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Abstract 

In recent years, three-dimensional (3D) bioprinting has attracted wide research 

interest in biomedical engineering and clinical applications. This technology allows for 

unparalleled architecture control, adaptability and repeatability that can overcome the 

limits of conventional biofabrication techniques. Along with the emergence of a variety 

of 3D Bioprinting methods, bioinks have also come a long way. From their first 

developments to support bioprinting requirements, they are now engineered to 

specific injury sites requirements to mimic native tissue characteristics and to support 

biofunctionality. Current strategies involve the use of bioinks loaded with cells and 

biomolecules of interest, without altering their functions, to deliver in situ the 

elements required to enhance healing/regeneration. The current research and trends 

in bioink development for 3D Bioprinting purposes is overviewed herein. 

 

Keywords: Additive manufacturing, 3D Bioprinting, bioinks, biomaterials, hydrogels. 

 

1 Introduction 

3D Bioprinting has resulted from the convergence of biofabrication, additive 

manufacturing, tissue engineering and regenerative medicine. The term 3D Bioprinting 

regroups different biofabrication techniques that use additive manufacturing 

technologies in tissue engineering to overcome limitations that conventional 3D 

scaffolds fabrication methods encounter. Using a computer-aided design software, a 

living 3D structure is designed then produced by stacking and assembling successive 

layers of living and/or non-living materials using robotic computer-aided 

manufacturing processes. This aims to artificially develop equivalents of living tissues 

and organs for their use in tissue engineering, regenerative medicine, 

pharmacokinetics and biological research. 

3D Bioprinting techniques distinguish themselves from other biofabrication 

methods thanks to some remarkable advantages they can offer, such as their excellent 
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control over the spatial organization of biomaterials and cells, their repeatability and 

general straightforwardness [1]. There are numerous 3D Bioprinting technologies with 

their own pros & cons [2]. Nowadays, most 3D Bioprinting techniques are scaffold-

based methodologies in which cells are embedded into bioinks which are then printed 

into the desired shape. These bioinks can be defined as “formulations of cells suitable 

for processing by an automated biofabrication technology that may also contain 

biologically active components and biomaterials” [3]. The development of novel 

bioinks should consider several specificities for optimal performance, which raises 

critical problems. Bioink development face several challenges including the necessity 

to create innovative bioinks serving multiple purposes, specifically to better protect 

the cells during their transport, and securing their adequate differentiation and growth 

after printing.  

The literature comprises numerous reviews on 3D Bioprinting and the bioinks 

used. Recently, articles have been published on current 3D Bioprinting modalities [4], 

materials used as bioinks [5–7], chemistry of bioinks [8], and possible reinforcement 

strategies for bioink development [9]. However, the focus of this review is on the 

structure property relationships of printable materials and how these influence 

printing performance. We discuss future materials strategies to improve printing which 

should ultimately improve patient outcomes. In addition, owing to the fast-paced 

progress of bioink development and wide range of bioink applications, we assess the 

trajectory of its evolution. 

  

2 Bioinks 

The current 3D Bioprinting technologies, as applied to tissue engineering and 

regenerative medicine, can be divided in two different approaches: scaffold-free and 

scaffold-based 3D Bioprinting. Scaffold-free bioprinting can be described as a self-

assembly technique where living cell aggregates such as cell sheets, spheroids, or 

tissue strands, act as prefabricated building blocks directly printed into 3D constructs 

without the use of matrices. After printing, cell aggregates then mature and fuse 
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together through secretion of ECM, similarly to self-assembly phenomena in early 

morphogenesis [10–13]. In scaffold-based 3D Bioprinting, cells are encapsulated into 

polymeric hydrogel matrices called bioinks. These bioinks are then printed into the 

desired shape by one of the techniques presented before. Bioinks can be produced 

from a large variety of materials to answer specific requirements for each application. 

Both the requirements and materials are discussed herein. 

 Bioinks also provide an environment that mimics the ECM to maintain cell 

viability while inducing the desired cellular response. Bioinks differ from “biomaterial-

inks” as these latter comprise (bio-) materials which cannot be formulated with cells: 

fabricated scaffolds must be printed, then subsequently seeded with cells [3]. 

Implanted cells will vary from an application to another, as well as tissue properties, 

architecture, etc. Thus, facing the large array of target sites and possible applications, 

it is very unlikely – if not impossible – that a single bioink can be versatile enough to 

satisfy all requirements. In fact, the current literature on bioinks is incredibly diverse 

as bioinks must be closely tuned to each application for optimal results. 

 

2.1 Bioink Development 

The development of a bioink relies on a series of tests to assess its performance 

before, during and after printing. These tests will differ accordingly to the bioprinting 

technology and the intended purpose of the fabricated construct. Fig. 1 shows the 

basic steps involved in the development of a bioink, differentiating the material 

requirements from biological ones and the chronology of their assessment. The first 

step in bioink development is to consider the biological environment and requirements 

of the targeted tissue in terms of mechanical properties and cues to direct cell 

functionality [14]. This will lead to various possible materials from which the bioink can 

be formulated. The regulatory approval status of all components used, and their 

sources, must be approved as early as possible [15]. This will also ensure the 

cytocompatibility of the materials used. The degradability of these materials and the 

cytocompatibility of their degradation by-products must also be considered. Then, 
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bioink prototypes will be formulated and evaluated on their printability and the 

properties of the constructs they can yield. These tests can assess the printing quality 

(resolution, clogging issues, etc.), the structural viability of fabricated constructs, 

and/or their biological function. Naturally, it is very unlikely that the first formulations 

display optimal performance, thus numerous prototypes will be formulated in order to 

achieve structures with the desired properties and characteristics. Subsequent 

optimisation of the printing parameters and gelation mechanisms is essential to 

maximise these performances and repeatability [14]. Finally, thorough assessment of 

the resulting bioinks must be performed to ascertain the mechanical & biological 

performances of fabricated scaffolds, their resolution, cell viability and functionality 

post-printing and over time to determine the most suitable bioink formulation. 

 

 
 

Fig. 1: Overview of the steps involved in the development of a bioink. 
 
 

2.2 Bioinks Requirements 

2.2.1 Primary 3D Bioprinting Requirements 

All 3D printed structures must comply to several primary mechanical 

requirements: firstly, they must be printable and hold their shape after printing. 

However, they must also combine structural stability with effective biological 

performance. As a basic principle, successful biological substitutes mimic native 

tissues. Similarly to any structure used in tissue engineering, regenerative medicine or 

pharmaceutical research, 3D bioprinted constructs must be biocompatible, 
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cytocompatible, and bioactive: bioinks should be non-inflammatory and non-cytotoxic 

for the host and/or transplanted cells, and they should provide an ECM environment 

able to maintain a high cell viability while supporting the adhesion, proliferation, and 

differentiation of living cells similarly to the targeted tissues. They must also allow the 

production of scaffolds with adequate mechanical and structural integrity for their 

implantation and finally biodegrade in an appropriate manner. The differentiated 

characteristic of bioinks as compared to other biomaterials is their capability to be 

printed, or their printability. 

2.2.1.1 Printing strategies 

Printability is an important property as it encompasses the ability of bioinks to 

be deposited in a controlled manner to allow for optimal print fidelity. It is largely 

influenced by physical properties such as viscosity/stiffness, rheological behaviour, and 

printing parameters. It is possible to improve the printability of a given bioink by tuning 

its material properties and printing parameters such as the material concentration, the 

density of encapsulated cells or the printing temperature. However, materials with 

optimal printability have very different properties compared to natural ECM, thus they 

are often subjected to poor cell viability and bioactivity [3]. The biofabrication window 

paradigm (Fig. 2) illustrates that concept: traditional bioinks have been compromising 

printability for biocompatibility, whereas the next generations of bioinks should aim to 

overcome these concessions by offering optimal printability and biocompatibility. 
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Fig. 2: The biofabrication window. 

 

Viscosity is an essential bioink property which greatly influences printability and 

biological function. Generally, polymer solutions used in 3D Bioprinting should possess 

high viscosities and a high thixotropic index in order to retain their shape after 

processing [16,17]. However, the different 3D Bioprinting modalities lead to different 

material requirements to achieve optimal performance, and some of these techniques 

are unsuitable for high viscosities.  

In a recent study, Shin et al. functionalized hyaluronic acid and gelatin with 

gallol antioxidant groups to produce a hydrogel with dynamic hydrogen bonds [18]. 

Gallol moieties are plant-derived antioxidant associated with fruit browning [19]. 

These bonds induced temporal shear-thinning and self-healing behaviour. Long-term 

stabilization of the bioinks was then achieved through the auto-oxidation of the gallol 

moieties over the course of a day, inducing permanent covalent bonds. Depending on 

the age of the scaffold, gallol functional groups could act both as dynamic and covalent 

crosslinker. This technique allowed to produced 3D bioprinted constructs by extrusion-
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based technique with an excellent cell viability (≃95%), post-printing proliferation and 

spreading of cells. On the other hand, droplet-based modalities should use rheopectic 

bioinks to increase viscosity when stress is applied to trigger droplet formation [20–

22]. This property also causes droplets to thicken upon extrusion, which helps 

maintaining the shape of droplets by reducing spreading, splashing, and deformation. 

However, a rheopexy too high may prevent droplet formation. Additionally, the low 

viscosity and non‐fibre forming character required for inkjet bioinks limits the usable 

cell density while doing little to mitigate the shear stress cells experience during 

printed [22]. Succinctly, not only bioinks properties must be tuned to guarantee an 

adequate printing fidelity, they must also be tuned accordingly to the selected 

bioprinting modality. 

2.2.1.2 Physical & chemical strategies 

Structural integrity and stability are also essential properties to produce 

scaffolds which can retain their shapes after fabrication. Mechanical properties are 

inherent from the material composition of bioinks and eventual chemical 

modifications. Generally, hydrogels produced from naturally derived polymers possess 

poor mechanical properties compared to their synthetic counterparts. Thus, they are 

generally chemically modified by increasing their polymer content and/or crosslink 

density to be strengthened. For example, hyaluronic acid (HA) is a glycosaminoglycan 

found in the extracellular matrix and numerous biomedical applications. It is a very 

interesting material because of its immunomodulatory potential [23]. However, pure 

HA has a poor mechanical properties resulting in a potential lack of structural support 

[24]. To overcome this limitation, HA can be chemically modified and crosslinked to 

produce networks of methacrylated hyaluronic acid. In 2005, Burdick et al. have 

produced and reported methacrylated hyaluronic acid networks with compressive 

modulus ranging from 2 up to over 100 kPa by varying the molecular weight of the 

initial HA from 50 up to 1,100 kDa, its degree of methacrylation from 6 up to 12% and 

the macromer concentration from 2 wt.% up to 20 wt.% [25]. More recently, Spearman 

et al. demonstreated that the mechanical and physical properties of methacrylated 

hyaluronic acid can also depend on the methacrylation technique [26]. They assessed 
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the performances of methacrylated hyaluronic acid hydrogels modified by glycidyl 

methacrylate HA (GMHA) or methacrylic anhydride HA (MAHA). They demonstrated 

that these two different methacrylation techniques result in varying degrees of 

methacrylation and moduli, and that mechanical properties plateau with increasing 

crosslink groups, as shown in Fig. 3ii. Furthermore, this work showed the possibility to 

adjust the developed GMHA or MAHA to the mechanical properties of several soft 

tissues (Fig. 3iii). Bioinks formulated from methacrylated hyaluronic acid have been 

successfully printed into scaffolds for application in soft and hard tissue engineering 

with adequate mechanical properties, printability and good cell viability [26,27]. 

Current literature presents an great number of chemically crosslinked natural polymer 

hydrogels such as collagen, chitosan, gellan gum, etc. and their various applications in 

tissue engineering, regenerative medicine and pharmaceutical research [28–34]. 

However, such modifications should be carried to a limited extend: high polymer 

content and densely crosslinked hydrogels have poor performances in cell culture 

applications because of their reduced permeability and porosity that prevent cell 

spreading and migration, and limit nutrient diffusion [16]. 
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Fig. 3: Modulus from indentation of various HA-based hydrogels. (i) Varying concentration with constant 
methacrylation (16% for GMHA or 30% for MAHA). (ii) Constant concentration (5 mg/ml) with changing degrees 

of methacrylation. The * For Peer Review indicates p < .05. GMHA, glycidyl methacrylate hyaluronic acid; 
MAHA, methacrylic anhydride hyaluronic acid. (iii) Modulus from indentation on various rat tissues. Coloured 
regions show the approximate ranges of mechanical properties that are obtainable with the corresponding 

methacrylated HA. Reprinted with permission from [26]. Copyright © 2020 John Wiley & Sons, Inc. 
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Gelation also plays a great part in structural integrity and stability. Gelation 

refers to the phase change process by which bioinks stiffen to produce stable 

constructs to avoid structure collapse. The gelation rate greatly affects print fidelity by 

determining how quickly bioinks can crosslink and reach sufficient stiffness after 

printing [35]. Ideally, gelation should be rapid for bioinks to retain their shape post-

printing and avoid spreading. This process must as well be biocompatible with living 

cells. The gelation can either be physical (based on reversible interactions such as high 

molecular chain entanglements, hydrogen bonds, hydrophobic or ionic interactions) or 

chemical crosslinking (based on formation of covalent chemical bonds) [20,35,36]. 

There are many currently available gelation processes such as ionic, chemical, physical, 

thermal, enzymatic or photo-induced that may be used alone or combined [37–40]. 

For example, physical hydrogels usually possess poor mechanical properties that can 

be enhanced by introducing chemical functionalities to create covalent crosslinks, 

thereby resulting in irreversibly crosslinked networks [20,41,42]. Gelation is an 

essential property of bioinks, especially for energy-based bioprinting techniques such 

as stereolithography or digital light processing which entirely rely on bioinks ability for 

photopolymerization. Pure hydrogels are generally unable to crosslink independently. 

The addition of external initiators or functional groups capable of undergoing free 

radical polymerization by chemical modification of the molecule allow for independent 

polymerization of the subsequent polymers [6]. Current cell-loaded bioinks used in 

these technologies have been developed using cytocompatible photo-initiators and 

energy doses. Many traditionally used photo-initiators are toxic above a certain 

threshold and require ultraviolet light for polymerization, which is detrimental to cells 

at prolonged exposure. These toxic photo-initiators are gradually replaced by their 

cytocompatible counterparts such as Eosin Y that allow photopolymerization by visible 

light within small time spans [43–45]. Photo-initiator concentrations, exposure times, 

and exposure intensities can all be controlled to achieve crosslinking of a photo-

reactive material without damaging cells [46]. Gelation processes must be carefully 

tuned as they greatly influence crosslink densities and subsequent mechanical 
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properties. In 2016, Jang and colleagues were able to use sequential thermal gelation 

and covalent crosslinking induced by the incorporation of vitamin B2 and UVA 

irradiation, to solidify a decellularized extracellular matrix bioink with a stiffness 33 

times superior to that of the control (thermally crosslinked only) [40]. 

Mechanical properties of fabricated constructs should match those of native 

tissues to avoid stress concentration once implanted, and because they influence 

bioactivity properties including cell viability, proliferation & differentiation 

independently from biochemical cues [47–49]. A major application when controlling 

the substrate stiffness is to direct the morphology, adhesion, proliferation and 

differentiation of mesenchymal stem cells into specific phenotypes. It is well known 

that soft ECMs will direct stem cell differentiation towards chondrogenic lineage, 

whereas stiffer ECMs promote osteogenic lineage [50–54]. 

Finding the right balance between the mechanical and the biological properties 

of a bioink is a critical aspect of its development and subsequent performance. As 

described, numerous parameters influence the mechanical requirements of bioinks. 

Succinctly, fabricated constructs must mimic the mechanical properties of the tissues 

they aim to replace, while displaying appropriate stability to withstand the 

implantation, natural environment of the tissues, repetitive stress cycles, remodelling 

processes, etc. However, mechanically strong and stable bioinks exhibit limited 

biological performance. Finding this balance will depend on the application and on 

one’s perspective when developing a bioink.  

2.2.1.3 Biodegradation kinetics 

Finally, bioprinted constructs should degrade in vivo to be gradually replaced 

by the new ECM produced by cells [55]. Bioinks are designed only to play a temporary 

role, such as a sacrificial support structure [14]. For tissue engineering purposes, the 

degradation rate should ideally match that of new ECM production, and degradation 

by-products should be non-toxic nor create immunological response. If the scaffolds 

degrade too quickly, it may result in loss of cell/scaffold function before repair, or even 

structural failure in vivo. On the other hand, cell-proliferation and cell-differentiation 
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within the scaffolds may be significantly reduced if the scaffolds degrade too slowly 

[55]. Biodegradation of the scaffolds can also allow to deliver cells, drugs, and other 

therapeutics in vivo. In such case, the degradation kinetics of the structures should be 

tuned accordingly to the loaded cargo and intended application. Biodegradation can 

occur by different processes such as enzymatically, hydrolytically or through ion 

exchange [16]. It is possible to tune the degradation rate through careful bioink 

chemistry selection. In 2005, Burdick et al. determined that the degradation time could 

be tuned ranging from 1 up to 38 days by means of modifying the molecular weight, 

degree of methacrylation and monomer concentration of HA hydrogel networks [25]. 

More recently, Kim et al. developed a methacrylated glycol chitosan (MeGC)/lysozyme 

hydrogel which enzymatic degradation could be finely tuned in a cell-independent 

manner [56]. Increasing the concentration of methacrylated lysozyme (MeLyz) allowed 

to accelerate the degradation rate in a dose dependent manner as seen in Fig. 4i.  Their 

hydrogels displayed adequate performances in terms of cellular behaviour and tissue 

formation, indicating that it can be used in tissue engineering applications, as seen in 

Fig. 4ii and 4iii.  

 
 

Fig. 4: (i) Degradation kinetics of hydrogels for 14 days by measuring dry weight. MeLyz was incorporated in 
MeGC with 0, 0.1, 1, and 10 mg/mL concentrations. (ii) Live/Dead staining images of BMSCs encapsulated in 

MeGC, MeLyz0.1, and MeLyz1 for 14 days and quantified cell viability. (iii) MicroCT images of calvarial defects 
treated with hydrogels after 6 weeks. Reprinted with permission from [56]. Copyright © 2018 American 

Chemical Society. 
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2.2.2 Specific Bioinks Requirements for Additional Purposes 

Bioprinting is a promising tool for therapeutic applications. Incorporating 

bioinks with cells, therapeutic drugs and/or biologics before printing or implantation 

can allow for their local delivery in a controlled manner [55]. Bioprinted structures 

loaded with stem cells have also been shown to support positive tissue infiltration, 

constructive tissue remodelling, and adipose tissue formation without inducing chronic 

inflammation or cytotoxicity after in vivo implantation [57]. Bioinks must have specific 

physiochemical properties to allow these therapeutic biomolecules to bind to them. 

Generally, natural polymers used in bioinks are intrinsically bioactive and contain cell 

attachment sites while synthetic polymers usually lack of these and require chemical 

modifications for binding [16,53]. However, synthetic polymers allow for controlled 

degradation processes, an important parameter to create “smart” polymeric hydrogels 

that can self-regulate the release of bioactive agents in response to specific external 

stimuli such as pH, temperature, enzymes or biochemical cues, allowing for targeted 

deliveries [53,58,59]. Embedding nano- and micro-particles into the bioinks allows to 

also embed drugs & cells while acting as the transducing material [58]. These particles 

enable to tune the encapsulation efficiency of the drug contained while their density 

control allows control over the concentration and time course of the target molecule 

being delivered [53]. 

An important aspect of implanted bioprinted structures is their ability to be 

monitored by non-invasive imaging techniques during and after implantation. This 

allows to ensure their proper retention and/or degradation in the body, to analyse 

interactions between scaffolds and surrounding tissues, and to trace therapeutics 

embedded in the scaffolds [60,61]. Clinically applicable imaging techniques such as X-

rays, PET or MRI can be used for such applications. Contrary to the other techniques, 

X-ray imaging is based on phase contrast, which allows it to detect hydrogel structures 

without requiring contrast agent. However, embedding such particles is an effective 

method to allow for high-resolution 3D imaging [61]. In addition, some particles can 

be used as theranostics, meaning that they simultaneously serve therapeutic and 

diagnostic purposes. Iron oxide nanoparticles for example, can be incorporated into 
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hydrogels to act as contrast agents and drugs & cells carriers for delivery [62]. It is 

known that due to the enhanced permeability and retention effect, nanoparticles 

accumulate in tumours and inflammation sites. Theranostic iron nanoparticles can 

then provide a targeted delivery of the loaded drugs and/or cells at tumorous sites, 

while allowing to monitor them in vivo. 

Very recently, Lahr and colleagues developed a novel strategy to implant local 

theranostic scaffolds during osteosarcoma treatments [63]. If clinical evaluations 

indicate that a patient is developing primary bone cancer, biopsies will be taken from 

the lesion to grade the cancerous cells and determine the adequate treatment. 

Patients may then wait up to 6 weeks before the beginning of their treatments [64]. 

During this “therapeutic gap”, Lahr et al. propose to implant a biodegradable, tuneable 

3D printed medical-grade polycaprolactone scaffold loaded with Doxorubicin to fill the 

biopsy voids. This would allow to locally expose tumorous cells to a cytotoxic drug, 

preventing its diffusion to surrounding tissues, while also being able to evaluate the 

local tumour behaviour by giving valuable information regarding its grade, 

invasiveness, dosing requirements and potential resistance to the loaded 

chemotherapeutic drug. Monitoring the penetration depth of tumours into specifically 

designed scaffolds for example, is an accurate, repeatable, and easy way to collect 

essential prognostic information, facilitating decision-making processes to select 

suitable treatment options. This strategy could be extended to other diseases, 

facilitating diagnosis and patient-specific treatment development. 

 

2.3 Advanced Bioinks and Formulations 

 As previously mentioned, bioinks may be produced from a large variety of 

materials which serve as cell carriers during formulation and processing [65]. Hydrogels 

are the most viable and commonly used materials for scaffold-based bioinks [3,16]. 

Hydrogels can be tuned to create suitable bioinks for various applications. Limitations 

in their properties presented previously have led to the emergence of advanced bioink 

technologies such as nanocomposites, multi-material hydrogels, interpenetrating 
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networks and supramolecular bioinks [7,16]. This new generation of bioinks overcome 

some of the current boundaries in bioink design to develop biological tissue complexes 

with improved printability and move further in the biofabrication window. As 

mentioned, bioink properties and characteristics do not rely on the constituent 

materials only, but also their concentration within the bioinks, their eventual chemical 

modifications, their molecular weights, chain architectures etc. Fine optimisation of 

bioink formulation is generally the last step in its development to reach desired 

properties. Bioink formulations must consider all parameters that influence 

performance of bioinks, such as materials characteristics (molecular weights, degrees 

of crosslinking, viscosities, cell types, densities), and printing parameters (shear rate, 

temperature, pressure, printer resolutions, etc.). Some of these parameters and the 

properties they influence have been previously discussed, such as the influence that 

modifying the molecular weight and degree of methacrylation of a polymer have on its 

mechanical properties and degradation time. Bioink formulations must also consider 

parameters that are specific to certain types of bioink technology, such as filler content 

in nanocomposites, component ratios in interpenetrating polymer networks, and so 

forth. 

 

2.3.1 Single-Component Hydrogel Bioinks 

Hydrogels, as it is well known, are polymeric 3D networks that are insoluble in 

water and swell to an equilibrium volume while retaining shape [66]. Swelling under 

biological conditions render them an ideal class of materials for tissue engineering 

purposes: their high-water content enables them to mimic native tissue ECM, and they 

resemble natural soft tissue more than any other type of biomaterials [17,67]. In 

addition, hydrogels display good biocompatibility and high permeability for water-

soluble metabolites such as oxygen and nutriments, making them attractive materials 

for cell encapsulation [6,67–69]. Hydrogels consisting of porous and flexible networks 

promote cell migration as well as adhesion in 3D environments, allowing for matrix 

remodelling, which is prerequisite for the normal development of functional tissue 
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[6,16,70]. Based on origin, hydrogels can be classified into two groups: naturally or 

synthetically derived hydrogels. Further classification relies on the crosslinking 

mechanism: physical crosslinking includes chain entanglement, hydrogen bonding, 

hydrophobic interaction or crystallite formation that create semi-permanent 

reversible bonding, whereas chemical crosslinking creates permanent and irreversible 

junctions formed by covalent bonds [67,71,72].  

2.3.1.1 Natural Hydrogels 

Also referred to as biopolymers, naturally derived hydrogels are obtained from 

all types of organisms: animals, plants and microorganisms [71]. They are used for their 

intrinsic biological properties such as bioactivity, biocompatibility, low toxicity and 

biodegradation, along with their ease of formulation, ability to self-assemble and low 

cost. However, they display poor mechanical properties, reproducibility and may 

induce immunogenic reactions [21,67,71]. The two major types of natural polymers 

used in hydrogels are: i) proteins (such as silk fibroin, collagen, keratin, elastin, or 

fibrin) and ii) polysaccharides which can be extracted from both plants (e.g. alginate 

and agarose) and animals (e.g. hyaluronic acid and chitosan) [71,73]. Proteins used are 

generally derived from vertebrates and possess inherent signalling molecules to guide 

desirable cell behaviour, including migration, proliferation, differentiation, and 

maturation. On the other hand, hydrogels of nonanimal origin are readily available 

with excellent biocompatibility, low cytotoxicity, are enzymatically biodegradable but 

lack signalling molecules. They are generally used to avoid sources of viral 

contamination [6,21,71]. 

2.3.1.2 Synthetic Hydrogels 

Synthetic hydrogels are attractive materials to be used in bioink formulations 

because they can be tailored to specific applications by varying their molecular weight, 

chemical structure, and composition [21]. Namely, their mechanical strength, 

biodegradation kinetics, topography and cell adhesion characteristics can be modified 

and reproduced with low batch to batch variation as opposed to natural hydrogels 

although latest advancements in natural hydrogel chemistries are alleviating this issue 
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[71,74–76]. However, synthetic hydrogels can only support and not promote cellular 

function as they require chemical functionalization to integrate bioactivity to their 

structure [6,16,75]. The two most commonly used synthetic polymers in bioinks are 

Pluronic® and poly- (ethylene glycol) (PEG). The first lacks mechanical stability and is 

generally used as a supporting material while PEG is hydrophilic and bioinert, thus 

requires blending with other natural polymers or functionalization [17].  

 

2.3.2 Decellularized Matrix-Based Bioinks 

Each tissue has an extracellular matrix with a unique composition and topology 

generated during tissue development that is difficult to reproduce with single material 

bioinks. Decellularized extracellular matrix-based (dECM-based) bioinks are produced 

by using chemical, physical, or enzymatical processes to remove cells from the 

considered tissues while preserving their ECM. The dECM is then grounded into a 

powder and mixed into a cyto-friendly buffer solution to produce the bioink. A polymer 

can also be added to tune properties of the bioink such as its solubility or viscosity 

[6,17,21]. Kim and colleagues recently produced a dECM powder-based bioink by 

loading the dECM micro-particles into a gelatin mixture [77]. It resulted in a bioink with 

an elastic modulus increased up to nine times compared to conventional dECM bio-

ink, a 93% cell viability in micro-patterns, and an improved printability. dECM bioinks 

also promote cellular function by simulating the natural micro-environment of tissues. 

In 2014, Pati et al. developed several dECM bioinks to print structures that mimic the 

specific natural environments of different tissues [78]. Their team used various dECM-

based bioinks to produce scaffolds which displayed high cell viability, cell line-specific 

gene expression and supported ECM formation. Autologous ECM‐based bioinks are 

highly biocompatible and present minor risks of host immune reactions. However, 

harvesting graft material rises concerns due to the requirement for an additional 

surgery and subsequent loco‐regional morbidity, in addition to the limited availability 

of tissue. Allografts and xenografts are viable alternatives, but present higher risks of 

host immune reactions and disease transmission, especially for allograft‐based 
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materials [79]. Also, these bioinks have several drawbacks: they are expensive because 

of their restricted availability, limited to tissue type availability, and the 

decellularization processes are time-consuming requiring precise quantification of the 

DNA and the ECM components [6,21]. Additionally, given that each tissue has an ECM 

with unique composition and topology, dECM bioinks produced from different tissues 

will display different characteristics. Recently, Han et al. characterized the composition 

of dECMs from different tissues and evaluated the effect of unique compositional 

variation in each dECM component on mesenchymal stem cell behaviour in a tissue-

specific context [80]. The different dECMs shared some common elements, but each 

one also showed a unique set of tissue-specific components and compositional 

variation, which might be linked to tissue-reflective behaviours. For usage as hard 

tissue substitutes, like bone and cartilage implants, ceramic materials or composite 

scaffolds might be required to produce stable constructs with suitable mechanical 

properties [81]. In their study, Parmaksiz and colleagues developed a multi-layered 

osteogenic tissue scaffold by assembling decellularized bovine small intestinal 

submucosa layers with synthetic hydroxyapatite microparticles and poly(ε-

caprolactone) (PCL) binder [82]. The proposed scaffolds displayed compressive force 

values within the range of human cancellous bone while exhibiting osteoinductive 

properties. 

 

2.3.3 Multi-Component Bioinks 

 Using single-component bioinks is ultimately of limited value in bioprinting due 

to two main reasons. First, as mentioned before, the properties required for optimal 

printability and print fidelity are at odds with those that enhance cell viability and 

function. Natural and synthetic polymeric hydrogels well describe that phenomenon: 

natural hydrogels generally have weak mechanical properties whereas synthetic 

hydrogels lack bioactivity. Secondly, natural biological tissues are composite materials 

possessing anisotropic properties that rely on their components, take for example the 

meniscus [83], and arrangements that single-material bioinks can hardly reproduce 
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[70]. Using multi-material bioinks then seems like the obvious choice as a solution to 

address these issues. In this regard, hybrid bioinks that utilize both natural and 

synthetic biomaterials quickly emerged as a way of improving bioactivity and/or 

mechanical strength of bioinks. A great number of multi-material strategies have then 

been developed to strengthen hydrogels while retaining favourable biological 

properties for bioprinting applications. 

2.3.3.1 Nanocomposites 

As mentioned, natural tissues themselves are organic–inorganic hybrid 

nanocomposites comprising mostly of mechanically weak natural polymers, and 

minerals acting as their reinforcement units. Bones for example, are nano-composites 

materials with extracellular matrices consisting of minerals (65%, mostly 

hydroxyapatite), organic materials (25%), water (10%), and lipids (1%) [84]. 

Nanocomposite bioinks aim to mimic native tissues by crosslinking polymers with 

inorganic or organic nanofillers such as metals, polymers or ceramics, to alter the 

mechanical, physical and chemical properties of the bioinks and improve their 

structural and functional properties [85–87]. Depending on the nanoparticles 

considered, numerous properties including bioactivity, controlled drug delivery, 

stimuli-responsiveness, self-healing, remote-controlling, and specific rheologic 

behaviour can be incorporated into the hydrogels [16,70]. Filler geometry can also play 

a role in altering mechanical strengths of nanocomposites [88]. Comparative studies 

between bioinks loaded with different amounts of nanoparticles demonstrated that 

they could improve the bioinks mechanical properties. Recently, Lee and colleagues 

assessed the incorporation of aminopropyl-modified silica nanoparticles into an 

oxidized alginate bioink [89]. The particles were linked by reversible imine bonds, 

allowing the creation of a dynamic polymer with thixotropic and self-healing 

properties. Through incorporating 2 wt% of particles into the bioink, they reached a 

peak yield stress of 71 Pa compared to 13.8 Pa without nanoparticles (415 % increase). 

This peak at 2% filler loading can be explained by an optimised dispersion, after which 

defects appear in the composites due to poor matrix-filler interactions via the presence 

of agglomerated nanoparticles, leading to reduced tensile properties [90]. This 
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composite bioink was then successfully printed by an extrusion technique into complex 

structures, such as centimetre-scale porous constructs and an ear structure with an 

overhanging geometry, with high cell viability (≃80%). Incorporating nanoparticles is 

also linked with reduced shrinkage and swelling of printed constructs during 

crosslinking, further improving print fidelity and mechanical strength to avoid structure 

collapse post print [91]. Rheological investigations also demonstrated that increasing 

the hydrogel’s elastic modulus through nanoparticle-mediated interactions could 

exceed the maximum modulus obtained of purely chemically crosslinked gels [92]. 

Other studies pointed that the incorporation of inorganic nanoparticles such as gold 

nanomaterials, nanosilicates, etc. is linked with improved cell adhesion, organization, 

spreading and/or differentiation within printed structures [87,93–95]. 

Nanocomposites clearly offer the potential to improve both the mechanical and 

biological performance of bioinks.  

2.3.3.2 Interpenetrating Polymer Networks 

Another approach to multi-component bioinks is the use of hydrogel blends 

that use several polymers, natural and synthetic, to produce bioinks with tuneable 

mechanical and biological properties by compensating the weaknesses of each 

individual component [72]. Such blends include natural-natural, hybrid natural-

synthetic and synthetic-synthetic polymer hydrogels.  

Interpenetrating Polymer Networks (IPNs) can be defined as “unique blends of 

crosslinked polymers” [96]. They consist of multiple polymers held together by ionic 

and/or covalent crosslinks. They are at least partially mutually entangled together but 

not covalently bonded to each other so that they are not able to separate from each 

other without breaking their own crosslinked network [97]. Consequently, resulting 

hydrogels can display properties such as electrical conductivity that at least one of their 

constituents possess [98]. The different networks can be crosslinked consecutively 

(Sequential IPNs) or simultaneously (Simultaneous IPNs) with independent, non-

interfering polymerization chemistries that are used for polymers to only crosslink with 

themselves [96]. IPN hydrogels are denser than conventional hydrogels, with stiffer, 
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tougher mechanical properties and better drug delivery potential [71,99]. Semi-IPNs 

are a subclass of IPNs in which at least one polymer that is not crosslinked, to enhance 

miscibility [100]. They can also be used to create bioinks with suitable rheological 

properties for printing and fabrication of stable constructs with mechanical properties 

matching those of natural tissues [101]. Regarding their structures, IPNs can be divided 

into Double Networks (DNs) and Ionic-Covalent Entanglement (ICE) networks. DNs 

comprise two networks crosslinked through covalent bonds. They can display 

extremely high mechanical strength and toughness, greater than those of single-

component networks of either of its constituent polymers, and comparable to those 

of cartilages and rubbers [16,102,103]. The entirely covalently crosslinked nature of 

DNs provides them with high bond energies and excellent mechanical properties. 

Namely, DNs can remain elastic under important deformations (up to 50%), be nearly 

strain rate-independent, and be less vulnerable to environmental parameters such as 

temperature, ions, or pH. However, their polymerization is time consuming and 

covalent bonds can only be irreversibly broken, making DNs prone to fatigue-induced 

failures [9]. ICE networks on the other hand, are formed with ionically crosslinked 

polymer networks that serve to dissipate energy from an applied load with covalently 

crosslinked polymer networks that maintains the elasticity of the hydrogel [21]. They 

are more vulnerable to environmental parameters and strain rate-dependent, but 

their ionically crosslinked networks allow for retention of mechanical properties [9]. 

ICE hydrogels have been successfully printed via simultaneous extrusion and 

photopolymerization to produce tough scaffolds with complex shapes at relatively 

large scales [102,104]. The structural differences between these different kinds of 

interpenetrating polymer networks are shown in the Figure 5.  
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Fig. 5: Structural difference between the different kinds of polymer networks. 
 

2.3.3.3 Supramolecular Bioinks 

 Supramolecular polymers are hydrophilic 3D networks composed of short 

functionalized repeating units self-assembled by reversible non-covalent interactions 

between functional end-groups to form large entanglements (Fig. 6). Supramolecular 

polymers integrate the reversibility of physically crosslinked networks along with the 

customizability provided by covalent bonds [105]. Subsequent bioinks can then be 

tuned to have similar mechanical properties than targeted biological tissues, reversible 

gelation properties through stimuli responsiveness, stress‐relaxation, strain‐stiffening, 

self-healing ability and shear-thinning behaviour [22,106–111]. Rodell et al. were able 

to tune the rheological properties of their supramolecular bioinks by modifying the 

polymer functionalization [112,113]. Unlike covalent bonds, these interactions can be 

reversibly broken, which enables supramolecular hydrogels to dissipate large 

quantities of energy under high stress, which creates tough materials capable of 

surviving multiple repeated deformations while maintaining mechanical integrity 

through self-healing, ideal for tissue engineering purposes [16,106,114,115]. This 
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reversibility also gives supramolecular hydrogels interesting viscoelastic behaviours 

which enhance their printability: they demonstrate elastic properties below their yield 

point, behave like viscous liquids after yielding, and reform into an elastic solid after 

shear stress is removed [9]. Such bioinks have been successfully printed while 

exhibiting low viscosity under mechanical deformation and quick gelation post-printing 

to prevent supplementary flow, which results in high structural fidelity and integrity of 

biocompatible structures [3,111,113,116,117]. Supramolecular design also allows for 

enhanced drug delivery and targeting, giving the opportunity to combine multiple 

drugs, engineer specific stimuli-responsive and molecularly discrete releases [118–

120].  

 
 

Fig. 6: Schematic overview of the supramolecular design. 
 

 However, as supramolecular hydrogels rely on non-covalent bonds, they have 

weak mechanical properties compared to other types of hydrogels. To assess this issue, 

numerous studies have assessed the combination of supramolecular with different 

mechanical reinforcement strategies such as covalent crosslinking. Gao et al. for 

instance, produced a chemically crosslinked GelMA hydrogel with supramolecular 

poly(N‐acryloyl 2‐glycine) (PACG) reinforcement [121]. Again, variations in 

concentrations of the polymers resulted in variations in mechanical properties of 

subsequent bioinks. Measurements demonstrated that the GelMA hydrogel had been 

considerably strengthened and stiffened by the dynamic hydrogen bonds formed by 

the PACG. The subsequent hydrogel displayed a high compressive strength (up to 12.4 

MPa as compared to ≈200 kPa for conventional GelMA) and compressive modulus (up 

to 837 kPa as compared to ≈100 kPa). This novel hydrogel has been successfully printed 

into a biodegradable bilayer biohybrid gradient hydrogel scaffold [122] that supported 

cartilage and subchondral bone repair simultaneously in rat knee osteochondral defect 
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and can potentially be applied in treatments of other load‐bearing tissue defects. 

However, cells could not be directly printed within this hydrogel because of its small 

content of molecular ACG monomer. Thus, this hydrogel does not comply with the 

definition of bioink presented before. However, this strategy may still be extended to 

improve the mechanical strength of other natural biomacromolecule hydrogels. 

2.3.4 Hydrogel Microspheres-Based Bioinks 

 Using hydrogel microspheres in bioinks is another trend in bioink development. 

These microparticles have been extensively, yet exclusively explored for several 

decades as drug delivery vehicles and large-scale cell expansion carriers due to their 

large surface-to-volume-ratios, which is an interesting feature for cell culturing 

applications [123]. Such particles have then been studied as fillers in bioinks, to further 

improve their biological performances. More recently, gels comprising of micro- & 

nanospheres have been developed into bioinks due to their interesting biological and 

mechanical properties. 

2.3.4.1 Microcarriers 

Microcarriers are microparticulate structures that have been extensively used 

to improve hydrogels cell loading capacity and viability. Microbeads, which are 

spherical solid microparticles composed of a porous matrix, and microcapsules, that 

are covered with a semi-permeable membrane, can all be referred to as 

“microcarriers” or “microspheres” [124]. They can be used alone for bioassembly 

strategies or combined for bioprinting [125]. In this latter case, microcarriers are 

suspended into hydrogels to act as supportive structures for cell growth and expansion 

of adherent-dependent cells [126]. They consist of natural or synthetic polymer 

spheroids with interconnecting pores creating structures with large surface to volume 

ratios, vastly improving cell culturing processes [126,127]. One gram of microcarriers 

can provide a surface area equivalent to fifteen 75cm² culture flasks [127]. Moreover, 

microcarriers contain the cells at the implantation site, protect them from host 

immune response, degradation and shear stress, while also allowing for excellent 

transport of oxygen, nutrients, and metabolic waste [124,128]. As aforementioned, 
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microcarriers have been primarily used as drug delivery vehicles and large-scale cell 

expansion carriers, but recent studies proved they can also act as reinforcing units in 

bioinks, creating microscaffold-based bioink with superior mechanical properties 

[123,129]. Levato and colleagues demonstrated that microcarriers allow for 

phenotypic control of the seeded cells by modifying the compressive modulus of 

bioprinted structures, supporting differentiation of stem cells into desired lineages, 

and preserving phenotypic stability at high cell concentrations [125]. Their high 

microcarrier concentration bioink displayed good printability and the printed 

structures showed high cell density, viability, adhesion, and osteogenic differentiation 

compared to conventional cell-loaded hydrogels. 

2.3.4.2 Micro- & Nano-gels 

 In some cases, those microparticles are densely packed to create microgel 

bioinks, or their nano-sized counterparts nanogels, sometimes referred to as granular 

hydrogels. They are comprised of crosslinked spherical hydrogel particles of typically 

1-350 µm and 20-250 nm scale dimensions respectively. They have excellent 

biocompatibility, high water content, tuneable sizes, large surface area for multivalent 

bioconjugation, and abundant space to accommodate bioactive molecules such as 

drugs and live cells, making them very attractive for delivery [130–132]. Nanogels also 

have tuneable particle size, shape and sensitivity to external stimuli, allowing for 

controlled release properties [133,134]. In addition, different properties of nanogels 

can be tailored by surface modification, such as their multifunctionality and their 

circulation time [135]. Differently from microcarriers, micro-/nano-gels are jammed 

systems composed of densely packed microparticles held together by physical 

interactions. Such systems can deform elastically with no movement of individual 

particles, until the applied force overcomes the packing force determined by their 

internal crosslink density and movement, independently from the particles size 

or polymer used [136,137]. Above this threshold, the dynamics behind the 

rearrangement of particles and flow properties depend on the interparticle friction 

[138]. Bioinks produced from such systems display shear-thinning behaviours 

independently from the polymer used. Such property allows to use any hydrogel that 
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can be processed into nano- or micro-gels [136]. Porosity and internal microstructure 

of the fabricated scaffolds can also be controlled independently from material used. 

Granular hydrogels possess three-dimensional, inter-connected, porous networks 

through which cells may freely migrate and mass transport occurs [139]. The size-scale 

of the hydrogel microspheres directly influences the size-scale of the pores they form: 

for example, a microgel composed of micron-sized particles possess micron-sized 

pores, resulting in a better cell spreading compared to nanogels because of the micron 

size of most cells [140–142]. Additionally, the curved surfaces of microspheres have 

been shown to influence cell behaviour, such as cell migration and differentiation 

[143]. The independence between these properties and the materials used also allows 

to produce granular hydrogels with heterogenous properties by using microspheres of 

different compositions, properties and sometimes encapsulated cells [142,144,145]. 

The structural difference between microcarrier-laden and granular hydrogels is shown 

on the Figure 7 below. 

 
 

Fig. 7: Structural difference between microcarrier-laden granular hydrogels. In the first case, microcarriers are 
suspended into a polymer matrix which provides most of the mechanical properties, whereas granular 

hydrogels rely on particle-particle interactions of densely packed systems. 

 

2.3.5 Hybrid 3D Bioprinting Strategies 

 Hybrid strategies in bioprinting are different than the other methods presented 

above. Also referred to as thermoplastic reinforcement, a thermoplastic frame is 

printed as the structural component to provide an organized mechanically stable 

scaffold, while a cell-seeded hydrogel is co-printed to compensate the lack of 

bioactivity of the thermoplastic (Fig. 8). These strategies closely mimic natural tissues 
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which are generally composed of rigid acellular structural components, surrounded by 

softer matrices loaded with varying quantities of cells [146].  

 
 

Fig. 8: Schematic overview of hybrid bioprinting processes: layers of thermoplastic polymer and cell-laden 
hydrogels are stacked on top of each other to create hybrid constructs. Different hydrogels can be alternatively 

stacked (top panel) or printed within the same layers (bottom panel). 

 

Several studies demonstrated that the architecture of the thermoplastic 

scaffolds greatly affects the mechanical properties of the fabricated constructs, which 

allows them to be tuned to mimic those of natural tissues [146–151]. For example, 

Schipani et al. recently reinforced alginate – GelMA IPNs with PCL networks printed 

using fused deposition modelling to develop biomechanically competent composite 

constructs for cartilage tissue engineering [148]. Two different architectures of the PCL 

reinforcement were tested (“Double Offset PCL” vs. “Aligned PCL”) to assess their 

influence on the mechanical properties of the resulting scaffolds. These architectures 

led to different mechanical properties values, and one of them led to significantly 

superior values compared to those of its individual components, and even their sums, 

and were comparable to those of native articular cartilage. Other studies 

demonstrated that the co-printing approach could also influence the mechanical 

properties of the final construct: layer-by-layer bioink deposition can for example 

interfere with the adhesion of PCL fibres, significantly reducing the mechanical 
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properties of the subsequent construct [152]. PCL is generally used for such techniques 

due to its biocompatibility and relatively low melting temperature (60 °C) compared to 

other thermoplastics. Subsequently, co-printing PCL presents lower risks of inducing 

thermal injury to cells, which allows for better cell viability post-printing [9,151]. 

However, its long degradation time (more than 2 years [153]) may limit its use because 

residual filaments can act as a barrier to tissue formation [154]. Alternatives such as 

the chemical modifications of the PCL or the use of poly(lactic-co-glycolic acid) (PLGA) 

allow for similar mechanical properties with shorter degradation times [155,156]. Such 

techniques have been widely used in cartilage and bone tissue engineering for their 

high mechanical performances [154]. Hybrid 3D Bioprinting appears as a very 

promising approach to reproduce natural tissues and their organic–inorganic hybrid 

composite natures. Hybrid 3D Bioprinting is an effective way create highly organized 

composite structures with a great freedom of design, allowing to easily modify 

architectural parameters and play on the properties of resulting constructs. However, 

traditional hybrid 3D Bioprinting has intrinsic issues that limit its performance. The 

acellular thermoplastic frame may account for a large portion of the volume of the 

constructs, which would greatly reduce their cell loading capacities. In addition, cells 

in contact to the thermoplastic frame may be subjected to stimuli that will not direct 

their differentiations into the desired phenotypes. Finding the appropriate 

combination of acellular components and cell-loaded bioinks is a challenging task, 

reminiscent of the biofabrication window paradigm and the difficulty of creating 

bioinks with appropriate mechanical and biological properties.  

 

3 Cutting-Edge Progress in Bioink Development 

 Technological progress of 3D Bioprinting and its related fields constantly allows 

for new technologies to be developed. Recently, cutting-edge advances in additive 

manufacturing and polymer chemistry permitted to improve the resolution and 

properties of printed bioinks. This section gives an in-sight of the most promising 

technologies recently developed.  
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3.1 3D Bioprinting Technologies Development  

3D Bioprinting dates back from 1988 when Klebe modified a standard Hewlett-

Packard (HP) inkjet printer to deposit cells by cytoscribing [157]. Since then, many 3D 

Printing technologies have been adapted to be used in biomedical applications. 

Generally, 3D Bioprinting modalities can be divided into 3 main categories: extrusion-, 

droplet- and energy-based technologies. Extrusion-based modalities use mechanical 

force to extrude a continuous stream of bioink from a nozzle onto a printing platform 

or into a liquid medium. The force driving the flow can be issued from pneumatic 

pressure, from the use of a piston (or plunger) or a rotating screw [158–162]. Droplet 

deposition technologies lay discrete volumes of material onto a deposition surface 

using several droplet-forming techniques. These latter techniques rely on physical 

phenomena and/or mechanical devices to generate and eject the droplet [163,164]. 

Energy-based techniques rely on focusing an energy source (high energy light or laser) 

at the printing surface to solidify or stabilize bioinks through light or generated heat. 

These modalities can be divided into stereolithography, in which a beam of light scans 

the entire material layer point-by-point [165,166], and projection-based techniques 

which expose the whole layer to a single projection [167–169]. 

The easy access and extensive knowledge on the different bioprinting 

modalities currently available make them very appealing to many laboratories in 

biomedical research. They are becoming more accessible and less expensive every day, 

while their versatility continues to attract a broader range of researchers who are 

implementing them in their respective fields. Advances in other scientific disciplines 

allow for the transition of new technologies in bioprinting. Hence, novel bioprinting 

modalities continue to appear thanks to constant technological progress. Other fields 

of research can also serve to improve currently available bioprinting techniques. 

Microfluidics for example, which is the study of small volumes of fluids confined in 

micro-channels, is used to engineer and improve printing hardware of commonly used 
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modalities, permitting to overcome the challenges they face while expanding their 

applications.  

 

3.1.1 Microfluidics-Enhanced 3D Bioprinting 

Microfluidics is a growing area of research which studies the behaviour, precise 

control, and manipulation of fluids geometrically constrained at the nano-/micro-scale, 

subjected to greater surface forces than volumetric ones. The recent development of 

this field concorded with the emergence of barriers that bioprinting faces when 

downsizing to micro-scale resolutions. Namely, the lack of precisely controlled multi-

material deposition, cell damage during printing processes and clogging are common 

issues that limit bioprinting performances at finer resolutions. Thus, microfluidics 

systems promptly found their way to further improve bioprinting strategies [170–172]. 

Microfluidics-enhanced bioprinting modalities aim to improve bioink and cell handling 

to address these issues. Recently, many studies used microfluidics techniques in tissue 

and organ modelling [173–176], tissue engineering [177–179] and in drug synthesis, 

screening & testing [173,180,181]. In 2016, Snyder et al. developed a microfluidic 

synchronized multi-material printing nozzle with several inlets and only one outlet for 

enhanced multi-material bioprinting [182]. This printing nozzle allowed for the lamellar 

flow of heterogeneous filaments made from several materials. Their team was able to 

encapsulate multiple cell types into 200 nL droplets to model human liver cells for 

pharmacokinetic research, and they were also able to extrude hetero-cellular 3D 

scaffolds. More recently, Serex et al. developed smart print heads which improved 

dispensing capacities in extrusion-based bioprinting [183]. Their multi-inlets nozzles 

were engineered to allow fast material switching, mixing of reactive components 

before their dispensing at varying ratios, using hydrodynamic focusing mechanics to 

precisely control material thickness, and crossflow filtration to concentrate particles or 

cells in deposited material. This study showed the great potential microfluidics hold to 

improve printing resolutions and the range of materials used. 
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Microfluidics-enhanced bioprinting has also been recently used to improve co-

axial printing [178,179,184]. This latter technique, also called core-shell bioprinting, 

allows to extrude bioinks at the core of the nozzle, surrounded by a crosslinking 

solution, or inversely to produce hollow bioink fibres. Co-axial bioprinting can also 

allow to use lower viscosity bioinks which crosslink in the nozzle only, greatly reducing 

risks of clogging [171]. Recently, Yang and Bartolo engineered a co-axial printing nozzle 

using microfluidics to improve the uniformity and balance of the fluids flows inside, 

guaranteeing a higher alignment of polymer chains during extrusion (Fig. 9) [185]. 

These studies show the great potential of microfluidics to improve commonly used 3D 

Bioprinting modalities. Re-engineering printing hardware using acquired knowledge 

from other scientific fields could allow to overcome many of the limitations faced in 

biofabrication. Microfluidic-enhanced multimaterial printing heads bring expectations 

of using novel material combinations in bioprinting, while novel co-axial printing heads 

show great potential for printing vasculatures. 

 
Fig. 9 Fluid pathway and associated fluid velocity profiles for (i) compression co-axial nozzle without expanding 

chamber; (ii) with a large expanding chamber nozzle; (iii) with a small expanding chamber. Reprinted from [185] 
with permission of Dr. Jiong Yang, Copyright © 2020 Infinite Science Publishing, licensed under CC BY 4.0 

(http://creativecommons.org/licenses/by/4.0). 
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3.1.2 Electrohydrodynamic 3D Bioprinting 

 Electrospinning is a versatile method to produce ultra-thin fibres with 

diameters ranging from the nano- to the micro-metric scale, from various materials. 

This method has already been used in biofabrication for applications which do not 

require to produce precise patterns. Since early 2000s, great efforts have been into 

developing a technique which allows for the controlled deposition of electrospun 

fibres. In 2011, Brown et al. were able to combine melt electrospinning and layer-by-

layer additive manufacturing to produce 3D scaffolds from PCL with uniform 10 µm 

fibre diameter in controlled and automated manner [186]. This technique greatly 

improved fibre resolution to the cell-size scale. Since then, melt- and solution-based 

electrohydrodynamic bioprinting technologies have been extensively developed to 

produce high resolution micro/nanoscale scaffolds and living tissue constructs [187]. 

In 2016, Yeo et al. proposed an electric field-assisted extrusion cell printing technique 

in which the electric field stabilize the extruded struts of bioink to reduce cell damage 

due to shear stress during extrusion [188]. This technique allowed for rapid production 

of cell-laden structures with a 300 µm resolution and high initial cell viability (87%). 

More recently, He et al. further improved this technology by fine tuning its parameters, 

and were able to print alginate filaments with a diameter of 80 μm with higher cell 

viability (95%) as seen in Fig. 10 [189]. However, the height of their scaffolds was 

limited to 145 µm due to crosslinking failure. The same team then used a co-axial 

printing head to incorporate calcium chloride, inducing instant crosslinking [190]. This 

technique allowed to print 80 µm diameter bioink filaments with high cell viability 

(>90%) into 3D living constructs with a maximum height of 1465 µm. 

 
Fig. 10 Electro-hydrodynamic printing of multiple layers of cellular structures. (i) 3D fluorescent profile of 

electro-hydrodynamically printed cell-alginate hydrogel with ten layers. (ii, iii) Cell viability and morphology 
when cultured for 1 and 7 d in vitro. Reprinted with permission from [189]. Copyright © 2017 John Wiley & 

Sons, Inc. 
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 Electrohydrodynamic printing can also be used to produce hybrid scaffolds with 

nano-/microscale thermoplastic reinforcements. In 2017, Bas et al. used melt 

electrospinning writing (MEW) to produce medical grade poly(ε-caprolactone) (mPCL) 

microscale fibrous networks used to reinforce poly(ethylene glycol)/Heparin hydrogels 

[191]. The resulting constructs displayed compressive moduli up to 42 times higher 

than those of not reinforced scaffolds, comparable to the compressive modulus of 

natural human articular cartilage. Moreover, the mPCL scaffolds only accounted for 

12% of the volume of the final constructs. These composite constructs displayed 

viscoelasticity, mechanical nonlinearity and anisotropy while also exhibiting great 

biological properties. These structures supported high chondrocyte viability and their 

differentiation under compressive strains comparable to those exerted during natural 

tissue function. However, the fabrication of the scaffolds was time-consuming. These 

constructs resulted from a two-step process, involving the printing of the 

thermoplastic networks, and their subsequent infiltration by PEG/Hep hydrogels. This 

approach greatly limits the freedom of design for the microscale reinforcement 

structure, the use of multiple materials and of cell types. In 2018, de Ruijter and 

colleagues combined the extrusion printing of cell-embedded bioinks and the MEW of 

sub-micrometre fibres into a single-step biofabrication process [192]. This technique 

allowed for the first time the 3D deposition of MEW fibres within precisely organized 

bioprinted structures (Fig. 11). Very recently, the same group produced a personalised 

osteochondral implant in a similar fashion [193]. The condyle-shaped implant was 

composed of a chondroprogenitor cells-laden GelMA hydrogel supplemented with 

MEW PCL fibres. During 28 days of in vitro culture, this construct maintained its 

geometry, displayed enhanced compressive properties, and supported abundant 

cartilage-like matrix formation. Electrohydrodynamic 3D Bioprinting is a successful 

approach to produce highly organized 3D composite living constructs with fine 

resolutions and close similarities to native biological tissues in clinically relevant 

applications. 
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Fig. 11: Pluronic hydrogel (40% w/v, yellow arrows) is used to guide de direction of MEW PCL fibres (white 
arrows). MEW fibres are printed over: (i) a single strand of Pluronic, or (ii) interlocked within hydrogel strands. 
This allows for (iii) more complex fibre architectures and (iv) out-of-plane fibre deposition. Scale bar = 500 µm. 

Reprinted with permission from [192]. Copyright © 2018 John Wiley & Sons, Inc. 

 

3.1.3 Voxelated 3D Bioprinting 

 Similarly to pictures displayed on screens which can be broken individual pixels 

carrying specific colorimetric characteristics, 3D structures can be broken down to 

matrices of voxels, which are finite-volume-elements transporting the characteristics 

of the structure (material composition, mechanical and physical properties, etc.) 

depending on its spatial localization. Voxelated, or bitmap, 3D Printing is an emerging 

modality which relies on the printing of discrete volumes of distinct materials to build 

up structures, in opposition to conventional CAD 3D Printing which relies on the 

continuous distribution of material along determined geometries [194–196]. This 
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approach, where the materials have not yet been combined with cells, serves to 

precisely modify local properties of structures on the scale of the printed voxels. 

Ideally, the volume of these voxels is equal to D3, with D being the diameter of the 

nozzle. This technique however presents a major drawback: to preserve the resolution 

of a construct when its linear scale is increased by a factor L, the number of voxels and 

the subsequent printing time are increased by L3. Thus, voxelated printing has limited 

performance for large structures fabricated using materials with short printing 

windows. Recently, Skylar-Scott et al. designed a multimaterial multinozzle 3D printer 

to rapidly print voxelated structures at large scales, capable of depositing 4 different 

materials through 16 nozzles [194]. This technique allows to greatly reduce the printing 

time, but is limited to produce 3D structures which complexities are limited to periodic 

layouts since each nozzle cannot switch material independently. So far, voxelated 

modalities has not been used in bioprinting applications yet. But this technique shows 

great promises to precisely deposit multiple biomaterials, drugs or cells, to create 

complex scaffolds with a precise microstructure. 

 

3.1.4 In Situ and In Vivo 3D Bioprinting 

3.1.4.1 In Situ 3D Bioprinting 

The rapid expansion of computer-assisted medical intervention attracted a 

broad range of researchers to develop tools to accelerate new tissue implantation and 

improve patient outcomes. Technological progress in medical imaging allowed for the 

production of patient-specific scaffolds from detailed topographical analysis of defect 

sites [197]. In the last few years, expectations of efficient in situ cell-laden tissue 

deposition were brought closer by improved bioprinting technologies which could 

operate at mild conditions. In 2015, Catros et al. proposed a novel approach of 

biomaterial layer-by-layer deposition using laser-assisted bioprinting (LAB) of 

nanohydroxyapatite in mice calvaria defects [198]. They successfully printed in situ 30-

layer scaffolds which supported bone regeneration after 4 weeks in the defect areas. 

In 2017, the same team used LAB for the in situ deposition of MSCs-embedded 
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collagen/nanohydroxyapatite bioinks in a similar application [199]. In vivo assessment 

demonstrated that printed MSCs could proliferate for 42 days post implantation and 

improve the regeneration of the calvaria defects (Fig. 12). This technique was since 

improved to induce pre-vascularization of critical bone defects, and further enhance 

bone regeneration [200]. 

 
Fig. 12: (i) Representative luminescence imaging of luciferase positive D1 cells in a ring geometry at 10, 15, 21, 

28, 35 and 42 days post printing, in a mice calvaria model. (ii) Quantification of the luciferase signal of 
luciferase positive D1 cells in a ring and disk geometry in a mice calvaria model (Average ± SD, n = 5). Reprinted 

with permission from [199]. Copyright © 2017 Virginie Keriquel et al., licensed under CC BY 4.0 
(http://creativecommons.org/licenses/by/4.0). 

 

3.1.4.2 In Vivo 3D Bioprinting 

Very recently, the trend of minimally invasive and non-invasive in vivo 

procedures took a major step forward with its development in bioprinting techniques. 

In 2020, the team of Zhao et al. established the proof of concept of a novel in situ in 

vivo bioprinting process using microrobots, as a first step towards the development of 

a novel bioprinting strategy [201]. They developed a minimally invasive micro 

bioprinting platform to be placed at the extremity of an endoscope. This platform folds 

itself when entering the body, then unfolds before beginning the bioprinting 

operation. They first tested the feasibility of their system by printing two-layer tissue 
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scaffolds into biological models of human stomach, then they assessed the bioprinting 

performance in cell culture dishes. Printed cells remained viable for 10 days and 

displayed steady proliferation. This study showed the great potential of their novel 

bioprinting method to carry out tissue repair inside the body.  

A few months earlier, two separate teams published their research on relatively 

similar in vivo light-induced 3D Bioprinting techniques (Fig. 13). Chen et al. used digital 

near-infrared (NIR) photopolymerization (DNP) to noninvasively print in vivo 3D 

biological tissues [202]. Their approach relied on subcutaneously injecting a photo-

crosslinkable bioink in situ. This bioink was then printed by ex vivo irradiation of 

patterned NIR into customized tissue constructs. They successfully printed in mice 

personalized ear-like tissue constructs which supported chondrification, and cell-laden 

conformal scaffolds for muscle tissue healing. To achieve these technical feats, they 

developed an initiator which relies on the conjugated effects of an up-conversion 

nanoparticle (UNCP) coated with UV/blue-light photo-initiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP). Succinctly, the NIR irradiation of the UCNPs 

resulted in the emission of UV photons by up-conversion. These photons were then 

absorbed by the LAP coating to initiate photopolymerization, which allowed to avoid 

the detrimental effect that UV induce onto cells. Less than a month later, Urciuolo et 

al. published their study on a similar process using two-photon crosslinking to precisely 

produce constructs across and within tissues in different target organs in live animals, 

along with real-time imaging [203]. Their team used laser with 850 nm wavelengths to 

allow for deep tissue penetration and functionalized their hydrogels with coumarin 

derivatives as NIR photosensitive crosslinking moieties. Their strategy, called intravital 

3D Bioprinting, allowed for the fabrication of tissues such as the dermis, skeletal 

muscles, and brain. Although these techniques are highly perfectible, they are 

formidable breakthroughs in the field of 3D Bioprinting. These studies bring closer the 

expectations of non-invasive procedures to correct tissue defects. Bypassing invasive 

tissue replacement surgeries to closely mimic endogenous tissue repair would avoid 

damages to surrounding tissues and scar formation, and could greatly improve patient 

outcomes and rehabilitations, while simplifying and accelerating the treatment 

Page 38 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

39 

procedures. Such technologies also rise great hopes for treating difficultly accessible 

and sensible areas such as the spine. 

 
 

Fig. 13: Principle of noninvasive in vivo NIR light-induced bioprinting. (i) A tissue defect necessiting a graft is 
detected. (ii) A photocrosslinkable bioink is injected in the defect area. (iii) Ex vivo NIR light irradiation is used to 
locally crosslink the bioink and create the tissue substitute. (iv) The fabricated construct remains in the body and 

acts as any bioprinted implant. This figure was created using images from Servier Medical Art Commons 
Attribution 3.0 Unported License.(https://smart.servier.com/). Servier Medical Art by Servier is licensed under a 

Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). 

 

3.2 Next Generation of Bioinks 

 Similarly to bioprinting processes, bioink chemistry recently met considerable 

improvements initiated by the technical development of polymer chemistries. Herein, 

we review some very promising approaches to further improve bioinks, rising 

expectations of further progressing in the biofabrication window.  

 

3.2.1 Combinatorial Bioinks 

Combinatorial bioinks rely on the dual effect of combined non-mutually 

exclusive bioink reinforcement strategies previously described. Nanoparticles for 

example, can be easily integrated within polymeric network while having direct 

outcomes on resulting hydrogels properties. Recently, IPNs have been reinforced with 
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fibres to produce composites and further enhance their mechanical properties [9,204]. 

In 2018, Chimene and colleagues developed a bioink that combines nanocomposite 

and ionic covalent entanglement (ICE) reinforcing strategies into a nanoengineered 

ionic-covalent entanglement (NICE) (Fig. 14i) [205]. Their bioinks were successfully 

printed into personalized cell-laden scaffolds with high structural fidelity and 

mechanical stiffness, with great potential in tissue engineering applications. These 

NICE bioinks were produced from bioactive GelMA with kappa-carrageenan (κCA) and 

reinforced with nanosilicates (Laponite). Subsequent bioinks displayed shear-thinning 

behaviours, and fabricated structures became tough and elastic after crosslinking. 

Stress and frequency sweep results showed that NICE reinforcement (14.2± 1.4 kPa) 

resulted in a storage modulus four-fold higher than GelMA (3.1±0.3 kPa) and two-fold 

higher than GelMA/κCA ICE (7.4±0.9 kPa). Compression tests also demonstrated that 

the NICE reinforced hydrogel was more stable after multiple cycles than the 

GelMA/κCA ICE. Furthermore, embedded cells maintained high viability (>90% 

immediately after 3D Bioprinting), attachment, and spreading throughout a 120-day 

period. They also assessed the effects of different formulas of NICE with various 

component ratios on mechanical properties (Fig. 14ii) and printability [206]. They 

concluded that varying the component ratios of such IPNs has the potential to tailor 

mechanical performance and printability in tandem. 
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Fig. 14: NICE bioinks combine nanocomposite reinforcement and ionic-covalent entanglement reinforcement 
mechanisms to create a bioink that is tough, elastic, and highly printable. (i) NICE bioinks use nanosilicates to 
reinforce an ionic-covalent entanglement hydrogel made from GelMA and κCA, creating a dually reinforced 
hydrogel network. These interactions allow the NICE bioink to behave as a solid at low shear stresses and 

improve shear thinning characteristics during bioprinting. After crosslinking, ICE and nanosilicate reinforcement 
synergistically improve mechanical strength. TEM imaging of two-dimensional nanosilicate particles showing 
uniform morphology. Reprinted with permission from [205]. Copyright © 2018 American Chemical Society. (ii)  
Mechanical properties of different formulas of NICE reinforced bioinks. Reprinted with permission from [206]. 

Copyright © 2018 Society For Biomaterials. 

 

 Similarly, in 2017, Zhai et al. supplemented a poly-(N-acryloyl glycinamide) 

(PNAGA) supramolecular hydrogel with nanoclay (Laponite XLG) nanoparticles [207]. 

The resulting hydrogel displayed high strength from dual amide hydrogen bonding and 

nanoclay-polymer chain interactions, while the release of Mg2+ and Si4+ from the 
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Laponite was shown to promote the osteogenic differentiation of rat osteoblasts cells. 

Scaffolds produced from this supramolecular nanocomposite were implanted in tibia 

defects of rats and displayed considerable new bone formation compared to non-

treated defects during the first 8 weeks. 

 In 2018, the same group produced a supramolecular double network hydrogel 

based PNAGA and sodium carboxymethyl cellulose [208]. Both polymers have separate 

crosslinking mechanism: PNAGA used hydrogen bonding crosslinking, whereas sodium 

carboxymethyl cellulose is crosslinked through Fe3+ coordination. The resulting 

hydrogel was entirely physically crosslinked, exhibiting high compressive mechanical 

properties (7.3 MPa at 80% strain without fracture), high stiffness, toughness, and tear 

energy. It also exhibited resistance to fatigue and self-recoverability due to its 

reversible physical crosslinked nature. Interestingly, this hydrogel could also repair 

fatal damage after adequate treatment, leading to full recovery of its mechanical 

properties. This hydrogel has great potential to be used as a load-bearing soft tissue 

substitute. 

 

3.2.2 Engineered Living Materials as Bioinks  

In addition to encapsulating cells into bioinks, various studies worked on 

incorporating functional microbes as biocatalysts. Engineered Living Materials (ELMs) 

are composed of living cells that form or assemble the material itself, or modulate its 

functional performance in some manner [209]. They are designed to recreate the 

dynamic features of biological tissues by using the biosynthetic potential of living 

organisms. ELMs are meant to display properties such as self‐regeneration, self‐

healing, environmental responsiveness, and homeostasis [210,211]. Most studies 

utilize diluted cell suspensions added to bioinks. These bioinks have low cell loading 

capacities which limits their efficiencies. Recently, Qian et al. developed a new kind of 

bioink system that employs freeze-dried live cells as both biocatalysts and fillers, 

resulting in a high-performance bioink with unprecedented cell loading density (42.8 

wt % or 75 vol %) [212]. Nanocellulose was also mixed in the bioinks as a secondary 
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filler to provide shear-thinning behaviour and the ability to fine tune the cell density 

and intercellular distance, resulting in an optimal control over bioink rheology for 3D 

Bioprinting purposes. Self-supporting constructs could be fabricated with a fine 

resolution (filament thickness down to 100µm), providing a high and tuneable cell 

density. The encapsulated cells showed long-term viability up to 4 months (comparable 

to the viability of cultured cells) and could redistribute themselves via local 

proliferation. Baker’s yeast (Saccharomyces cerevisiae) was used as an example, but 

this technique is believed to be compatible with other kinds of cells, enzymes, and 

catalytic microbes to address a broad range of bioprocesses. Its use towards 

biomedical applications has yet to be determined, but it appears as a promising 

approach to produce mechanically viable living constructs with very high cell loading 

capacities. 

 

3.2.3 Transformable Bioinks for 4D Bioprinting 

4D Bioprinting is an emerging field defined as an extension of traditional 3D 

Bioprinting by incorporating “time” as a 4th dimension. This strategy aims to produce 

structures that can change their shape and/or functions post-printing for practical 

purposes. Structures comprising complex features, such as overhangs, are difficultly 

achieved by common 3D Bioprinting techniques, and generally require support 

structures or sacrificial material to be constructed. 4D Bioprinting utilizes 

transformable bioinks that allow to obtain structures that cannot be originally printed 

or implanted as such. Such constructs have already found applications in in vitro tissue 

modelling, cell culturing, and tissue engineering by mimicking the geometry of 

tissues/organ and/or their functions [213–219]. Ultimately, transformable bioinks 

could provide a minimally invasive implantation routes for complex structures. 

 Achieved transformations can be categorized on two levels. First, the evolution 

can occur spontaneously or be triggered by external stimuli. This latter option is 

generally preferred as it allows for more precision and control over the process. 

Secondly, the transformations can be categorized as one-way, two-way, or multi-way. 

Page 43 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

44 

If we consider structural evolutions, one-way shape morphing structures change their 

shapes only once in their lifetime, without possibility to recover to their original shape 

by themselves. It is different from normal deformations or degradations in the way 

that these transformations are predicted and designed as functional features of the 

constructs. Two-way shape morphing structures can recover to their original 

geometries and repeat the cycle of morphing-recovering. The recovery can be due to 

the removal of the stimulus that triggered the first transformation, or by applying 

another stimulus. Multi-way shape morphing structures can transform and recover 

between several preprogramed shapes. Thus, they require multiple transformable 

materials, triggered by distinct stimuli [213].  

 Various stimuli are currently used to trigger the evolutions of transformable 

bioinks. Early research worked on moisture-responsive materials which could absorb 

liquids such as water or ethanol and deform into desired shapes [214,220]. Miao and 

colleagues for example, produced two-way shape morphing flower structures that 

contracted when submerged in water and bloomed when submerged in ethanol (Fig. 

15) [214]. Other stimuli such as temperature [221], light [222], electric [223] and 

magnetic [224] fields, mechanical force [225], chemical (pH [226], ionic concentration 

[227]) and biological cues [228] have then also been used. For biomedical purposes, 

these stimuli must be biocompatible, as well as the materials they transform. These 

smart materials must also comply to all the obligations required for 3D bioinks 

previously stated. However, several techniques allow to use non-biocompatible smart 

materials in cell-laden constructs by minimising the contact between cytotoxic smart 

materials and cells. A possible strategy is to print a 4D non-biocompatible structure 

along with a 3D biocompatible one. This first structure will deform accordingly to a 

stimuli, while the second structure will act as a reservoir for the cells, indirectly 

transformed. Following the same principle, Luo et al. printed a cell-laden shape-

morphing biphasic structure of alginate/polydopamine and alginate/gelatin 

methacryloyl hydrogels [222]. The first polymer allowed the printed structures to be 

deformed by near-infrared irradiation while the second one allowed to encapsulate 

cells. Their study also highlighted the effect of varying stimulating, printing and 
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geometrical parameters on the deformations. By changing the concentrations of the 

materials, the designed patterns in the scaffolds, the laser power and the irradiation 

time, their team successfully transformed the same original shape (a bilayered 

scaffold) into different structures (tubes and saddle-like constructs). 

 
 

Fig. 15: Example of a two-way shape morphing structure. (i) The principle of the reversible and repeatable 
dynamic process of a 4D printed flower structure which blooms when submerged in ethanol and closes when 

submerged in water. (ii) Pictures of the process: at 0 s, before the structure undergoes shape morphing; at 5 s, 
after 4D shape change as it was immersed in ethanol immediately; 0–30 min, the flower structure gradually 

flattened as it was soaked in ethanol; flower closure (0–30 min), the flattened structure gradually recovered its 
flower shape after it was immersed in water. Scale bar, 2 mm. Reprinted with permission from [214]. Copyright 

© 2018 John Wiley & Sons, Inc. 
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4D bioprinting has a considerable potential for biomedical purposes, but a lot 

of improvements are still required. Just as the transition from 3D Printing to 

Bioprinting, not all materials used in 4D Printing can be used in 4D Bioprinting. A whole 

new set of biomaterials is indeed required to produce these new transformable 

bioinks. This technique is also still very expensive and can be challenging to implement. 

Computational models are required to assist in designing 4D constructs, but 

sophisticated & reliable models are high-priced and difficult to make. Current studies 

mainly rely on empirical data and the experimental pursuit for the desired 

transformation. Furthermore, existing shape-morphing processes of 4D printed 

structures are still very simple and cannot yet meet the requirements for complex 

structures in clinical applications.  

Recently, numerous studies have also focused on temporally incorporating 

materials with highly complex self-assembly/disassembly mechanisms based on out-

of-equilibrium dynamics. These mechanisms include enzymatic reactions [229–234], 

chemically driven [235–239], redox reactive species [240,241], light-induced [242], and 

magnetic field-induced [243], and could potentially allow to closely mimic natural 

tissue generation. However, such strategies still have a long road ahead before making 

their way into biofabrication and bioprinting.  

 

4 Clinical Translation and Future Perspectives 

 To date, 3D Printing has met great success in biomedical applications to 

produce personalized orthopaedic protheses, maxillofacial implants, anatomical 

models and other acellular devices [244–247]. However, despite the extensive 

development of 3D Bioprinting which allowed researchers to produce living constructs 

with closer similarities to natural tissues, finer resolutions and higher cell viabilities, 

this technology still faces considerable challenges for its clinical translation. We herein 

review the challenges 3D Bioprinting must face, and the opportunities it is given to 

become a standard procedure in future treatments. 
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4.1 Current Challenges of 3D Bioprinting 

The current trend of biofabrication is to keep increasing the complexity of 

produced constructs to better mimic natural tissues and organs. This complexity relies 

on the hierarchical organization of fabricated constructs at various scales, with suitable 

mechanical properties, geometries, and functions. Integrating the adequate 

environment required for the survival and the differentiation of stem cell into the 

desired phenotypes is an essential prerequisite to achieve relevant tissue constructs. 

This challenge is being approached by the multiscale, multimaterial fabrication of 

highly organized structures. 3D Bioprinting is a promising tool to achieve such 

constructs, but different bioprinting modalities are generally required to achieve the 

optimal printing of various materials at their relevant scales. Combining different 

bioprinting modalities into a single construct can be challenging as they may require 

distinctive hardware, printing conditions, etc.  

Printing highly complex structures at large scales, or switching between several 

deposition modalities for example, also increase the fabrication time, which can be 

detrimental to cell viability [248]. During the printing process, cells are exposed to an 

environment which may not be cytocompatible, resulting in potential cell death. 

Increasing printing speeds can reduce this exposure time, but it may increase shear 

stresses to which the printed cells are subjected. However, the printing environment 

can also be tuned to mirror the conditions found in an incubator to allow higher cell 

viability throughout printing [249]. 

One of the major challenges in producing relevant 3D living structures remains 

in the vascularization of the constructs [250,251]. Vasculatures are essential to 

maintain the viability and functionality of tissues and organs by allowing for the 

delivery of nutrients and oxygen, and the removal of metabolic waste. Non-

vascularised tissues encountering insufficient nutriment and oxygen ingress are 

subjected to incomplete tissue formation or necrosis [252]. In vivo, most living cells lie 

within 100-200 μm from at least a single capillary from vascular network, 
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corresponding to the diffusion limit of oxygen [253,254]. Bioprinting vascular networks 

faces challenges in terms of printing resolution, printing speed, structural and 

functional integrity [250,251,255,256]. Capillaries, for example, may be as small as 3 

µm in diameter [257], a resolution so far only achieved by two-photo lithography, a 

high-end light-based bioprinting technology limited to laboratory applications due to 

its slow and highly expensive functioning [255,256,258,259]. Besides, high-resolution 

printing usually requires low viscosity biomaterials which generally do not possess the 

structural integrity required, making them prone to collapsing [260,261]. Additionally 

to vasculatures, clinically relevant 3D bioprinted constructs also still lack nervous and 

lymphatic components, which are already integrated into organs- and tumours-on-

chips for in vitro modelling [262–264].  

Most of currently bioprinted tissues also contain one or two cell types only, 

missing many functional and supporting cell types required for the natural behaviour 

of biological tissues. The bioinks in which they are loaded must be able to guarantee 

their survival during printing and implantation, as well as their growth, differentiation, 

migration, and organization into relevant biological structures. Usually, cells are 

encapsulated within soft hydrogels, which are combined with strong synthetic 

materials to create multimaterial bioinks. Such approach implies that cells may not be 

exposed to the appropriate cues to direct their differentiation into the desired 

phenotypes. 

Finally, the regulatory approval procedure for 3D bioprinted constructs must be 

addressed. Although these structures are produced from similar materials than many 

currently approved implants, bioprinted constructs must undergo a thorough 

assessment of their properties and characteristics before being possibly used in clinical 

applications. These evaluations are time consuming and lead to considerable delays 

before the applications of 3D bioprinted constructs. So far, only a few bioprinted 

implants have been used. Efforts must be made to improve the current situation and 

accelerate the regulatory approval of these structures. 
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4.2 Future Perspectives 

 As presented, 3D Bioprinting still faces many challenges to produce clinically 

relevant living constructs. Technological progress in fields such as polymer chemistry 

and additive manufacturing is essential to keep improving bioinks to better comply 

with application-specific requirements for enhanced printability and biocompatibility. 

Different from these challenges, several trends can be distinguished from current 

literature, giving an in-sight into the future of the field. 

 Bioprinting hardware is still rather expensive compared to other technologies. 

Current research generally focuses on producing bioinks from easily accessible 

materials to reduce costs. Generic and/or universal bioinks should provide a short-

term solution but limits the personalized dimension of this technology. Marine-based 

materials spark vivid interest due to their availability and low costs. Our group has been 

working on extracting collagen from Atlantic codfish swim bladders and skin, which are 

direct by-products of its processing into food products [265,266]. These by-products 

are generally being directed to animal feed, thus extracting collagen from them 

represents a valuable strategy for their revalorization. 

 Most of current studies have also been focusing on reproducing accurate tissue 

substitutes, leading to the high complexities of tissue bioprinted constructs as 

aforementioned. So far, this biomimicry strategy has only resulted in close 

approximations of natural tissues, and it is uncertain whether the high costs and 

difficulties encountered are worth the outcomes. A few studies have been drifting 

away from that strategy, prioritizing the functional aspect of their constructs over their 

similarities to natural tissues. Keriquel et al. for example worked on different cell 

printing patterns and demonstrated that specific cellular arrangements could enhance 

bone tissue regeneration [199]. The influence that printing parameters have on cells 

must be further explored for this new functionality-oriented biofabrication strategy to 

produce more efficient constructs. 

The bioprinting community also widely agrees on needing more standards and 

guidelines. None of these currently exist regarding the technologies, materials or 
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processes used. Evaluative standards and metrics for quality control could also help 

comparing studies between themselves more accurately. Mechanical properties can 

be assessed with standardized methods which provide relatable measurements, but 

the evaluation of cell viability for example, differ from one study to another, regarding 

the cells employed, the culture media, etc. Standardization of the field would most 

certainly accelerate its development, regulatory approvals, and clinical translations. 

Finally, most of studies have taken place in vitro so far. Naturally, bioprinted 

constructs must be tested in vivo in small and large animal models for an accurate 

screening of their performance and to validate their success. The long-term in vivo 

assessment of bioprinted constructs also allows to ensure that these structures 

survive, integrate and remodel in the body in desired manners. 

 

5 Conclusions 

3D Bioprinting performances greatly relies on the bioinks ability to produce 

stable high-resolution constructs while maintaining cell viability during and after 

fabrication. Bioink properties are heavily influenced by material choice and printing 

parameters. Therefore, they can be tailored to match patient specific and tissue 

specific requirements. Two main classes of materials are used to produce bioinks: 

natural and synthetic polymers. Each class has its own benefits over the other and can 

be used alone or in blends to provide enhanced performance for the preferred 

bioprinting methodology and for the intended application. Properties influencing 

material selection for bioinks include biological, printability, structural integrity, 

mechanical, and biodegradation. Performances of single-component systems are 

limited since properties required for optimal printability and print fidelity are at odds 

with those that enhance cell viability and function. However, the development of 

bioprinting modalities and the emergence of a new generation of bioinks offers a 

solution. Novel bioinks are formulated form several materials at different scales, and 

are being printed at higher resolutions to allow limitations of the past to be overcome. 

The development of these innovative bioinks, brings the biomedical engineering 
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community closer to the clinical expectations of fabricated constructs of all-

encompassing ideal properties capable of replicating native tissues, whilst further 

enhancing regeneration and therapeutic outcomes. 

 

Acknowledgements 

The authors would like to thank the financial support provided through the projects B-

Fabulus “Biofabricação de estruturas 3D funcionalizadas para regeneração meniscal 

personalizada” (PTDC/BBB-ECT/2690/2014) and 3BioMeD (JICAM/0001/2017), 

financed by the Portuguese Foundation for Science and Technology (FCT) and 

COMPETE 2020. This work has been co-funded through the project 

0624_2IQBIONEURO_6, Fundo Europeu de Desenvolvimento Regional (FEDER) 

through the Program Interreg V-A España-Portugal (POCTEP) 2014-2020. The FCT 

distinctions attributed to J. Silva-Correia (IF/00115/2015) and J.M. Oliveira 

(IF/01285/2015) under the Investigator FCT program are also greatly acknowledged. 

 

Conflict of Interest 

 The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in this 

paper. 

 

Author Contributions 

 Conception and design of the manuscript: G.D., J.C, J.M.O. Drafting the 

manuscript: G.D., J.C, J.M.O. Critical revision of the manuscript: G.D., J.C, J.M.O., 

M.N.C. Final approval: G.D., J.C, J.M.O., M.N.C., J.S.C, R.L.R. 

 

Page 51 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

52 

References 

[1] Arslan-Yildiz A, El Assal R, Chen P, Guven S, Inci F, Demirci U. Towards Artificial Tissue 

Models: Past, Present, and Future of 3D Bioprinting. Vol. 8, Biofabrication. 2016 

Institute of Physics Publishing; p. 014103. doi:10.1088/1758-5090/8/1/014103 

[2] Matai I, Kaur G, Seyedsalehi A, McClinton A, Laurencin CT. Progress in 3D Bioprinting 

Technology for Tissue/Organ Regenerative Engineering. Vol. 226, Biomaterials. 2020 

Elsevier Ltd; p. 119536. doi:10.1016/j.biomaterials.2019.119536 

[3] Groll J, Burdick JA, Cho DW, Derby B, Gelinsky M, Heilshorn SC, et al. A Definition of 

Bioinks and Their Distinction from Biomaterial Inks. Vol. 11, Biofabrication. 2019. 

doi:10.1088/1758-5090/aaec52 

[4] Highley CB. 3D Bioprinting Technologies. In 3D Bioprinting in Medicine. 2019 Cham: 

Springer International Publishing; p. 1–66. doi:10.1007/978-3-030-23906-0_1 

[5] Camacho P, Busari H, Seims KB, Tolbert JW, Chow LW. Materials as Bioinks and Bioink 

Design. In 3D Bioprinting in Medicine. 2019 Cham: Springer International Publishing; p. 

67–100. doi:10.1007/978-3-030-23906-0_2 

[6] Hospodiuk M, Dey M, Sosnoski D, Ozbolat IT. The Bioink: A Comprehensive Review on 

Bioprintable Materials. Vol. 35, Biotechnology Advances. 2017 Elsevier Inc.; p. 217–39. 

doi:10.1016/j.biotechadv.2016.12.006 

[7] Gungor-Ozkerim PS, Inci I, Zhang YS, Khademhosseini A, Dokmeci MR. Bioinks for 3D 

Bioprinting: An Overview. Biomater Sci. 2018 6(5):915–46. doi:10.1039/C7BM00765E 

[8] Valot L, Martinez J, Mehdi A, Subra G. Chemical Insights into Bioinks for 3D Printing. Vol. 

48, Chemical Society Reviews. 2019 Royal Society of Chemistry; p. 4049–86. 

doi:10.1039/c7cs00718c 

[9] Chimene D, Kaunas R, Gaharwar AK. Hydrogel Bioink Reinforcement for Additive 

Manufacturing: A Focused Review of Emerging Strategies. Vol. 32, Advanced Materials. 

2020 Wiley-VCH Verlag; doi:10.1002/adma.201902026 

[10] Ozbolat IT. Scaffold-Based or Scaffold-Free Bioprinting: Competing or Complementing 

Page 52 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

53 

Approaches? J Nanotechnol Eng Med. 2015 6(2). doi:10.1115/1.4030414 

[11] Norotte C, Marga FS, Niklason LE, Forgacs G. Scaffold-Free Vascular Tissue Engineering 

Using Bioprinting. Biomaterials. 2009 30(30):5910–7. 

doi:10.1016/j.biomaterials.2009.06.034 

[12] Ovsianikov A, Khademhosseini A, Mironov V. The Synergy of Scaffold-Based and 

Scaffold-Free Tissue Engineering Strategies. Vol. 36, Trends in Biotechnology. 2018 

Elsevier Ltd; p. 348–57. doi:10.1016/j.tibtech.2018.01.005 

[13] Mironov V, Visconti RP, Kasyanov V, Forgacs G, Drake CJ, Markwald RR. Organ Printing: 

Tissue Spheroids as Building Blocks. Biomaterials. 2009 30(12):2164–74. 

doi:10.1016/j.biomaterials.2008.12.084 

[14] O’Connell C, Ren J, Pope L, Li Y, Mohandas A, Blanchard R, et al. Characterizing Bioinks 

for Extrusion Bioprinting: Printability and Rheology. Methods Mol Biol. 2020 2140:111–

33. doi:10.1007/978-1-0716-0520-2_7 

[15] Gilbert F, O’Connell CD, Mladenovska T, Dodds S. Print Me an Organ? Ethical and 

Regulatory Issues Emerging from 3D Bioprinting in Medicine. Sci Eng Ethics. 2018 

24(1):73–91. doi:10.1007/s11948-017-9874-6 

[16] Chimene D, Lennox KK, Kaunas RR, Gaharwar AK. Advanced Bioinks for 3D Printing: A 

Materials Science Perspective. Ann Biomed Eng. 2016 44(6):2090–102. 

doi:10.1007/s10439-016-1638-y 

[17] Ji S, Guvendiren M. Recent Advances in Bioink Design for 3D Bioprinting of Tissues and 

Organs. Front Bioeng Biotechnol. 2017 5(APR):1–8. doi:10.3389/fbioe.2017.00023 

[18] Shin M, Galarraga JH, Kwon MY, Lee H, Burdick JA. Gallol-Derived ECM-Mimetic 

Adhesive Bioinks Exhibiting Temporal Shear-Thinning and Stabilization Behavior. Acta 

Biomater. 2019 95:165–75. doi:10.1016/j.actbio.2018.10.028 

[19] Yokotsuka K, Shimizu T, Shimizu T. Polyphenoloxidase from Six Mature Grape Varieties 

and Their Activities towards Various Phenols. J Ferment Bioeng. 1991 71(3):156–62. 

doi:10.1016/0922-338X(91)90102-M 

Page 53 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

54 

[20] Hölzl K, Lin S, Tytgat L, Van Vlierberghe S, Gu L, Ovsianikov A. Bioink Properties before, 

during and after 3D Bioprinting. Vol. 8, Biofabrication. 2016 p. 032002. 

doi:10.1088/1758-5090/8/3/032002 

[21] Camacho P, Busari H, Seims KB, Tolbert JW, Chow LW, Highley CB. 3D Bioprinting in 

Medicine. Guvendiren M, editor. 3D Bioprinting in Medicine. 2019 Cham: Springer 

International Publishing; 1–66 p. doi:10.1007/978-3-030-23906-0 

[22] Morgan FLC, Moroni L, Baker MB. Dynamic Bioinks to Advance Bioprinting. Adv Healthc 

Mater. 2020 :1901798. doi:10.1002/adhm.201901798 

[23] Zamboni F, Vieira S, Reis RL, Miguel Oliveira J, Collins MN. The Potential of Hyaluronic 

Acid in Immunoprotection and Immunomodulation: Chemistry, Processing and 

Function. Prog Mater Sci. 2018 97:97–122. doi:10.1016/j.pmatsci.2018.04.003 

[24] Collins MN, Birkinshaw C. Hyaluronic Acid Based Scaffolds for Tissue Engineering-A 

Review. Carbohydr Polym. 2013 92:1262–79. doi:10.1016/j.carbpol.2012.10.028 

[25] Burdick JA, Chung C, Jia X, Randolph MA, Langer R. Controlled Degradation and 

Mechanical Behavior of Photopolymerized Hyaluronic Acid Networks. 

Biomacromolecules. 2005 6(1):386–91. doi:10.1021/bm049508a 

[26] Spearman BS, Agrawal NK, Rubiano A, Simmons CS, Mobini S, Schmidt CE. Tunable 

Methacrylated Hyaluronic Acid-Based Hydrogels as Scaffolds for Soft Tissue Engineering 

Applications. J Biomed Mater Res - Part A. 2020 108(2):279–91. 

doi:10.1002/jbm.a.36814 

[27] Poldervaart MT, Goversen B, De Ruijter M, Abbadessa A, Melchels FPW, Öner FC, et al. 

3D Bioprinting of Methacrylated Hyaluronic Acid (MeHA) Hydrogel with Intrinsic 

Osteogenicity. Yamamoto M, editor. PLoS One. 2017 12(6):e0177628. 

doi:10.1371/journal.pone.0177628 

[28] Tonda-Turo C, Carmagnola I, Chiappone A, Feng Z, Ciardelli G, Hakkarainen M, et al. 

Photocurable Chitosan as Bioink for Cellularized Therapies towards Personalized 

Scaffold Architecture. Bioprinting. 2020 18:e00082. doi:10.1016/j.bprint.2020.e00082 

Page 54 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

55 

[29] Kajave NS, Schmitt T, Nguyen TU, Kishore V. Dual Crosslinking Strategy to Generate 

Mechanically Viable Cell-Laden Printable Constructs Using Methacrylated Collagen 

Bioinks. Mater Sci Eng C. 2020 107:110290. doi:10.1016/j.msec.2019.110290 

[30] Parak A, Pradeep P, du Toit LC, Kumar P, Choonara YE, Pillay V. Functionalizing Bioinks 

for 3D Bioprinting Applications. Vol. 24, Drug Discovery Today. 2019 Elsevier Ltd; p. 

198–205. doi:10.1016/j.drudis.2018.09.012 

[31] Vieira S, da Silva Morais A, Garet E, Silva-Correia J, Reis RL, González-Fernández Á, et al. 

Self-Mineralizing Ca-Enriched Methacrylated Gellan Gum Beads for Bone Tissue 

Engineering. Acta Biomater. 2019 93:74–85. doi:10.1016/j.actbio.2019.01.053 

[32] Nguyen TU, Watkins KE, Kishore V. Photochemically Crosslinked Cell-Laden 

Methacrylated Collagen Hydrogels with High Cell Viability and Functionality. J Biomed 

Mater Res - Part A. 2019 107(7):1541–50. doi:10.1002/jbm.a.36668 

[33] Marques CF, Diogo GS, Pina S, Oliveira JM, Silva TH, Reis RL. Collagen-Based Bioinks for 

Hard Tissue Engineering Applications: A Comprehensive Review. J Mater Sci Mater Med. 

2019 30(3):32. doi:10.1007/s10856-019-6234-x 

[34] Murphy CA, Costa JB, Silva-Correia J, Oliveira JM, Reis RL, Collins MN. Biopolymers and 

Polymers in the Search of Alternative Treatments for Meniscal Regeneration: State of 

the Art and Future Trends. Appl Mater Today. 2018 12:51–71. 

doi:10.1016/j.apmt.2018.04.002 

[35] Malda J, Visser J, Melchels FP, Jüngst T, Hennink WE, Dhert WJA, et al. 25th Anniversary 

Article: Engineering Hydrogels for Biofabrication. Adv Mater. 2013 25(36):5011–28. 

doi:10.1002/adma.201302042 

[36] Carrow JK, Kerativitayanan P, Jaiswal MK, Lokhande G, Gaharwar AK. Polymers for 

Bioprinting. In Essentials of 3D Biofabrication and Translation. 2015 Elsevier Inc.; p. 

229–48. doi:10.1016/B978-0-12-800972-7.00013-X 

[37] Niknejad H, Mahmoudzadeh R. Comparison of Different Crosslinking Methods for 

Preparation of Docetaxel-Loaded Albumin Nanoparticles. Iran J Pharm Res. 2015 

Page 55 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

56 

14(2):385–94. doi:10.22037/ijpr.2015.1639 

[38] Hussein MA. Role of Cross-Linking Process on the Performance of PMMA. Int J Biosens 

Bioelectron. 2017 3(3). doi:10.15406/ijbsbe.2017.03.00065 

[39] Gurikov P, Smirnova I. Non-Conventional Methods for Gelation of Alginate. Gels. 2018 

4(1):14. doi:10.3390/gels4010014 

[40] Jang J, Kim TG, Kim BS, Kim SW, Kwon SM, Cho DW. Tailoring Mechanical Properties of 

Decellularized Extracellular Matrix Bioink by Vitamin B2-Induced Photo-Crosslinking. 

Acta Biomater. 2016 33:88–95. doi:10.1016/j.actbio.2016.01.013 

[41] Dababneh AB, Ozbolat IT. Bioprinting Technology: A Current State-of-the-Art Review. J 

Manuf Sci Eng Trans ASME. 2014 136(6). doi:10.1115/1.4028512 

[42] Ullah F, Othman MBH, Javed F, Ahmad Z, Akil HM. Classification, Processing and 

Application of Hydrogels: A Review. Vol. 57, Materials Science and Engineering C. 2015 

Elsevier Ltd; p. 414–33. doi:10.1016/j.msec.2015.07.053 

[43] Fairbanks BD, Schwartz MP, Bowman CN, Anseth KS. Photoinitiated Polymerization of 

PEG-Diacrylate with Lithium Phenyl-2,4,6-Trimethylbenzoylphosphinate: 

Polymerization Rate and Cytocompatibility. Biomaterials. 2009 30(35):6702–7. 

doi:10.1016/j.biomaterials.2009.08.055 

[44] Wang Z, Abdulla R, Parker B, Samanipour R, Ghosh S, Kim K. A Simple and High-

Resolution Stereolithography-Based 3D Bioprinting System Using Visible Light 

Crosslinkable Bioinks. Biofabrication. 2015 7(4):045009. doi:10.1088/1758-

5090/7/4/045009 

[45] Wang Z, Kumar H, Tian Z, Jin X, Holzman JF, Menard F, et al. Visible Light Photoinitiation 

of Cell-Adhesive Gelatin Methacryloyl Hydrogels for Stereolithography 3D Bioprinting. 

ACS Appl Mater Interfaces. 2018 10(32):26859–69. doi:10.1021/acsami.8b06607 

[46] Highley CB. 3D Bioprinting in Medicine. Guvendiren M, editor. 3D Bioprinting in 

Medicine. 2019 Cham: Springer International Publishing; 1–66 p. doi:10.1007/978-3-

030-23906-0 

Page 56 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

57 

[47] Ma X, Liu J, Zhu W, Tang M, Lawrence N, Yu C, et al. 3D Bioprinting of Functional Tissue 

Models for Personalized Drug Screening and in Vitro Disease Modeling. Adv Drug Deliv 

Rev. 2018 132:235–51. doi:10.1016/j.addr.2018.06.011 

[48] Tirella A, Vozzi F, De Maria C, Vozzi G, Sandri T, Sassano D, et al. Substrate Stiffness 

Influences High Resolution Printing of Living Cells with an Ink-Jet System. J Biosci Bioeng. 

2011 112(1):79–85. doi:10.1016/j.jbiosc.2011.03.019 

[49] Uto K, Tsui JH, DeForest CA, Kim DH. Dynamically Tunable Cell Culture Platforms for 

Tissue Engineering and Mechanobiology. Vol. 65, Progress in Polymer Science. 2017 

Elsevier Ltd; p. 53–82. doi:10.1016/j.progpolymsci.2016.09.004 

[50] Irvine S, Venkatraman S. Bioprinting and Differentiation of Stem Cells. Molecules. 2016 

21(9):1188. doi:10.3390/molecules21091188 

[51] Freeman FE, Kelly DJ. Tuning Alginate Bioink Stiffness and Composition for Controlled 

Growth Factor Delivery and to Spatially Direct MSC Fate within Bioprinted Tissues. Sci 

Rep. 2017 7(1):1–12. doi:10.1038/s41598-017-17286-1 

[52] Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS. Control of Stem Cell Fate 

by Physical Interactions with the Extracellular Matrix. Vol. 5, Cell Stem Cell. 2009 NIH 

Public Access; p. 17–26. doi:10.1016/j.stem.2009.06.016 

[53] Willerth SM, Sakiyama-Elbert SE. Combining Stem Cells and Biomaterial Scaffolds for 

Constructing Tissues and Cell Delivery. StemJournal. 2019 1(1):1–25. doi:10.3233/stj-

180001 

[54] Sun M, Chi G, Li P, Lv S, Xu J, Xu Z, et al. Effects of Matrix Stiffness on the Morphology, 

Adhesion, Proliferation and Osteogenic Differentiation of Mesenchymal Stem Cells. Int J 

Med Sci. 2018 15(3):257–68. doi:10.7150/ijms.21620 

[55] Gasperini L, Mano JF, Reis RL. Natural Polymers for the Microencapsulation of Cells. Vol. 

11, Journal of the Royal Society Interface. 2014 Royal Society of London; 

doi:10.1098/rsif.2014.0817 

[56] Kim S, Cui ZK, Koo B, Zheng J, Aghaloo T, Lee M. Chitosan-Lysozyme Conjugates for 

Page 57 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

58 

Enzyme-Triggered Hydrogel Degradation in Tissue Engineering Applications. ACS Appl 

Mater Interfaces. 2018 10(48):41138–45. doi:10.1021/acsami.8b15591 

[57] Pati F, Ha DH, Jang J, Han HH, Rhie JW, Cho DW. Biomimetic 3D Tissue Printing for Soft 

Tissue Regeneration. Biomaterials. 2015 62:164–75. 

doi:10.1016/j.biomaterials.2015.05.043 

[58] Dreiss CA. Hydrogel Design Strategies for Drug Delivery. Curr Opin Colloid Interface Sci. 

2020 48:1–17. doi:10.1016/j.cocis.2020.02.001 

[59] Lee S, Stubelius A, Hamelmann N, Tran V, Almutairi A. Inflammation-Responsive Drug-

Conjugated Dextran Nanoparticles Enhance Anti-Inflammatory Drug Efficacy. ACS Appl 

Mater Interfaces. 2018 10(47):40378–87. doi:10.1021/acsami.8b08254 

[60] Choi YJ, Yi HG, Kim SW, Cho DW. 3D Cell Printed Tissue Analogues: A New Platform for 

Theranostics. Vol. 7, Theranostics. 2017 Ivyspring International Publisher; p. 3118–37. 

doi:10.7150/thno.19396 

[61] Oliveira EP, Malysz-Cymborska I, Golubczyk D, Kalkowski L, Kwiatkowska J, Reis RL, et 

al. Advances in Bioinks and in Vivo Imaging of Biomaterials for CNS Applications. Acta 

Biomater. 2019 95:60–72. doi:10.1016/j.actbio.2019.05.006 

[62] Dadfar SM, Roemhild K, Drude NI, von Stillfried S, Knüchel R, Kiessling F, et al. Iron Oxide 

Nanoparticles: Diagnostic, Therapeutic and Theranostic Applications. Vol. 138, 

Advanced Drug Delivery Reviews. 2019 Elsevier B.V.; p. 302–25. 

doi:10.1016/j.addr.2019.01.005 

[63] Lahr CA, Landgraf M, Sanchez-Herrero A, Dang HP, Wagner F, Bas O, et al. A 3D-Printed 

Biomaterials-Based Platform to Advance Established Therapy Avenues against Primary 

Bone Cancers. Acta Biomater. 2020. doi:10.1016/j.actbio.2020.10.006 

[64] Lawrenz JM, Curtis GL, Styron JF, George J, Anderson PM, Zahler S, et al. Adult Primary 

Bone Sarcoma and Time to Treatment Initiation: An Analysis of the National Cancer 

Database. Sarcoma. 2018 2018. doi:10.1155/2018/1728302 

[65] Groll J, Boland T, Blunk T, Burdick JA, Cho DW, Dalton PD, et al. Biofabrication: 

Page 58 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

59 

Reappraising the Definition of an Evolving Field. Vol. 8, Biofabrication. 2016. 

doi:10.1088/1758-5090/8/1/013001 

[66] Ahmed EM. Hydrogel: Preparation, Characterization, and Applications: A Review. Vol. 

6, Journal of Advanced Research. 2015 Elsevier B.V.; p. 105–21. 

doi:10.1016/j.jare.2013.07.006 

[67] Zhu J, Marchant RE. Design Properties of Hydrogel Tissue-Engineering Scaffolds. Vol. 8, 

Expert Review of Medical Devices. 2011 NIH Public Access; p. 607–26. 

doi:10.1586/erd.11.27 

[68] Seliktar D. Designing Cell-Compatible Hydrogels for Biomedical Applications. Vol. 336, 

Science. 2012 American Association for the Advancement of Science; p. 1124–8. 

doi:10.1126/science.1214804 

[69] Zamboni F, Collins MN. Cell Based Therapeutics in Type 1 Diabetes Mellitus. Int J Pharm. 

2017 521:346–56. doi:10.1016/j.ijpharm.2017.02.063 

[70] Li J, Wu C, Chu PK, Gelinsky M. 3D Printing of Hydrogels: Rational Design Strategies and 

Emerging Biomedical Applications. Vol. 140, Materials Science and Engineering R: 

Reports. 2020 Elsevier Ltd; doi:10.1016/j.mser.2020.100543 

[71] Varghese SA, Rangappa SM, Siengchin S, Parameswaranpillai J. Natural Polymers and 

the Hydrogels Prepared from Them. In Hydrogels Based on Natural Polymers. 2019 

Elsevier; p. 17–47. doi:10.1016/B978-0-12-816421-1.00002-1 

[72] Hu W, Wang Z, Xiao Y, Zhang S, Wang J. Advances in Crosslinking Strategies of 

Biomedical Hydrogels. Vol. 7, Biomaterials Science. 2019 Royal Society of Chemistry; p. 

843–55. doi:10.1039/c8bm01246f 

[73] Cho D-W, Kim BS, Jang J, Gao G, Han W, Singh NK, et al. Conventional Bioinks. In 3D 

Bioprinting. 2019 Cham: Springer International Publishing; p. 31–40. doi:10.1007/978-

3-030-32222-9_5 

[74] Chai Q, Jiao Y, Yu X. Hydrogels for Biomedical Applications: Their Characteristics and the 

Mechanisms behind Them. Gels. 2017 3(1):6. doi:10.3390/gels3010006 

Page 59 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

60 

[75] Guvendiren M, Burdick JA. Engineering Synthetic Hydrogel Microenvironments to 

Instruct Stem Cells. Vol. 24, Current Opinion in Biotechnology. 2013 NIH Public Access; 

p. 841–6. doi:10.1016/j.copbio.2013.03.009 

[76] Zhu M, Wang Y, Ferracci G, Zheng J, Cho NJ, Lee BH. Gelatin Methacryloyl and Its 

Hydrogels with an Exceptional Degree of Controllability and Batch-to-Batch 

Consistency. Sci Rep. 2019 9(1):1–13. doi:10.1038/s41598-019-42186-x 

[77] Kim MK, Jeong W, Lee SM, Kim JB, Jin S, Kang HW. Decellularized Extracellular Matrix-

Based Bio-Ink with Enhanced 3D Printability and Mechanical Properties. Biofabrication. 

2020 12(2). doi:10.1088/1758-5090/ab5d80 

[78] Pati F, Jang J, Ha DH, Won Kim S, Rhie JW, Shim JH, et al. Printing Three-Dimensional 

Tissue Analogues with Decellularized Extracellular Matrix Bioink. Nat Commun. 2014 

5(1):1–11. doi:10.1038/ncomms4935 

[79] Haugen HJ, Lyngstadaas SP, Rossi F, Perale G. Bone Grafts: Which Is the Ideal 

Biomaterial? J Clin Periodontol. 2019 46(S21):92–102. doi:10.1111/jcpe.13058 

[80] Han W, Singh NK, Kim JJ, Kim H, Kim BS, Park JY, et al. Directed Differential Behaviors of 

Multipotent Adult Stem Cells from Decellularized Tissue/Organ Extracellular Matrix 

Bioinks. Biomaterials. 2019 224:119496. doi:10.1016/j.biomaterials.2019.119496 

[81] Donderwinkel I, Van Hest JCM, Cameron NR. Bio-Inks for 3D Bioprinting: Recent 

Advances and Future Prospects. Polym Chem. 2017 8(31):4451–71. 

doi:10.1039/c7py00826k 

[82] Parmaksiz M, Elçin AE, Elçin YM. Decellularized Bovine Small Intestinal Submucosa-

PCL/Hydroxyapatite-Based Multilayer Composite Scaffold for Hard Tissue Repair. Mater 

Sci Eng C. 2019 94:788–97. doi:10.1016/j.msec.2018.10.011 

[83] Murphy CA, Garg AK, Silva-Correia J, Reis RL, Oliveira JM, Collins MN. The Meniscus in 

Normal and Osteoarthritic Tissues: Facing the Structure Property Challenges and 

Current Treatment Trends. Annu Rev Biomed Eng. 2019 21(1):495–521. 

doi:10.1146/annurev-bioeng-060418-052547 

Page 60 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

61 

[84] Grabowski P. Physiology of Bone. Endocr Dev. 2009 16:32–48. doi:10.1159/000223687 

[85] Ojansivu M, Rashad A, Ahlinder A, Massera J, Mishra A, Syverud K, et al. Wood-Based 

Nanocellulose and Bioactive Glass Modified Gelatin-Alginate Bioinks for 3D Bioprinting 

of Bone Cells. Biofabrication. 2019 11(3):035010. doi:10.1088/1758-5090/ab0692 

[86] Ozbolat IT. The Bioink. In 3D Bioprinting. 2017 Elsevier; p. 41–92. doi:10.1016/b978-0-

12-803010-3.00003-2 

[87] Hassan M, Dave K, Chandrawati R, Dehghani F, Gomes VG. 3D Printing of Biopolymer 

Nanocomposites for Tissue Engineering: Nanomaterials, Processing and Structure-

Function Relation. Vol. 121, European Polymer Journal. 2019 Elsevier Ltd; 

doi:10.1016/j.eurpolymj.2019.109340 

[88] Greenfeld I, Wagner HD. Nanocomposite Toughness, Strength and Stiffness: Role of 

Filler Geometry. Nanocomposites. 2015 1(1):3–17. 

doi:10.1179/2055033214Y.0000000002 

[89] Lee M, Bae K, Levinson C, Zenobi-Wong M. Nanocomposite Bioink Exploits Dynamic 

Covalent Bonds between Nanoparticles and Polysaccharides for Precision Bioprinting. 

Biofabrication. 2020 :839985. doi:10.1101/839985 

[90] Suhailath K, Ramesan MT. Effect of Ceria Nanoparticles on Mechanical Properties, 

Thermal and Dielectric Properties of Poly (Butyl Methacrylate) Nanocomposites. Polym 

Compos. 2020 :pc.25542. doi:10.1002/pc.25542 

[91] Lee M, Bae K, Guillon P, Chang J, Arlov Ø, Zenobi-Wong M. Exploitation of Cationic Silica 

Nanoparticles for Bioprinting of Large-Scale Constructs with High Printing Fidelity. ACS 

Appl Mater Interfaces. 2018 10(44):37820–8. doi:10.1021/acsami.8b13166 

[92] Zaragoza J, Fukuoka S, Kraus M, Thomin J, Asuri P. Exploring the Role of Nanoparticles 

in Enhancing Mechanical Properties of Hydrogel Nanocomposites. Nanomaterials. 2018 

8(11):882. doi:10.3390/nano8110882 

[93] Zhu K, Shin SR, van Kempen T, Li YC, Ponraj V, Nasajpour A, et al. Gold Nanocomposite 

Bioink for Printing 3D Cardiac Constructs. Adv Funct Mater. 2017 27(12):1605352. 

Page 61 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

62 

doi:10.1002/adfm.201605352 

[94] Nadernezhad A, Caliskan OS, Topuz F, Afghah F, Erman B, Koc B. Nanocomposite Bioinks 

Based on Agarose and 2D Nanosilicates with Tunable Flow Properties and Bioactivity for 

3D Bioprinting. ACS Appl Bio Mater. 2019 2(2):796–806. doi:10.1021/acsabm.8b00665 

[95] Alcala-Orozco CR, Mutreja I, Cui X, Kumar D, Hooper GJ, Lim KS, et al. Design and 

Characterisation of Multi-Functional Strontium-Gelatin Nanocomposite Bioinks with 

Improved Print Fidelity and Osteogenic Capacity. Bioprinting. 2020 18:e00073. 

doi:10.1016/j.bprint.2019.e00073 

[96] Suthar B, Xiao HX, Klempner D, Frisch KC. A Review of Kinetic Studies on the Formation 

of Interpenetrating Polymer Networks. Polym Adv Technol. 1996 7(4):221–33. 

doi:10.1002/(SICI)1099-1581(199604)7:4<221::AID-PAT529>3.0.CO;2-A 

[97] Jenkins AD, Stepto RFT, Kratochvíl P, Suter UW. Glossary of Basic Terms in Polymer 

Science (IUPAC Recommendations 1996). Pure Appl Chem. 1996 68(12):2287–311. 

doi:10.1351/pac199668122287 

[98] Zhu H, Fan T, Zhang D. Composite Materials with Enhanced Conductivities. Adv Eng 

Mater. 2016 18(7):1174–80. doi:10.1002/adem.201500482 

[99] Abou El-Ela RM, Freag MS, Elkhodairy KA, Elzoghby AO. Interpenetrating Polymer 

Network (IPN) Nanoparticles for Drug Delivery Applications. In Interpenetrating 

Polymer Network: Biomedical Applications. 2020 Singapore: Springer Singapore; p. 25–

54. doi:10.1007/978-981-15-0283-5_2 

[100] Roland CM. Interpenetrating Polymer Networks (IPN): Structure and Mechanical 

Behavior. In Encyclopedia of Polymeric Nanomaterials. 2013 p. 1–9. doi:10.1007/978-

3-642-36199-9_91-1 

[101] Pescosolido L, Schuurman W, Malda J, Matricardi P, Alhaique F, Coviello T, et al. 

Hyaluronic Acid and Dextran-Based Semi-IPN Hydrogels as Biomaterials for Bioprinting. 

Biomacromolecules. 2011 12(5):1831–8. doi:10.1021/bm200178w 

[102] Chen Q, Chen H, Zhu L, Zheng J. Fundamentals of Double Network Hydrogels. Vol. 3, 

Page 62 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

63 

Journal of Materials Chemistry B. 2015 Royal Society of Chemistry; p. 3654–76. 

doi:10.1039/c5tb00123d 

[103] Yang F, Tadepalli V, Wiley BJ. 3D Printing of a Double Network Hydrogel with a 

Compression Strength and Elastic Modulus Greater than Those of Cartilage. ACS 

Biomater Sci Eng. 2017 3(5):863–9. doi:10.1021/acsbiomaterials.7b00094 

[104] Dai W, Guo H, Gao B, Ruan M, Xu L, Wu J, et al. Double Network Shape Memory 

Hydrogels Activated by Near-Infrared with High Mechanical Toughness, Nontoxicity, 

and 3D Printability. Chem Eng J. 2019 356:934–49. doi:10.1016/j.cej.2018.09.078 

[105] Seiffert S, Sprakel J. Physical Chemistry of Supramolecular Polymer Networks. Vol. 41, 

Chemical Society Reviews. 2012 The Royal Society of Chemistry; p. 909–30. 

doi:10.1039/c1cs15191f 

[106] Saunders L, Ma PX. Self-Healing Supramolecular Hydrogels for Tissue Engineering 

Applications. Macromol Biosci. 2019 19(1):1800313. doi:10.1002/mabi.201800313 

[107] Rodell CB, MacArthur JW, Dorsey SM, Wade RJ, Wang LL, Woo YJ, et al. Shear-Thinning 

Supramolecular Hydrogels with Secondary Autonomous Covalent Crosslinking to 

Modulate Viscoelastic Properties in Vivo. Adv Funct Mater. 2015 25(4):636–44. 

doi:10.1002/adfm.201403550 

[108] Dong R, Pang Y, Su Y, Zhu X. Supramolecular Hydrogels: Synthesis, Properties and Their 

Biomedical Applications. Biomater Sci. 2015 3(7):937–54. doi:10.1039/c4bm00448e 

[109] Le Bohec M, Banère M, Piogé S, Pascual S, Benyahia L, Fontaine L. Sol-Gel Reversible 

Metallo-Supramolecular Hydrogels Based on a Thermoresponsive Double Hydrophilic 

Block Copolymer. Polym Chem. 2016 7(44):6834–42. doi:10.1039/c6py01639a 

[110] Hoque J, Sangaj N, Varghese S. Stimuli-Responsive Supramolecular Hydrogels and Their 

Applications in Regenerative Medicine. Vol. 19, Macromolecular Bioscience. 2019 

Wiley-VCH Verlag; p. 1800259. doi:10.1002/mabi.201800259 

[111] Mann JL, Yu AC, Agmon G, Appel EA. Supramolecular Polymeric Biomaterials. Vol. 6, 

Biomaterials Science. 2018 Royal Society of Chemistry; p. 10–37. 

Page 63 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

64 

doi:10.1039/c7bm00780a 

[112] Rodell CB, Kaminski AL, Burdick JA. Rational Design of Network Properties in Guest-Host 

Assembled and Shear-Thinning Hyaluronic Acid Hydrogels. Biomacromolecules. 2013 

14(11):4125–34. doi:10.1021/bm401280z 

[113] Highley CB, Rodell CB, Burdick JA. Direct 3D Printing of Shear-Thinning Hydrogels into 

Self-Healing Hydrogels. Adv Mater. 2015 27(34):5075–9. doi:10.1002/adma.201501234 

[114] Gao F, Ruan C, Liu W. High-Strength Hydrogel-Based Bioinks. Mater Chem Front. 2019 

3(9):1736–46. doi:10.1039/c9qm00373h 

[115] Guvendiren M. 3D Bioprinting in Medicine: Technologies, Bioinks, and Applications. 

2019 209 p.  

[116] Li C, Faulkner-Jones A, Dun AR, Jin J, Chen P, Xing Y, et al. Rapid Formation of a 

Supramolecular Polypeptide-DNA Hydrogel for in Situ Three-Dimensional Multilayer 

Bioprinting. Angew Chemie - Int Ed. 2015 54(13):3957–61. doi:10.1002/anie.201411383 

[117] Kyle S, Jessop ZM, Tarassoli SP, Al-Sabah A, Whitaker IS. Assessing Printability of Bioinks. 

In 3D Bioprinting for Reconstructive Surgery: Techniques and Applications. 2018 

Elsevier Inc.; p. 173–89. doi:10.1016/B978-0-08-101103-4.00027-2 

[118] Cheng W, Cheng H, Wan S, Zhang X, Yin M. Dual-Stimulus-Responsive Fluorescent 

Supramolecular Prodrug for Antitumor Drug Delivery. Chem Mater. 2017 29(10):4218–

26. doi:10.1021/acs.chemmater.7b00047 

[119] Webber MJ, Langer R. Drug Delivery by Supramolecular Design. Vol. 46, Chemical 

Society Reviews. 2017 Royal Society of Chemistry; p. 6600–20. doi:10.1039/c7cs00391a 

[120] Saboktakin M reza, Tabatabaei RM. Supramolecular Hydrogels as Drug Delivery 

Systems. Vol. 75, International Journal of Biological Macromolecules. 2015 Elsevier; p. 

426–36. doi:10.1016/j.ijbiomac.2015.02.006 

[121] Gao F, Xu Z, Liang Q, Li H, Peng L, Wu M, et al. Osteochondral Regeneration with 3D‐

Printed Biodegradable High‐Strength Supramolecular Polymer Reinforced‐Gelatin 

Hydrogel Scaffolds. Adv Sci. 2019 6(15):1900867. doi:10.1002/advs.201900867 

Page 64 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

65 

[122] Gao F, Xu Z, Liang Q, Liu B, Li H, Wu Y, et al. Direct 3D Printing of High Strength Biohybrid 

Gradient Hydrogel Scaffolds for Efficient Repair of Osteochondral Defect. Adv Funct 

Mater. 2018 28(13):1706644. doi:10.1002/adfm.201706644 

[123] Neto MD, Oliveira MB, Mano JF. Microparticles in Contact with Cells: From Carriers to 

Multifunctional Tissue Modulators. Vol. 37, Trends in Biotechnology. 2019 Elsevier Ltd; 

p. 1011–28. doi:10.1016/j.tibtech.2019.02.008 

[124] Kupikowska-Stobba B, Lewińska D. Polymer Microcapsules and Microbeads as Cell 

Carriers for: In Vivo Biomedical Applications. Vol. 8, Biomaterials Science. 2020 Royal 

Society of Chemistry; p. 1536–74. doi:10.1039/c9bm01337g 

[125] Levato R, Visser J, Planell JA, Engel E, Malda J, Mateos-Timoneda MA. Biofabrication of 

Tissue Constructs by 3D Bioprinting of Cell-Laden Microcarriers. Biofabrication. 2014 

6(3):035020. doi:10.1088/1758-5082/6/3/035020 

[126] Sart S, Agathos SN, Li Y. Engineering Stem Cell Fate with Biochemical and Biomechanical 

Properties of Microcarriers. Biotechnol Prog. 2013 29(6):1354–66. 

doi:10.1002/btpr.1825 

[127] Malda J, Frondoza CG. Microcarriers in the Engineering of Cartilage and Bone. Vol. 24, 

Trends in Biotechnology. 2006 p. 299–304. doi:10.1016/j.tibtech.2006.04.009 

[128] Huang L, Abdalla AME, Xiao L, Yang G. Biopolymer-Based Microcarriers for Three-

Dimensional Cell Culture and Engineered Tissue Formation. Vol. 21, International 

Journal of Molecular Sciences. 2020 MDPI AG; p. 1895. doi:10.3390/ijms21051895 

[129] Tan YJ, Tan X, Yeong WY, Tor SB. Hybrid Microscaffold-Based 3D Bioprinting of Multi-

Cellular Constructs with High Compressive Strength: A New Biofabrication Strategy. Sci 

Rep. 2016 6(1):1–13. doi:10.1038/srep39140 

[130] Jiang Y, Chen J, Deng C, Suuronen EJ, Zhong Z. Click Hydrogels, Microgels and Nanogels: 

Emerging Platforms for Drug Delivery and Tissue Engineering. Vol. 35, Biomaterials. 

2014 Elsevier BV; p. 4969–85. doi:10.1016/j.biomaterials.2014.03.001 

[131] Cho H, Jammalamadaka U, Tappa K. Nanogels for Pharmaceutical and Biomedical 

Page 65 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

66 

Applications and Their Fabrication Using 3D Printing Technologies. Vol. 11, Materials. 

2018 MDPI AG; doi:10.3390/ma11020302 

[132] Jiang W, Li M, Chen Z, Leong KW. Cell-Laden Microfluidic Microgels for Tissue 

Regeneration. Vol. 16, Lab on a Chip. 2016 Royal Society of Chemistry; p. 4482–506. 

doi:10.1039/c6lc01193d 

[133] Sahiner N, Godbey WT, McPherson GL, John VT. Microgel, Nanogel and Hydrogel-

Hydrogel Semi-IPN Composites for Biomedical Applications: Synthesis and 

Characterization. Colloid Polym Sci. 2006 284(10):1121–9. doi:10.1007/s00396-006-

1489-4 

[134] Yin Y, Hu B, Yuan X, Cai L, Gao H, Yang Q. Nanogel: A Versatile Nano-Delivery System for 

Biomedical Applications. Pharmaceutics. 2020 12(3):290. 

doi:10.3390/pharmaceutics12030290 

[135] Vinogradov S V., Bronich TK, Kabanov A V. Nanosized Cationic Hydrogels for Drug 

Delivery: Preparation, Properties and Interactions with Cells. Adv Drug Deliv Rev. 2002 

54(1):135–47. doi:10.1016/S0169-409X(01)00245-9 

[136] Highley CB, Song KH, Daly AC, Burdick JA. Jammed Microgel Inks for 3D Printing 

Applications. Adv Sci. 2019 6(1):1801076. doi:10.1002/advs.201801076 

[137] Heyes DM, Brańka AC. Interactions between Microgel Particles. Soft Matter. 2009 

5(14):2681–5. doi:10.1039/b901894h 

[138] Menut P, Seiffert S, Sprakel J, Weitz DA. Does Size Matter? Elasticity of Compressed 

Suspensions of Colloidal- and Granular-Scale Microgels. Soft Matter. 2012 8(1):156–64. 

doi:10.1039/c1sm06355c 

[139] Riley L, Schirmer L, Segura T. Granular Hydrogels: Emergent Properties of Jammed 

Hydrogel Microparticles and Their Applications in Tissue Repair and Regeneration. Vol. 

60, Current Opinion in Biotechnology. 2019 Elsevier Ltd; p. 1–8. 

doi:10.1016/j.copbio.2018.11.001 

[140] Truong NF, Kurt E, Tahmizyan N, Lesher-Pérez SC, Chen M, Darling NJ, et al. Microporous 

Page 66 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

67 

Annealed Particle Hydrogel Stiffness, Void Space Size, and Adhesion Properties Impact 

Cell Proliferation, Cell Spreading, and Gene Transfer. Acta Biomater. 2019 94:160–72. 

doi:10.1016/j.actbio.2019.02.054 

[141] Griffin DR, Weaver WM, Scumpia PO, Di Carlo D, Segura T. Accelerated Wound Healing 

by Injectable Microporous Gel Scaffolds Assembled from Annealed Building Blocks. Nat 

Mater. 2015 14(7):737–44. doi:10.1038/nmat4294 

[142] de Rutte JM, Koh J, Di Carlo D. Scalable High‐Throughput Production of Modular 

Microgels for In Situ Assembly of Microporous Tissue Scaffolds. Adv Funct Mater. 2019 

29(25):1900071. doi:10.1002/adfm.201900071 

[143] Werner M, Blanquer SBG, Haimi SP, Korus G, Dunlop JWC, Duda GN, et al. Surface 

Curvature Differentially Regulates Stem Cell Migration and Differentiation via Altered 

Attachment Morphology and Nuclear Deformation. Adv Sci. 2017 4(2). 

doi:10.1002/advs.201600347 

[144] Jeon O, Lee YB, Hinton TJ, Feinberg AW, Alsberg E. Cryopreserved Cell-Laden Alginate 

Microgel Bioink for 3D Bioprinting of Living Tissues. Mater Today Chem. 2019 12:61–70. 

doi:10.1016/j.mtchem.2018.11.009 

[145] Mealy JE, Chung JJ, Jeong HH, Issadore D, Lee D, Atluri P, et al. Injectable Granular 

Hydrogels with Multifunctional Properties for Biomedical Applications. Adv Mater. 2018 

30(20):1705912. doi:10.1002/adma.201705912 

[146] Schuurman W, Khristov V, Pot MW, Weeren PR van, Dhert WJA, Malda J. Bioprinting of 

Hybrid Tissue Constructs with Tailorable Mechanical Properties. Biofabrication. 2011 

3(2):021001. doi:10.1088/1758-5082/3/2/021001 

[147] Souness A, Zamboni F, Walker GM, Collins MN. Influence of Scaffold Design on 3D 

Printed Cell Constructs. J Biomed Mater Res Part B Appl Biomater. 2018 106(2):533–45. 

doi:10.1002/jbm.b.33863 

[148] Schipani R, Scheurer S, Florentin R, Critchley SE, Kelly DJ. Reinforcing Interpenetrating 

Network Hydrogels with 3D Printed Polymer Networks to Engineer Cartilage Mimetic 

Page 67 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

68 

Composites. Biofabrication. 2020. doi:10.1088/1758-5090/ab8708 

[149] Moroni L, de Wijn JR, van Blitterswijk CA. Three-Dimensional Fiber-Deposited PEOT/PBT 

Copolymer Scaffolds for Tissue Engineering: Influence of Porosity, Molecular Network 

Mesh Size, and Swelling in Aqueous Media on Dynamic Mechanical Properties. J Biomed 

Mater Res Part A. 2005 75A(4):957–65. doi:10.1002/jbm.a.30499 

[150] Visser J, Melchels FPW, Jeon JE, Van Bussel EM, Kimpton LS, Byrne HM, et al. 

Reinforcement of Hydrogels Using Three-Dimensionally Printed Microfibres. Nat 

Commun. 2015 6(1):6933. doi:10.1038/ncomms7933 

[151] Daly AC, Critchley SE, Rencsok EM, Kelly DJ. A Comparison of Different Bioinks for 3D 

Bioprinting of Fibrocartilage and Hyaline Cartilage. Biofabrication. 2016 8(4):45002. 

doi:10.1088/1758-5090/8/4/045002 

[152] Mouser VHM, Abbadessa A, Levato R, Hennink WE, Vermonden T, Gawlitta D, et al. 

Development of a Thermosensitive {HAMA}-Containing Bio-Ink for the Fabrication of 

Composite Cartilage Repair Constructs. Biofabrication. 2017 9(1):15026. 

doi:10.1088/1758-5090/aa6265 

[153] Middleton JC, Tipton AJ. Synthetic Biodegradable Polymers as Orthopedic Devices. 

Biomaterials. 2000 21(23):2335–46. doi:10.1016/S0142-9612(00)00101-0 

[154] Daly AC, Freeman FE, Gonzalez-Fernandez T, Critchley SE, Nulty J, Kelly DJ. 3D 

Bioprinting for Cartilage and Osteochondral Tissue Engineering. Vol. 6, Advanced 

Healthcare Materials. 2017 Wiley-VCH Verlag; p. 1700298. 

doi:10.1002/adhm.201700298 

[155] Yang SS, Choi WH, Song BR, Jin H, Lee SJ, Lee SH, et al. Fabrication of an Osteochondral 

Graft with Using a Solid Freeform Fabrication System. Tissue Eng Regen Med. 2015 

12(4):239–48. doi:10.1007/s13770-015-0001-y 

[156] Seyednejad H, Gawlitta D, Kuiper R V., De Bruin A, Van Nostrum CF, Vermonden T, et 

al. In Vivo Biocompatibility and Biodegradation of 3D-Printed Porous Scaffolds Based on 

a Hydroxyl-Functionalized Poly(ε-Caprolactone). Biomaterials. 2012 33(17):4309–18. 

Page 68 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

69 

doi:10.1016/j.biomaterials.2012.03.002 

[157] Klebe RJ. Cytoscribing: A Method for Micropositioning Cells and the Construction of 

Two- and Three-Dimensional Synthetic Tissues. Exp Cell Res. 1988 179(2):362–73. 

doi:10.1016/0014-4827(88)90275-3 

[158] Ozbolat IT, Hospodiuk M. Current Advances and Future Perspectives in Extrusion-Based 

Bioprinting. Vol. 76, Biomaterials. 2016 Elsevier Ltd; p. 321–43. 

doi:10.1016/j.biomaterials.2015.10.076 

[159] Hospodiuk M, Moncal KK, Dey M, Ozbolat IT. Extrusion-Based Biofabrication in Tissue 

Engineering and Regenerative Medicine. In 3D Printing and Biofabrication. 2018 

Springer International Publishing; p. 255–81. doi:10.1007/978-3-319-45444-3_10 

[160] Kuss M, Duan B. Chapter 2. Extrusion-Based Bioprinting. In 2019 p. 22–48. 

doi:10.1039/9781788012683-00022 

[161] Chen DXB, Chen DXB. Extrusion Bioprinting of Scaffolds. In Extrusion Bioprinting of 

Scaffolds for Tissue Engineering Applications. 2019 Cham: Springer International 

Publishing; p. 117–45. doi:10.1007/978-3-030-03460-3_6 

[162] Emmermacher J, Spura D, Cziommer J, Kilian D, Wollborn T, Fritsching U, et al. 

Engineering Considerations on Extrusion-Based Bioprinting: Interactions of Material 

Behavior, Mechanical Forces and Cells in the Printing Needle. Biofabrication. 2020 

12(2):025022. doi:10.1088/1758-5090/ab7553 

[163] Gudapati H, Dey M, Ozbolat I. A Comprehensive Review on Droplet-Based Bioprinting: 

Past, Present and Future. Vol. 102, Biomaterials. 2016 Elsevier Ltd; p. 20–42. 

doi:10.1016/j.biomaterials.2016.06.012 

[164] Ng WL, Lee JM, Yeong WY, Win Naing M. Microvalve-Based Bioprinting-Process, Bio-

Inks and Applications. Vol. 5, Biomaterials Science. 2017 Royal Society of Chemistry; p. 

632–47. doi:10.1039/c6bm00861e 

[165] Kumar H, Kim K. Stereolithography 3D Bioprinting. Methods Mol Biol. 2020 2140:93–

108. doi:10.1007/978-1-0716-0520-2_6 

Page 69 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

70 

[166] Melchels FPW, Feijen J, Grijpma DW. A Review on Stereolithography and Its Applications 

in Biomedical Engineering. Vol. 31, Biomaterials. 2010 Elsevier; p. 6121–30. 

doi:10.1016/j.biomaterials.2010.04.050 

[167] Bernal PN, Delrot P, Loterie D, Li Y, Malda J, Moser C, et al. Volumetric Bioprinting of 

Complex Living‐Tissue Constructs within Seconds. Adv Mater. 2019 31(42):1904209. 

doi:10.1002/adma.201904209 

[168] Regehly M, Garmshausen Y, Reuter M, König NF, Israel E, Kelly DP, et al. Xolography for 

Linear Volumetric 3D Printing. Nature. 2020 588(7839):620–4. doi:10.1038/s41586-

020-3029-7 

[169] Lu Y, Chen S. Projection Printing of 3-Dimensional Tissue Scaffolds. Methods Mol Biol. 

2012 868:289–302. doi:10.1007/978-1-61779-764-4_17 

[170] Swieszkowski W, Dokmeci MR, Khademhosseini A. Microfluidics in Biofabrication. Vol. 

12, Biofabrication. 2020 Institute of Physics Publishing; p. 030201. doi:10.1088/1758-

5090/ab7e75 

[171] Richard C, Richard C, Neild A, Cadarso VJ, Cadarso VJ. The Emerging Role of Microfluidics 

in Multi-Material 3D Bioprinting. Vol. 20, Lab on a Chip. 2020 Royal Society of 

Chemistry; p. 2044–56. doi:10.1039/c9lc01184f 

[172] Wang X, Liu J, Wang P, deMello A, Feng L, Zhu X, et al. Synthesis of Biomaterials Utilizing 

Microfluidic Technology. Vol. 9, Genes. 2018 MDPI AG; p. 283. 

doi:10.3390/genes9060283 

[173] Radhakrishnan J, Varadaraj S, Dash SK, Sharma A, Verma RS. Organotypic Cancer Tissue 

Models for Drug Screening: 3D Constructs, Bioprinting and Microfluidic Chips. Vol. 25, 

Drug Discovery Today. 2020 Elsevier Ltd; p. 879–90. doi:10.1016/j.drudis.2020.03.002 

[174] Lobovkina T, Kumar Singh A, Kirejev V, Xu S, Gyllensten C, Jeffries G. Microfluidic 

Approach for Bioprinting of in Vitro Tissue Models. Biophys J. 2020 118(3):348a. 

doi:10.1016/j.bpj.2019.11.2008 

[175] Addario G, Djudjaj S, Farè S, Boor P, Moroni L, Mota C. Microfluidic Bioprinting towards 

Page 70 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

71 

a Renal in Vitro Model. Bioprinting. 2020 20:e00108. doi:10.1016/j.bprint.2020.e00108 

[176] Ma J, Wang Y, Liu J. Bioprinting of 3D Tissues/Organs Combined with Microfluidics. Vol. 

8, RSC Advances. 2018 Royal Society of Chemistry; p. 21712–27. 

doi:10.1039/c8ra03022g 

[177] Pi Q, Maharjan S, Yan X, Liu X, Singh B, van Genderen AM, et al. Digitally Tunable 

Microfluidic Bioprinting of Multilayered Cannular Tissues. Adv Mater. 2018 

30(43):1706913. doi:10.1002/adma.201706913 

[178] Maiullari F, Costantini M, Milan M, Pace V, Chirivì M, Maiullari S, et al. A Multi-Cellular 

3D Bioprinting Approach for Vascularized Heart Tissue Engineering Based on HUVECs 

and IPSC-Derived Cardiomyocytes. Sci Rep. 2018 8(1):13532. doi:10.1038/s41598-018-

31848-x 

[179] Idaszek J, Costantini M, Karlsen TA, Jaroszewicz J, Colosi C, Testa S, et al. 3D Bioprinting 

of Hydrogel Constructs with Cell and Material Gradients for the Regeneration of Full-

Thickness Chondral Defect Using a Microfluidic Printing Head. Biofabrication. 2019 

11(4):044101. doi:10.1088/1758-5090/ab2622 

[180] Ng WL, Yeong WY. The Future of Skin Toxicology Testing - Three-Dimensional Bioprinting 

Meets Microfluidics. Int J Bioprinting. 2019 5(2.1 Special Issue):44–54. 

doi:10.18063/ijb.v5i2.1.237 

[181] Santana HS, Palma MSA, Lopes MGM, Souza J, Lima GAS, Taranto OP, et al. Microfluidic 

Devices and 3D Printing for Synthesis and Screening of Drugs and Tissue Engineering. 

Ind Eng Chem Res. 2020 59(9):3794–810. doi:10.1021/acs.iecr.9b03787 

[182] Snyder J, Son AR, Hamid Q, Wu H, Sun W. Hetero-Cellular Prototyping by Synchronized 

Multi-Material Bioprinting for Rotary Cell Culture System. Biofabrication. 2016 8(1). 

doi:10.1088/1758-5090/8/1/015002 

[183] Serex L, Bertsch A, Renaud P. Microfluidics: A New Layer of Control for Extrusion-Based 

3D Printing. Micromachines. 2018 9(2):86. doi:10.3390/mi9020086 

[184] Zhang YS, Arneri A, Bersini S, Shin SR, Zhu K, Goli-Malekabadi Z, et al. Bioprinting 3D 

Page 71 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

72 

Microfibrous Scaffolds for Engineering Endothelialized Myocardium and Heart-on-a-

Chip. Biomaterials. 2016 110:45–59. doi:10.1016/j.biomaterials.2016.09.003 

[185] Yang J, Bartolo PJDS. Novel Co-Axial Extrusion Printing Head for Tissue Engineering. 

Trans Addit Manuf Meets Med. 2020 2(1). doi:10.18416/AMMM.2020.2009023 

[186] Brown TD, Dalton PD, Hutmacher DW. Direct Writing by Way of Melt Electrospinning. 

Adv Mater. 2011 23(47):5651–7. doi:10.1002/adma.201103482 

[187] He J, Zhang B, Li Z, Mao M, Li J, Han K, et al. High-Resolution Electrohydrodynamic 

Bioprinting: A New Biofabrication Strategy for Biomimetic Micro/Nanoscale 

Architectures and Living Tissue Constructs. Vol. 12, Biofabrication. 2020 Institute of 

Physics Publishing; doi:10.1088/1758-5090/aba1fa 

[188] Yeo MG, Ha JH, Lee HJ, Kim GH. Fabrication of HASCs-Laden Structures Using Extrusion-

Based Cell Printing Supplemented with an Electric Field. Acta Biomater. 2016 38:33–43. 

doi:10.1016/j.actbio.2016.04.017 

[189] He J, Zhao X, Chang J, Li D. Microscale Electro-Hydrodynamic Cell Printing with High 

Viability. Small. 2017 13(47). doi:10.1002/smll.201702626 

[190] Liang H, He J, Chang J, Zhang B, Li D. Coaxial Nozzle-Assisted Electrohydrodynamic 

Printing for Microscale 3D Cell-Laden Constructs. Int J Bioprinting. 2018 4(1). 

doi:10.18063/IJB.v4i1.127 

[191] Bas O, De-Juan-Pardo EM, Meinert C, D’Angella D, Baldwin JG, Bray LJ, et al. 

Biofabricated Soft Network Composites for Cartilage Tissue Engineering. Biofabrication. 

2017 9(2). doi:10.1088/1758-5090/aa6b15 

[192] de Ruijter M, Ribeiro A, Dokter I, Castilho M, Malda J. Simultaneous Micropatterning of 

Fibrous Meshes and Bioinks for the Fabrication of Living Tissue Constructs. Adv Healthc 

Mater. 2019 8(7):1800418. doi:10.1002/adhm.201800418 

[193] Peiffer QC, de Ruijter M, van Duijn J, Crottet D, Dominic E, Malda J, et al. Melt 

Electrowriting onto Anatomically Relevant Biodegradable Substrates: Resurfacing a 

Diarthrodial Joint. Mater Des. 2020 195:109025. doi:10.1016/j.matdes.2020.109025 

Page 72 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

73 

[194] Skylar-Scott MA, Mueller J, Visser CW, Lewis JA. Voxelated Soft Matter via Multimaterial 

Multinozzle 3D Printing. Nature. 2019 575(7782):330–5. doi:10.1038/s41586-019-

1736-8 

[195] Bader C, Kolb D, Weaver JC, Sharma S, Hosny A, Costa J, et al. Making Data Matter: 

Voxel Printing for the Digital Fabrication of Data across Scales and Domains. Sci Adv. 

2018 4(5):eaas8652. doi:10.1126/sciadv.aas8652 

[196] Doubrovski EL, Tsai EY, Dikovsky D, Geraedts JMP, Herr H, Oxman N. Voxel-Based 

Fabrication through Material Property Mapping: A Design Method for Bitmap Printing. 

CAD Comput Aided Des. 2015 60:3–13. doi:10.1016/j.cad.2014.05.010 

[197] Cengiz IF, Pitikakis M, Cesario L, Parascandolo P, Vosilla L, Viano G, et al. Building the 

Basis for Patient-Specific Meniscal Scaffolds: From Human Knee MRI to Fabrication of 

3D Printed Scaffolds. Bioprinting. 2016 1–2:1–10. doi:10.1016/j.bprint.2016.05.001 

[198] Catros S, Keriquel V, Fricain JC, Guillemot F. In Vivo and In Situ Biofabrication by Laser-

Assisted Bioprinting. In Essentials of 3D Biofabrication and Translation. 2015 Elsevier 

Inc.; p. 81–7. doi:10.1016/B978-0-12-800972-7.00005-0 

[199] Keriquel V, Oliveira H, Rémy M, Ziane S, Delmond S, Rousseau B, et al. In Situ Printing 

of Mesenchymal Stromal Cells, by Laser-Assisted Bioprinting, for in Vivo Bone 

Regeneration Applications. Sci Rep. 2017 7(1):1778. doi:10.1038/s41598-017-01914-x 

[200] Kérourédan O, Hakobyan D, Rémy M, Ziane S, Dusserre N, Fricain JC, et al. In Situ 

Prevascularization Designed by Laser-Assisted Bioprinting: Effect on Bone Regeneration. 

Biofabrication. 2019 11(4). doi:10.1088/1758-5090/ab2620 

[201] Zhao W, Xu T. Preliminary Engineering for in Situ in Vivo Bioprinting: A Novel Micro 

Bioprinting Platform for in Situ in Vivo Bioprinting at a Gastric Wound Site. 

Biofabrication. 2020 12(4):045020. doi:10.1088/1758-5090/aba4ff 

[202] Chen Y, Zhang J, Liu X, Wang S, Tao J, Huang Y, et al. Noninvasive in Vivo 3D Bioprinting. 

Sci Adv. 2020 6(23):eaba7406. doi:10.1126/sciadv.aba7406 

[203] Urciuolo A, Poli I, Brandolino L, Raffa P, Scattolini V, Laterza C, et al. Intravital Three-

Page 73 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

74 

Dimensional Bioprinting. Nat Biomed Eng. 2020 4(9):901–15. doi:10.1038/s41551-020-

0568-z 

[204] Liao IC, Moutos FT, Estes BT, Zhao X, Guilak F. Composite Three-Dimensional Woven 

Scaffolds with Interpenetrating Network Hydrogels to Create Functional Synthetic 

Articular Cartilage. Adv Funct Mater. 2013 23(47):5833–9. 

doi:10.1002/adfm.201300483 

[205] Chimene D, Peak CW, Gentry JL, Carrow JK, Cross LM, Mondragon E, et al. 

Nanoengineered Ionic-Covalent Entanglement (NICE) Bioinks for 3D Bioprinting. ACS 

Appl Mater Interfaces. 2018 10(12):9957–68. doi:10.1021/acsami.7b19808 

[206] L. Miller, D. Chimene, and A. K. Gaharwar. Optimizing 3D printability in Hydrogel Bioinks 

through compositional and rheological analysis. Transactions of the Society For 

Biomaterials 2018 Annual Meeting, Volume XXXVIII, pg768.  

[207] Zhai X, Ma Y, Hou C, Gao F, Zhang Y, Ruan C, et al. 3D-Printed High Strength Bioactive 

Supramolecular Polymer/Clay Nanocomposite Hydrogel Scaffold for Bone 

Regeneration. ACS Biomater Sci Eng. 2017 3(6):1109–18. 

doi:10.1021/acsbiomaterials.7b00224 

[208] Li H, Wang H, Zhang D, Xu Z, Liu W. A Highly Tough and Stiff Supramolecular Polymer 

Double Network Hydrogel. Polymer (Guildf). 2018 153:193–200. 

doi:10.1016/j.polymer.2018.08.029 

[209] Nguyen PQ, Courchesne NMD, Duraj-Thatte A, Praveschotinunt P, Joshi NS. Engineered 

Living Materials: Prospects and Challenges for Using Biological Systems to Direct the 

Assembly of Smart Materials. Vol. 30, Advanced Materials. 2018 Wiley-VCH Verlag; 

doi:10.1002/adma.201704847 

[210] Duraj‐Thatte AM, Courchesne ND, Praveschotinunt P, Rutledge J, Lee Y, Karp JM, et al. 

Genetically Programmable Self‐Regenerating Bacterial Hydrogels. Adv Mater. 2019 

31(40):1901826. doi:10.1002/adma.201901826 

[211] Dorval Courchesne NM, Debenedictis EP, Tresback J, Kim JJ, Duraj-Thatte A, Zanuy D, et 

Page 74 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

75 

al. Biomimetic Engineering of Conductive Curli Protein Films. Nanotechnology. 2018 

29(45):454002. doi:10.1088/1361-6528/aadd3a 

[212] Qian F, Zhu C, Knipe JM, Ruelas S, Stolaroff JK, Deotte JR, et al. Direct Writing of Tunable 

Living Inks for Bioprocess Intensification. Nano Lett. 2019 19(9):5829–35. 

doi:10.1021/acs.nanolett.9b00066 

[213] Yang GH, Yeo M, Koo YW, Kim GH. 4D Bioprinting: Technological Advances in 

Biofabrication. Macromol Biosci. 2019 19(5):1800441. doi:10.1002/mabi.201800441 

[214] Miao S, Cui H, Nowicki M, Xia L, Zhou X, Lee S-J, et al. Stereolithographic 4D Bioprinting 

of Multiresponsive Architectures for Neural Engineering. Adv Biosyst. 2018 

2(9):1800101. doi:10.1002/adbi.201800101 

[215] Esworthy TJ, Miao S, Lee S-J, Zhou X, Cui H, Zuo YY, et al. Advanced 4D-Bioprinting 

Technologies for Brain Tissue Modeling and Study. Int J Smart Nano Mater. 2019 

10(3):177–204. doi:10.1080/19475411.2019.1631899 

[216] Kim SH, Seo YB, Yeon YK, Lee YJ, Park HS, Sultan MT, et al. 4D-Bioprinted Silk Hydrogels 

for Tissue Engineering. Biomaterials. 2020 260:120281. 

doi:10.1016/j.biomaterials.2020.120281 

[217] Wan Z, Zhang P, Liu Y, Lv L, Zhou Y. Four-Dimensional Bioprinting: Current Developments 

and Applications in Bone Tissue Engineering. Acta Biomater. 2020 101:26–42. 

doi:10.1016/j.actbio.2019.10.038 

[218] Aronsson C, Jury M, Naeimipour S, Boroojeni FR, Christoffersson J, Lifwergren P, et al. 

Dynamic Peptide-Folding Mediated Biofunctionalization and Modulation of Hydrogels 

for 4D Bioprinting. Biofabrication. 2020 12(3):035031. doi:10.1088/1758-5090/ab9490 

[219] Yang Q, Gao B, Xu F. Recent Advances in 4D Bioprinting. Biotechnol J. 2020 

15(1):1900086. doi:10.1002/biot.201900086 

[220] Zhang K, Geissler A, Standhardt M, Mehlhase S, Gallei M, Chen L, et al. Moisture-

Responsive Films of Cellulose Stearoyl Esters Showing Reversible Shape Transitions. Sci 

Rep. 2015 5(1):1–13. doi:10.1038/srep11011 

Page 75 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

76 

[221] Miao S, Zhu W, Castro NJ, Nowicki M, Zhou X, Cui H, et al. 4D Printing Smart Biomedical 

Scaffolds with Novel Soybean Oil Epoxidized Acrylate. Sci Rep. 2016 6(1):1–10. 

doi:10.1038/srep27226 

[222] Luo Y, Lin X, Chen B, Wei X. Cell-Laden Four-Dimensional Bioprinting Using near-

Infrared-Triggered Shape-Morphing Alginate/Polydopamine Bioinks. Biofabrication. 

2019 11(4). doi:10.1088/1758-5090/ab39c5 

[223] Miao S, Zhu W, Castro NJ, Leng J, Zhang LG. Four-Dimensional Printing Hierarchy 

Scaffolds with Highly Biocompatible Smart Polymers for Tissue Engineering 

Applications. Tissue Eng - Part C Methods. 2016 22(10):952–63. 

doi:10.1089/ten.tec.2015.0542 

[224] Tasoglu S, Yu CH, Gungordu HI, Guven S, Vural T, Demirci U. Guided and Magnetic Self-

Assembly of Tunable Magnetoceptive Gels. Nat Commun. 2014 5(1):1–11. 

doi:10.1038/ncomms5702 

[225] Kuribayashi-Shigetomi K, Onoe H, Takeuchi S. Cell Origami: Self-Folding of Three-

Dimensional Cell-Laden Microstructures Driven by Cell Traction Force. Han A, editor. 

PLoS One. 2012 7(12):e51085. doi:10.1371/journal.pone.0051085 

[226] Nadgorny M, Xiao Z, Chen C, Connal LA. Three-Dimensional Printing of PH-Responsive 

and Functional Polymers on an Affordable Desktop Printer. ACS Appl Mater Interfaces. 

2016 8(42):28946–54. doi:10.1021/acsami.6b07388 

[227] Huang L, Jiang R, Wu J, Song J, Bai H, Li B, et al. Ultrafast Digital Printing toward 4D 

Shape Changing Materials. Adv Mater. 2017 29(7). doi:10.1002/adma.201605390 

[228] Wu M, Zhang Y, Huang H, Li J, Liu H, Guo Z, et al. Assisted 3D Printing of Microneedle 

Patches for Minimally Invasive Glucose Control in Diabetes. Mater Sci Eng C. 2020 

117:111299. doi:10.1016/j.msec.2020.111299 

[229] Helwig B, van Sluijs B, Pogodaev AA, Postma SGJ, Huck WTS. Bottom-Up Construction of 

an Adaptive Enzymatic Reaction Network. Angew Chemie. 2018 130(43):14261–5. 

doi:10.1002/ange.201806944 

Page 76 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

77 

[230] Deng J, Walther A. ATP-Powered Molecular Recognition to Engineer Transient 

Multivalency and Self-Sorting 4D Hierarchical Systems. Nat Commun. 2020 11(1):3658. 

doi:10.1038/s41467-020-17479-9 

[231] Green LN, Subramanian HKK, Mardanlou V, Kim J, Hariadi RF, Franco E. Autonomous 

Dynamic Control of DNA Nanostructure Self-Assembly. Nat Chem. 2019 11(6):510–20. 

doi:10.1038/s41557-019-0251-8 

[232] Ranallo S, Sorrentino D, Ricci F. Orthogonal Regulation of DNA Nanostructure Self-

Assembly and Disassembly Using Antibodies. Nat Commun. 2019 10(1):5509. 

doi:10.1038/s41467-019-13104-6 

[233] Mishra A, Dhiman S, George SJ. ATP‐Driven Synthetic Supramolecular Assemblies: From 

ATP as a Template to Fuel. Angew Chemie Int Ed. 2020 :anie.202006614. 

doi:10.1002/anie.202006614 

[234] Dong J, Zhou C, Wang Q. Towards Active Self-Assembly Through DNA Nanotechnology. 

Vol. 378, Topics in Current Chemistry. 2020 Springer; p. 33–4. doi:10.1007/s41061-020-

0297-5 

[235] Grötsch RK, Angı A, Mideksa YG, Wanzke C, Tena-Solsona M, Feige MJ, et al. Dissipative 

Self-Assembly of Photoluminescent Silicon Nanocrystals. Angew Chemie Int Ed. 2018 

57(44):14608–12. doi:10.1002/anie.201807937 

[236] Tena-Solsona M, Wanzke C, Riess B, Bausch AR, Boekhoven J. Self-Selection of 

Dissipative Assemblies Driven by Primitive Chemical Reaction Networks. Nat Commun. 

2018 9(1). doi:10.1038/s41467-018-04488-y 

[237] Leng Z, Peng F, Hao X, Minireviews C. A Multidisciplinary Journal Centering on Chemistry 

Chemical-Fuel-Driven Assembly in Macromolecular Science: Recent Advances and 

Challenges. 85:1190–9. doi:10.1002/cplu.202000192 

[238] Grötsch RK, Wanzke C, Speckbacher M, Angl A, Rieger B, Boekhoven J. Pathway 

Dependence in the Fuel-Driven Dissipative Self-Assembly of Nanoparticles. J Am Chem 

Soc. 2019 141:29. doi:10.1021/jacs.9b02004 

Page 77 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

78 

[239] Singh N, Formon GJM, De Piccoli S, Hermans TM. Devising Synthetic Reaction Cycles for 

Dissipative Nonequilibrium Self‐Assembly. Adv Mater. 2020 32(20):1906834. 

doi:10.1002/adma.201906834 

[240] Leira-Iglesias J, Tassoni A, Adachi T, Stich M, Hermans TM. Oscillations, Travelling Fronts 

and Patterns in a Supramolecular System. Vol. 13, Nature Nanotechnology. 2018 Nature 

Publishing Group; p. 1021–7. doi:10.1038/s41565-018-0270-4 

[241] Boujioui F, Zhuge F, Gohy J. Redox Polymer–Based Nano‐Objects via Polymerization‐

Induced Self‐Assembly. Macromol Chem Phys. 2020 221(1):1900296. 

doi:10.1002/macp.201900296 

[242] Cissé N, Kudernac T. Light‐Fuelled Self‐Assembly of Cyclic Peptides into Supramolecular 

Tubules. ChemSystemsChem. 2020 2(6). doi:10.1002/syst.202000012 

[243] Pierce CJ, Wijesinghe H, Osborne E, Mumper E, Lower B, Lower S, et al. Tunable Self-

Assembly of Magnetotactic Bacteria: Role of Hydrodynamics and Magnetism. AIP Adv. 

2020 10(1):015335. doi:10.1063/1.5129925 

[244] Beredjiklian PK, Wang M, Lutsky K, Vaccaro A, Rivlin M. Three-Dimensional Printing in 

Orthopaedic Surgery. J Bone Jt Surg. 2020 102(10):909–19. doi:10.2106/JBJS.19.00877 

[245] Samaila EM, Negri S, Zardini A, Bizzotto N, Maluta T, Rossignoli C, et al. Value of Three-

Dimensional Printing of Fractures in Orthopaedic Trauma Surgery. J Int Med Res. 2019 

48(1):030006051988729. doi:10.1177/0300060519887299 

[246] Memon AR, Wang E, Hu J, Egger J, Chen X. A Review on Computer-Aided Design and 

Manufacturing of Patient-Specific Maxillofacial Implants. Vol. 17, Expert Review of 

Medical Devices. 2020 Taylor and Francis Ltd; p. 345–56. 

doi:10.1080/17434440.2020.1736040 

[247] Sultan AA, Mahmood B, Samuel LT, Stearns KL, Molloy RM, Moskal JT, et al. Cementless 

3D Printed Highly Porous Titanium-Coated Baseplate Total Knee Arthroplasty: 

Survivorship and Outcomes at 2-Year Minimum Follow-Up. J Knee Surg. 2020 33(3):279–

83. doi:10.1055/s-0039-1677842 

Page 78 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

79 

[248] Murphy S V., Atala A. 3D Bioprinting of Tissues and Organs. Vol. 32, Nature 

Biotechnology. 2014 Nature Publishing Group; p. 773–85. doi:10.1038/nbt.2958 

[249] Willson K, Ke D, Kengla C, Atala A, Murphy S V. Extrusion-Based Bioprinting: Current 

Standards and Relevancy for Human-Sized Tissue Fabrication. Methods Mol Biol. 2020 

2140:65–92. doi:10.1007/978-1-0716-0520-2_5 

[250] Miri AK, Khalilpour A, Cecen B, Maharjan S, Shin SR, Khademhosseini A. Multiscale 

Bioprinting of Vascularized Models. Biomaterials. 2019 198:204–16. 

doi:10.1016/j.biomaterials.2018.08.006 

[251] Datta P, Ayan B, Ozbolat IT. Bioprinting for Vascular and Vascularized Tissue 

Biofabrication. Vol. 51, Acta Biomaterialia. 2017 Elsevier Ltd; p. 1–20. 

doi:10.1016/j.actbio.2017.01.035 

[252] Malda J, Woodfield TBF, Van Der Vloodt F, Kooy FK, Martens DE, Tramper J, et al. The 

Effect of PEGT/PBT Scaffold Architecture on Oxygen Gradients in Tissue Engineered 

Cartilaginous Constructs. Biomaterials. 2004 25(26):5773–80. 

doi:10.1016/j.biomaterials.2004.01.028 

[253] Carmeliet P, Jain RK. Angiogenesis in Cancer and Other Diseases. Vol. 407, Nature. 2000 

p. 249–57. doi:10.1038/35025220 

[254] Atala A, Kurtis Kasper F, Mikos AG. Engineering Complex Tissues. Vol. 4, Science 

Translational Medicine. 2012 p. 160rv12. doi:10.1126/scitranslmed.3004890 

[255] Jafarkhani M, Salehi Z, Aidun A, Shokrgozar MA. Bioprinting in Vascularization 

Strategies. Iran Biomed J. 2019 23(1):9. doi:10.29252/.23.1.9 

[256] Miri AK, Mirzaee I, Hassan S, Mesbah Oskui S, Nieto D, Khademhosseini A, et al. Effective 

Bioprinting Resolution in Tissue Model Fabrication. Lab Chip. 2019 19(11):2019–37. 

doi:10.1039/c8lc01037d 

[257] Potter RF, Groom AC. Capillary Diameter and Geometry in Cardiac and Skeletal Muscle 

Studied by Means of Corrosion Casts. Microvasc Res. 1983 25(1):68–84. 

doi:10.1016/0026-2862(83)90044-4 

Page 79 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

80 

[258] Meyer W, Engelhardt S, Novosel E, Elling B, Wegener M, Krüger H. Soft Polymers for 

Building up Small and Smallest Blood Supplying Systems by Stereolithography. J Funct 

Biomater. 2012 3(2):257–68. doi:10.3390/jfb3020257 

[259] Geng Q, Wang D, Chen P, Chen SC. Ultrafast Multi-Focus 3-D Nano-Fabrication Based 

on Two-Photon Polymerization. Nat Commun. 2019 10(1):1–7. doi:10.1038/s41467-

019-10249-2 

[260] Rice JJ, Martino MM, De Laporte L, Tortelli F, Briquez PS, Hubbell JA. Engineering the 

Regenerative Microenvironment with Biomaterials. Vol. 2, Advanced Healthcare 

Materials. 2013 Wiley-VCH Verlag; p. 57–71. doi:10.1002/adhm.201200197 

[261] Martin I, Simmons PJ, Williams DF. Manufacturing Challenges in Regenerative Medicine. 

Vol. 6, Science Translational Medicine. 2014 American Association for the Advancement 

of Science; p. 232fs16. doi:10.1126/scitranslmed.3008558 

[262] Henderson AR, Choi H, Lee E. Blood and Lymphatic Vasculatures On-Chip Platforms and 

Their Applications for Organ-Specific in Vitro Modeling. Vol. 11, Micromachines. 2020 

MDPI AG; doi:10.3390/mi11020147 

[263] Cao X, Ashfaq R, Cheng F, Maharjan S, Li J, Ying G, et al. A Tumor‐on‐a‐Chip System with 

Bioprinted Blood and Lymphatic Vessel Pair. Adv Funct Mater. 2019 29(31):1807173. 

doi:10.1002/adfm.201807173 

[264] Qiu B, Bessler N, Figler K, Buchholz M, Rios AC, Malda J, et al. Bioprinting Neural Systems 

to Model Central Nervous System Diseases. Adv Funct Mater. 2020 30(44):1910250. 

doi:10.1002/adfm.201910250 

[265] Carvalho AM, Marques AP, Silva TH, Reis RL. Evaluation of the Potential of Collagen from 

Codfish Skin as a Biomaterial for Biomedical Applications. Mar Drugs. 2018 16(12). 

doi:10.3390/md16120495 

[266] Sousa RO, Alves AL, Nuno Carvalho D, Martins E, Oliveira C, Silva TH, et al. Acid and 

Enzymatic Extraction of Collagen from Atlantic Cod (Gadus Morhua) Swim Bladders 

Envisaging Health-Related Applications. doi:10.1080/09205063.2019.1669313 

Page 80 of 81AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



__________________________________________________________Guy DECANTE 
 

 
 

81 

 

 

Page 81 of 81 AUTHOR SUBMITTED MANUSCRIPT - BF-102874.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t


