speed 

of 1.2 mm/min 

PCL: 

80 

Alginat

e: 20 

CaCl2: 100 

and NaCl: 

145 

Chondrocytes 

isolated from 

human nasal 

septum 

cartilage and 

osteoblasts 

Chondrocyte

s (∼93.9%) 

and 

osteoblasts 

(∼95.6%) 

Cell viability for at least 

7 days; chondrocytes 

retained their viability 

without remarkable 

proliferation after 7 days 

(Shi

m et 

al., 

2012

) 

PCL and 

alginate 

PCL: feed rate 

of 176  

Alginate: 

deposition 

speed of 100 

PCL: 23G 

Alginate: 

210 

PCL: 500 

Alginate: 

piston-based 

system with a 

plunger speed 

of 1.5 mm/min 

PCL: 

160  

Alginat

e: room 

tempera

ture 

 

CaCl2: 102 C20A4 cells 
More than 

60% 
Only first day 

(Sch

uurm

an et 

al., 

2011

) 

Nanofibril

lated 

cellulose 

(NFC), 

PCL, and 

alginate 

Feed rate 

PCL: 1200 

NFC-Alginate: 

300 

PCL: 330 

NFC-

Alginate: 

150 

PCL: 250 

NFC-Alginate: 

40 

PCL: 

90 

NFC-

Alginat

e: 23 

CaCl2: 100 

Human nasal 

chondrocytes 

(hNC) 

∼70.9% Throughout 28 days 

(Mart

ínez 

Ávila 

et al., 

2016

) 

PCL, 

Pluronic 

F-127, 

hydrogel: 

gelatin, 

fibrinogen

, HA, and 

glycerol 

- 

PCL: 250 

Pluronic 

F127: 250 

Cell-laden 

hydrogel: 

300 

PCL: 800 

Pluronic F127: 

200-300 

Cell-laden 

hydrogel: 

50~80 

PCL: 

92.5 

Others: 

18 

Thrombin 

solution (20 

UI/mL) 

3T3 fibroblasts 

and Human 

AFSCs, rabbit 

ear 

chondrocyte, 

mouse C2C12 

myoblasts 

3T3 

fibroblasts ≥ 

95% 

∼91% for 

AFSCs and 

chondrocyte 

and ∼97% 

for 

myoblasts 

C2C12 

myoblasts 

3T3 fibroblasts: on day 

0, maintained through 

days 3 and 6 and other 

cells for long durations 

(Kan

g et 

al., 

2016

) 

PCL, 

PEG, 

alginate 

PCL: scan 

velocity 205 

Alginate: 

piston velocity 

0.48 

- 
PCL: 650 

PEG: 300 

PCL: 

80 

PEG: 

80 

CaCl2: 100 

Chondrocytes 

and adipocytes 

differentiated 

from adipose-

∼95% During 7 days 

(J.-S. 

Lee 

et al., 

2014

) 



 

30 
 

Alginat

e: room 

tempera

ture 

derived stromal 

cells 

PCL, 

PEG, 

Alginate/ 

atelocolla

gen/ 

decellulari

zed ECM 

Scan velocity, 

PCL: 205 

PEG: 310 

Alginate: 80 

Atelocollagen: 

60 

dECM: 55 

250 

PCL: 650 

PEG: 300 

Piston velocity 

of alginate, 

Atelocollagen, 

and dECM: 

0.008, 0.015, 

and 0.018 

mm/s, 

respectively. 

PCL: 

80 

PEG: 

80 

Others: 

room 

tempera

ture 

CaCl2 

Human 

adipose-

derived stem 

cells (hASCs) 

and human-

turbinate-

tissue-derived 

mesenchymal 

stem cells 

(hTMSCs) 

>95% - 

(Pati 

et al., 

2013

) 

Fibrinoge

n, 

collagen 

type I, and 

Matrigel 

- 150 - 22 
Printing in a 

gelatin slurry 

C2C12 

myoblasts 
∼99.7% During 7 days 

(Hint

on et 

al., 

2015

) 

Cell-laden 

sodium 

alginate 

(Na-Alg) 

and CaCl2 

Movement 

speed around 

1000 mm/min 

21-23 G 

Coaxial nozzle 

printing, flow 

rate alginate: 

0.5-1.5 

mL/min 

- 

Crosslinking 

via CaCl2 

(coaxial 

nozzle) 

L929 mouse 

fibroblast 
∼92.9% 

Cell viability reduced 

from 92.9% on day 1 to 

67.1% on day 7 

(Gao 

et al., 

2015

) 

PCL and 

alginate 

Dispensing 

speed:  

PCL: 60 

Alginate: 1500 

PCL: 300 

Alginate: 

200 

PCL: 800 

Alginate: 10 

PCL: 

65-80, 

Alginat

e: 10 

Partial 

crosslinking: 

CaCl2: 170 

Full 

crosslinking 

after 

fabrication: 

CaCl2: 100 

Rounded and 

fibroblastic 

cells isolated 

from primary 

cultures of 

embryonic 

chick 

chondrocytes 

Minimum 

viability of 

77% for both 

types of cells 

during 14 

days 

Up to 14 days of culture 

(Izad

ifar 

et al., 

2016

) 

PCL and 

alginate 

Scan velocity: 

PCL: 80 

Alginate: 400 

PCL: 250 

Alginate: 

250 

PCL: 650 

Alginate: 9-20 

PCL: 

80  

Alginat

e: room 

tempera

ture 

CaCl2: 100 

NaCl: 145 
Chondrocyte ∼85% Over 10 days 

(Kun

du et 

al., 

2015

b) 
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PCL and 

alginate 

Scan velocity: 

450 

Outer 

diameter: 

Alginate: 

310, PCL: 

350 

Alginate: 220 ± 

10 

PCL: 350 ± 5 

Alginat

e: 26 

PCL: 

130 

Before cell 

loading: 0.5 

wt% CaCl2, 

after printing: 

2 wt% CaCl2 

MC3T3-E ∼84% During 7 days 

(Lee 

et al., 

2013

) 

Alginate/

HA 

Scan velocity: 

240 
100 120 - 

CaCl2: 100 

0.1% w/v 

polyethylenim

ine 

RSC96 cells 

(ATTC), an 

immortalized 

rat Schwann 

cell line 

83.2% Over 3 weeks 

(Raja

ram 

et al., 

2014

) 

Oxidized 

alginate, 

gelatin 

Scan velocity: 

600-3600 
200 55 and 100 37 CaCl2: 100 

MG-63 

osteoblast 

Not reported 

statistically; 

high number 

of living 

cells 

After the plotting 

process; 5 h of 

incubation 

(Zeh

nder 

et al., 

2015

) 

 

5. Current challenges and the future of hybrid scaffolds 

Dispensing-based 3D bioprinting has revolutionized TE with respect to printing artificial 

tissues and organs but it is not free from limitations. Challenges remain with respect to fabricating 

hybrid scaffolds, such as the inclusion of vessel-like hollow channels/vascular networks and 

creation of scaffolds with geometrical features similar to those of native tissues. The following 

subsections present current limitations, solutions, and future directions. 

5.1- Challenges in the design of large hybrid scaffolds using imaging techniques 

Successful regeneration of bone, cartilage, and muscle have been reported using 

conventional TE (Amini et al., 2012; Ostrovidov et al., 2014). However, achieving reproducible 

and complex constructs together with vascular networks is a major challenge that limits future 

clinical use (Atala et al., 2012; Mikos et al., 2006). Various biological structures have been 

fabricated with 3D bioprinting techniques. However, the complexities of microstructures and the 

3D anisotropy need to be considered when mimicking native tissues (Hinton et al., 2015). A novel 

bioprinting system called an integrated tissue and organ printing system has recently been 

developed to fabricate human-scale tissues with complex constructs and vascularized networks 

(Kang et al., 2016). Bioprinting techniques require further improvements to fabricate hybrid 

scaffolds because, in the majority of cases, only simple square lattices are fabricated. These 
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structures cannot recreate the microstructure of real tissues (Hinton et al., 2015). In this regard, the 

feasibility of ear regeneration, as a tissue with a complex structure, via 3D printing technique has 

been demonstrated (J.-S. Lee et al., 2014). However, only acellular hydrogels were used for 

fabricating the ear-shaped construct because cell viability drops significantly during the fabrication 

of a large scaffold.  

While the combination of imaging and 3D bioprinting techniques has recently facilitated 

the fabrication of customized hybrid scaffolds, only a few studies have been conducted. For 

instance, Izadifar et al. tried to scale up the fabrication of hybrid scaffolds including PCL and cell-

laden alginate hydrogels. They fabricated cubic scaffolds resembling the thickness of mature 

cartilage tissue (Izadifar et al., 2016). Moreover, many factors, such as the importance of sacrificial 

support, should be taken into consideration during the printing of hybrid scaffolds with human-

scale sizes. Another factor is the accuracy of the images used to print customized scaffolds. 

Because medical images are processed to create the CAD files sent to the 3D bioprinter, the 

accuracy of the final generated file has a decisive role (Naghieh et al., 2016b). Readers are directed 

elsewhere to review papers on the accuracy of converting image data (Huotilainen et al., 2014; 

Rengier et al., 2010).  

Developing custom-made hybrid scaffolds can accelerate the translation of 3D bioprinting 

into clinical applications with the assistance of imaging techniques. However, more research is 

needed with respect to printing complex structures with the assistance of sacrificial support in 

which the removal process does not affect cell viability. More studies are also needed to improve 

the accuracy of converting imaging data into 3D models with respect to printing tissues with a 

complex structure. Further, more in vivo studies are required to evaluate the competence of tissue 

regeneration in large and complex hybrid scaffolds. 

5.2- Challenges in technical and printability aspects 

Technical challenges include increasing the speed and resolution of biofabrication and the 

possibility of printing biocompatible materials. As depicted in Table 4, printing parameters and 

conditions significantly affect cell viability in the bioprinted strand. In a 3D bioprinting system, 

the viscosity of the biopolymer is a critical factor that needs to be considered to achieve superior 

printability and printing resolution. Because the viscosity of some polymers is associated with their 
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concentration in solution, selection of higher viscosity materials requires the application of more 

concentrated biopolymer during biofabrication. However, a number of studies demonstrate the 

adverse effect of more concentrated biopolymers on tissue culture. For example, 4% alginate gels 

regenerated better cartilaginous tissue than 6% alginate gels (Kundu et al., 2015a).   

Other vital factors are the crosslinking and stability of hydrogels after fabrication. Although 

crosslinking is a good method to improve the stability of hydrogels, it is not reproducible (Lee et 

al., 2013). Several studies reported excessive crosslinking causing a significant reduction in cell 

viability in biofabrication (Ahn et al., 2012). In addition, the type and concentration of crosslinkers 

regulate printing parameters (dispensing pressure, needle speed) and the mechanical properties of 

the resulting 3D scaffolds. Therefore, the choice of crosslinkers and determining an appropriate 

concentration are critical challenges that need to be addressed. A viscous biomaterial used for 3D 

cell printing should have good printability while ensuring that its chemical/physical crosslinking 

does not adversely influence cell viability.  

5.3- Development of novel biomaterials for improved biological and/or 

mechanical properties 

The range of biomaterials used in bioprinting is limited and includes natural polymers 

(collagen, hyaluronic acid, alginate, etc.) as well as synthetic ones (PCL, polylactic acid, 

polyglycolic acid, etc.). The ideal 3D complex tissue or organ has yet to be printed; the 

incorporation of cells in hydrogels that have poor mechanical properties is the main obstacle. Thus, 

researchers have used synthetic biomaterials to improve the mechanical stability of hydrogels 

(Censi et al., 2011; Fedorovich et al., 2011b). The mechanism by which synthetic materials transfer 

mechanical stimuli to the encapsulated cells in the hydrogel is complex and requires more 

investigation. PCL, a synthetic polymer, has been used in some studies to improve the mechanical 

properties of hybrid structures (Schuurman et al., 2011). However, the role of synthetic polymers 

in transferring customized mechanical stimuli to the cells encapsulated in hydrogels is important 

and should be addressed in future studies. Modulating the mechanical properties of a hybrid 

scaffold to match the structure of native tissues is another critical factor. 

A number of biopolymers demonstrate superior printability but lack bioactive molecules 

in their structure. For example, sodium alginate demonstrates biocompatibility, low toxicity, and 

printability, and has frequently been used in 3D biopinting (Ahn et al., 2015; Andersen et al., 2015; 
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Perez et al., 2013). In spite of many attractive features, the deficiency of cell binding moieties on 

the molecular chain limits the application of sodium alginate; as it has no bioactive proteins (Shim 

et al., 2012). In this regard, carbodiimmide chemistry is useful in forming a covalent bond between 

various peptides and alginate molecule (Bettinger et al., 2006). Another biological issue is that 

cell-laden soft hydrogels degrade faster than synthetic materials in hybrid scaffolds. This non-

uniform degradation affects the structural integrity of hybrid scaffolds within a short time during 

in vivo or in vitro tissue culture. Moreover, it is difficult to create attachments between successive 

layers of hydrogels and synthetic materials during bioprinting. Finally, synthetic materials take 

longer to degrade after in vivo implantation and result in inflammation and other biological 

complexities. 

From the mechanical point of view, successful cell-laden hydrogel strands can generally 

be printed with synthetic polymers (e.g., PCL) to improve the mechanical properties of hybrid 

scaffolds. However, the heat transferred from the printed synthetic polymers to the hydrogel 

filaments significantly reduces cell viability (Lee et al., 2017). To limit such detrimental effects of 

synthetic polymers with a relatively high melting temperature, rapid cooling of PCL has been 

conducted after dispensing together with a microchannel distance gap between the PCL strands 

and cells to reduce cell damage in the cell-laden hydrogel (Kang et al., 2016). Another study 

concluded that PCL printed at 65 to 75 °C did not have any effect on cell viability in the hybrid 

(PCL/alginate) scaffold due to the quick drop in the surface temperature of the PCL to room 

temperature (Izadifar et al., 2016). Novel biomaterials should be developed for the fabrication of 

hybrid scaffolds that overcome the aforementioned limitations. Many efforts have been made to 

predict the mechanical properties of scaffolds using finite element models to reduce the number of 

time-consuming experiments, for example by developing accurate numerical models (Karamooz 

Ravari et al., 2015; Naghieh et al., 2016a; Ravari and Kadkhodaei, 2013). Such models can be 

utilized to predict the mechanical behavior of hybrid scaffolds in future studies. 

5.3.1- Challenges in manipulating multiple materials 

Once a novel biomaterial is developed, the next question is how to manipulate various 

biomaterials to fabricate hybrid scaffolds. Control of the spatial distribution of materials is a key 

issue with respect to the manipulation of multiple materials. The capacity to manipulate multi-

materials/cells during scaffold bio-fabrication is critical to mimic the heterogeneous structures of 
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native tissue/organs. A straightforward approach is to blend multi-materials/cells for deposition to 

build scaffolds, resulting in hybrid scaffolds and in situ-forming hydrogel scaffolds. This approach 

is challenged by the need to control the spatial distribution of individual materials/cells within the 

scaffolds created. To address this challenge, the use of multiple dispensers has been applied over 

the last decade, wherein multiple materials/cells stored in different dispensers are alternatively 

applied to build the scaffolds. This approach has been successfully utilized to fabricate hybrid 

scaffolds comprised of a solid 3D synthetic polymer framework to impart mechanical strength and 

a hydrogel network to encapsulate cells. However, this approach lacks the ability to dispense multi-

materials/cells simultaneously in a controllable manner in comparison with the simple blending 

method. This limitation has been thoroughly addressed elsewhere, using a microfluidic device with 

a double-coaxial laminar flow as a novel method to manipulate multi-materials/cells (Hiroaki 

Onoe, Teru Okitsu, Akane Itou, Midori Kato-Negishi, Riho Gojo, Daisuke Kiriya, Koji Sato, 

Shigenori Miura, Shintaroh Iwanaga, Kaori Kuribayashi-Shigetomi, Yukiko T. Matsunaga, 2013). 

5.4- Challenges in cell viability and the creation of activated hybrid scaffolds 

In a 3D hybrid scaffold, a large proportion of the encapsulated cell population can 

experience necrosis due to limited diffusional mass transfer (Fedorovich et al., 2011a; Hong et al., 

2011). Consequently, cells encapsulated in a large 3D scaffold cannot survive for a long time. 

However, Shim et al. report a new approach to ensure the availability of interconnected pores 

within a few hundred microns (Shim et al., 2012). Furthermore, because shear-induced cell damage 

is a common phenomenon in dispensing-based 3D bioprinting, more efforts are required to 

improve cell viability in this technology (Dababneh and Ozbolat, 2014; Koo and Kim, 2016; 

Murphy and Atala, 2014). To address this issue, tapered needles have been introduced to reduce 

shear stress (Ning and Chen, 2017). 

As mentioned above, a fundamental challenge in TE is vascularizing a large 3D cellular 

scaffold printed by a 3D bioprinting technique (Kang et al., 2016; Zhu et al., 2016). Because 

nutrient diffusion to cells without any vascular network is inefficient beyond a distance of 100 to 

200 μm (Kang et al., 2016), cell viability in the scaffold is significantly reduced during in vivo or 

in vitro culture. In particular, new blood vessels take a considerable amount of time to grow into 

scaffolds by angiogenesis/vasculogenesis and this delay remarkably reduces the cell viability due 

to hypoxia and necrosis (Laschke et al., 2009). Several strategic approaches have been considered 
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to address this issue. Hollow channels prepared by sacrificial biomaterials have been perfused with 

endothelial cells to form blood vessels (Miller et al., 2012); the use of a coaxial nozzle to manage 

the flow of the hydrogel and crosslinker is another possibility to create 3D vasculture (Zhang et 

al., 2013). Moreover, a multi-nozzle bioprinter was used to fabricate complex tissue and a vascular 

network layer-by-layer to mimic native tissue (Wang et al., 2016). In this regard, a co-axial nozzle 

was used to print tubular vascular networks, while a micro nozzle printed cells to fabricate large-

scale vascularized tissues. Similarly, fibroblast tissue ligaments together with the vasculature 

network were printed (Yu et al., 2014). Further, growth factors have been used to stimulate 

angiogenesis and create a vascular network (Lee et al., 2009; Y.-B. Lee et al., 2010). Another 

remaining challenge in creating vascular networks is the generation of perfusable prevascularized 

tissues (Y. S. Zhang et al., 2017). In this regard, in vivo/in vitro prevascularization was reported to 

be an effective approach in vasculature formation prior to in vivo implantation (Rouwkema et al., 

2008). Finally, in addition to the importance of vascular networks in cell viability, fabrication 

parameters (e.g., applied pressure) can affect cell viability and therefore more investigations are 

needed to determine optimal fabrication parameters for different biomaterials. 

6. Conclusions 

Dispensing-based 3D bioprinting techniques have been widely used in the fabrication of 

tissue scaffolds with living cells, where hydrogels are regarded as the dominant biomaterials. 

Notably, poor mechanical/biological properties of hydrogels have led researchers to develop 

hybrid scaffolds from two or more biomaterials with distinct yet complementary properties. Many 

efforts have been made to address various challenges in the development of hybrid scaffolds with 

significant advances in terms of their design and fabrication. In terms of fabrication, one common 

trend to manipulate biomaterials is using multiple dispensers to deposit different biomaterials with 

dissimilar rheological properties and fabrication conditions (dissolution and crosslinking/gelation 

aspects). Challenges remain with respect to making attachments between successive layers printed 

with different biomaterials as well as determining appropriate fabrication parameters to achieve 

printability with geometric precision. In terms of design, critical issues are associated with the 

medical imaging used to fabricate customized patient-specific hybrid scaffolds, biomaterials, and 

the physical architecture of hybrid scaffolds with tailorable mechanical properties. This review 

highlights the technical (speed and resolution) and printability aspects, development of novel 
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biomaterials, and fabrication of scaffolds with improved biological and mechanical properties. 

Many experimental and numerical studies have calculated/predicted the mechanical behavior of 

hybrid scaffolds and some advancements have occurred with respect to manipulating multiple 

materials, improving cell viability, creating vessel-like hollow channels/vascular networks, and 

fabricating large hybrid scaffolds. In spite of many successful achievements, more studies are 

needed to develop a range of printable biomaterials with appropriate biomechanical properties to 

create large hybrid scaffolds with vascular networks. The success of printing artificial tissues and 

organs with hybrid structures lies in the creation of an appropriate microenvironment in which a 

large cell population can function in an organized fashion to form respective tissues in the presence 

of a functional vasculature. In the near future, dispensing-based methods to produce bioprinted 

hybrid scaffolds are predicted to evolve further towards the goal of printing entire organs or 

damaged tissues. 
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Figure captions 

Figure 1. Schematic of a) inkjet-based, b) laser-based, and c) dispensing-based machines 

Figure 2. Different types of dispensing-based bioprinting techniques: positive displacement, time 

pressure, and rotary screw approaches 

Figure 3. Schematic of the fabrication process of a hybrid ear-shaped scaffold by a dispensing-

based 3D bioprinting technique including I) conversion of the medical image to a CAD model, II) 

transformation of the data to the machine, III) biomaterial and cell source selection, and IV) 

bioprinting of sacrificial support, auricular cartilage, and fat tissue 

Figure 4. The evolution of complex organ manufacturing based on hybrid scaffolds using medical 

imaging 

Figure 5. 3D biprinting of complex structures via sacrificial support for ear regeneration: a) 

obtaining CAD model from imaging data, b) left picture: 1- converting CAD model to STL file, 

2- investigation of the accuracy of STL file, 3- defining desired parts for bioprinintg with different 

cells, 4- creation of the CAD model of sacrificial support based on main CAD model, 5- fabrication 

of porous scaffold via bioprinter, right picture: a representative sample of ear fabricated by a 3D-

Bioplotter (CAD model is available at https://www.thingiverse.com/thing:304657 

(Addamay123, 2017)) 

Figure 6. Printing of vascular networks within hybrid scaffolds using: a) hydrogel reservoir, b) 

coaxial nozzle, c) sacrificial material: I) CAD models of main (hybrid biomaterials) and sacrificial 

parts, II) final scaffold before removing sacrificial material (inset is the top view during 

fabrication), III) final hybrid scaffold after removal of the sacrificial material 

Tables  

Table 1. Merits and demerits of common 3D bioprinting techniques 

Table 2. Potential biomaterials and printing parameters used in the biofabrication of hybrid 

scaffolds 

Table 3. Physical architecture and mechanical properties of hybrid scaffolds 

Table 4. Printing parameters and reported cell viability for different kinds of cells 
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