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Abstract

In tissue engineering, the fate of a particular organ/tissue regeneration and repair mainly depends 

on three pillars - 3D architecture, cells used, and stimulus provided. 3D cell supportive structure 

development is one of the crucial pillars necessary for defining organ/tissue geometry and shape. 

In recent years, the advancements in 3D bio-printing (additive manufacturing) made it possible to 

develop very precise 3D architectures with the help of industrial software like Computer-Aided 

Design (CAD). The main requirement for the 3D printing process is the bio-ink, which can 

act as a source for cell support, proliferation, drug (growth factors, stimulators) delivery, and 

organ/tissue shape. The selection of the bio-ink depends upon the type of 3D tissue of interest. 

Printing tissues like bone and cartilage is always challenging because it is difficult to find printable 

biomaterial that can act as bio-ink and mimic the strength of the natural bone and cartilage tissues. 

This review describes different biomaterials used to develop bio-inks with different processing 

variables and cell-seeding densities for bone and cartilage 3D printing applications. The review 

also discusses the advantages, limitations, and cell bio-ink compatibility in each biomaterial 

section. The emphasis is given to bio-inks reported for 3D printing cartilage and bone and 

their applications in orthopedics and orthodontists. The critical/important performance and the 

architectural morphology requirements of desired bone and cartilage bio-inks were compiled in 

summary.
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1. Introduction

Regenerative medicine is the advanced branch of tissue engineering that mainly deals 

with the process of engineering, regenerating, and replacing diseased tissues or organs 
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to establish/restore normal functions of the body. It is based on three main pillars; 

scaffold, cells, and stimulators (growth factors and other markers) [1]. In the past decade, 

regenerative medicine has advanced a lot, resulting in branching. The traditional approach 

for regenerative medicine-based therapies is top-down, where a porous 3D scaffold is first 

developed and then seeded with specific cells and stimulators (Fig. 1a) and allowed to 

proliferate in functional tissue slowly. In contrast, the new modular approach involves the 

use of cell aggregates/cell sheets/cells suspended in bio-inks assembled in a bio-compatible 

biomaterial-based 3D shape, which will allow the development of functional tissue (Fig. 1b). 

Both these approaches have their advantages and disadvantages, and one needs to choose the 

best approach depending on the type of tissue one plan to regrow. The top-down approach 

has the advantages like ease of 3D architecture development, pore size control, variety 

of processes available for scaffold development, and ease of sterilization. The drawbacks 

include lack of precision of 3D architecture development; scaffold-based sustain release of 

the stimuli is possible only with a specific scaffold development process (lyophilization). 

It was also reported that mass transfer and cell distribution are poor in the 3D matrix, 

which slows down the biodegradation rate and cell proliferation rate in the scaffold and, 

finally the limitation of multiple cell type seeding [2]. Many of the disadvantages of 

the top-down approaches were overcome with the relatively new bottom-up or modular 

approach. The limitations like precision architecture development, uniform cell distribution, 

use of multiple cell types, and sustained release of the stimuli were successfully addressed 

by the modular approach. Whereas, problems like efficient sterilization and 3D scaffold 

strength still pose a limitation to this approach [3]. The most successful and extensively 

evaluated technique among the different modular approaches is additive manufacturing or 

3D bio-printing technique [4].

1.1. Advantages and disadvantages of most common 3D bio-printing techniques

The advancements in additive manufacturing techniques provided many benefits to tissue 

engineering and regenerative medicine, mainly by providing Computer Aided Design 

(CAD) based precision 3D printing of a tissue architecture along with functional cells 

embedded (cell-laden) cell supportive hydrogel called bio-ink [5,6]. There is a plethora 

of 3D printing techniques available, but very few are compatible with bioprintings [7]. 

The most commonly used cell-laden bio-ink-based bioprinting techniques are Inkjet-based, 

Extrusion-based, Acoustic-based, Laser-assisted (LAD) techniques and Stereolithography 

(SLA) (Fig. 2). Inject printer-based and extrusion-based 3D bio-printing are well-established 

techniques. The inkjet printer has advantages like low printing cost, high (>85 %) cell 

viability, widely available printing heads and bio-inks, and high 3D printing speed, but it 

also possesses disadvantages like lack of precise printing due to low droplet directionality 

and low-density 3D structure due to less viscus (low biomaterial concentration) bio-ink. 

Whereas, the extrusion-based 3D bio-printer can print viscus (high density) 3D structures 

but lacks the resolution due to printing head aperture (generally >100 μm) and very low (40 

%) viable cell density. These limitations restrict the use of both printers for specific soft 

tissue printing applications, which require precise printing with very fine nozzle tips but can 

be effectively used for certain hard tissues printed in >10 mm dimensions (Table 1) [8].
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To overcome the limitations of inkjet-based and extrusion-based 3D printers, recently, more 

advanced acoustic-based, laser-based printers, and stereolithographic (SLA) techniques were 

developed. The laser-based printer is one of the favorable choices for 3D printing due to 

very high ‘viable cell’ densities (>95 %) in the developed 3D matrix, it can process highly 

viscous bio-inks and provides a very high degree of precision and resolution. Although this 

technique has many advantages, it also bears two significant disadvantages: processing time 

and high cost. The SLA technique cures the bio-ink layer-by-layer using specific wavelength 

Ultraviolet (UV) light. This technique is very accurate, fast, and has very high ‘viable cell’ 

densities (>90 %), but it also has disadvantages like the use of high-intensity UV light, 

complicated post-curing procedures, and a limited number of photo-curable biomaterial 

[9]. The comparatively new acoustic-based printing has advantages like high-resolution 

noninvasive cellular aggregate distribution printing, simple, highly biocompatible, and low 

power-consuming techniques. However, patterns of acoustic waves in printing head channels 

need to be pre-determined according to the transducers and geometry of the shape to 

be printed and can’t be changed suddenly to generate complex patterns [10]. Because of 

the advantages and disadvantages discussed for different frequently used techniques, the 

researcher needs to select the best bio-printing technique suitable to the cell-laden bio-ink to 

get optimized 3D printing balancing good viable cell density, well-resolved 3D architecture 

for better mass transfer and time and cost of printing.

1.2. Properties of bio-ink

According to Williams et al., Bio-inks can be classified into four types; namely support, 

fugitive (sacrificial), structural, and functional bio-inks. Support bio-inks are generally the 

biomaterials that support cells during printing and act as an extracellular similar matrix 

(eg. agarose, chitosan, etc.). Fugitive or sacrificial bio-inks are the biomaterials used in 

bio-printing along with support or functional bio-ink and can be removed easily from the 

3D architecture to form internal channels (eg. Poly Vinyl Alcohol, Pluronic, etc.). Structural 

bio-inks are the biomaterials that provide structural integrity to 3D printed architecture 

and can also act as sustained sacrificial bio-ink (eg. Polycaprolactone, poly(lactic acid), 

Hydroxyapatite, etc.). Functional bio-inks provide biochemical, electrical, or mechanical 

stimuli to modify the printed cell behavior (eg. Nano functionalized, growth factor-loaded 

biomaterials) [11].

According to Groll et al., a simplified classification of bio-inks and biomaterial inks can 

be provided based on the bio-fabrication definition. Thus, bio-inks can be defined as the 

medium formulated using suitable biomaterials hydrogel for cell forms (cells, spheroids 

of cell or micro-tissues) based 3D bio-printing (eg. Cell laden GelMA, Collagen, protein-

polymer composites, biopolymer composites, etc.). Whereas biomaterial inks are hydrogel 

formulations of biomaterials that are used to print biodegradable 3D architecture in which 

cells are seeded (eg. Alginate, Hydroxyapatite, chitosan, PLA, PCA, and composites thereof 

printed without cells) [12].

As explained above, bio-inks mainly comprise biocompatible biomaterials-based hydrogels 

and cells/cell aggregates in combinations. The ideal bio-ink should possess some basic 

properties for projected 3D printing of the tissue architecture (Fig. 3a). Bio-ink should (i) 
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provide sufficient strength to the 3D structure and simultaneously should have porosity to 

support cell proliferation; (ii) should have sufficient visco-elasticity to draw precise shapes 

with perfect fidelity; (iii) should be bio-compatible and bio-degradable; (iv) for some types 

of printers, it should have shear thinning property; (v) in-situ gelation is the most desired 

property of the bio-ink though it can be enhanced using external stimuli like electromagnetic 

radiations (UV, visible, lasers) and cross-linking solutions (Ca, aldehydes, etc.) and (vi) it 

should be permeable to gases and nutrient to support the proliferating cells through the 3D 

matrix [13].

Developing and optimizing the cell-laden bio-ink formulation is the crucial step in bio-

printing. Considering all the required properties for bio-ink, cartilage, and bone structure, 

bio-ink development for considerable load and shear stress-bearing 3D structure is a further 

challenging domain. Various natural, synthetic, semisynthetic, and composite biomaterials 

have been developed and tested for cartilage and bone bio-ink and 3D printing applications. 

However, a smaller number of biomaterials were able to meet the maximum ideal bio-ink 

properties for successful bio-printing of these tissues. This review attempts to provide 

a detailed overview of the most successful reports and recent updates on the cartilage 

and bone bio-ink developments (Fig. 3b). Further, different natural, semisynthetic, and 

composite biomaterials used for the development of the cartilage and bone bio-ink are 

described in detail. Table 1 describes the cell density supported, printers used for bio-

printing, and types of tissues printed and provided comparative information on the capacity 

of different biomaterials to act as cartilage and bone bio-ink.

1.3. Cell response toward the bio-inks

The cells respond to different biomaterials differently, the formulation of bio-ink for bone 

and cartilage using a single biomaterial is always challenging as no natural biomaterial 

can satisfy all desired characteristics (Fig. 3a) of bio-inks. In general, compared to single 

biomaterial-based bio-ink, multicomponent bio-inks are preferred as they can combine the 

ideal properties of different biomaterials in one desired composite that can form bio-ink. 

Every biomaterial has different toxicity to different cells thus, the composite or block 

biomaterials are developed to keep the cell viability to the maximum. The concentration of 

the biomaterials/composites used to form hydrogel bio-inks is very important. To achieve 

optimal viscosity, flowability and shape fidelity of 3D architecture the composition and 

concentration of the biomaterials are very important. At the same time, the optimum 

concentration should generate a bio-ink that should have good oxygen permeation/gas 

diffusibility to avoid hypoxic conditions that can kill the cell population and reduce the 

cell density in the printed bio-ink [14]. These types of conditions are frequently observed 

with bone and cartilage bio-inks as they require high biopolymer density for load-bearing 

and shape-fidelity properties. The printing conditions of bone bio-inks with high-density 

hydrogel and high viscosity are comparatively harsh (higher piston/pneumatic pressure). 

This might lead to excessive pressure on bio-ink dispersed cells leading to cell viability 

and cell density loss post-printing. This might be the reason that many of the bone and 

cartilage 3D printing research papers report bio-inks that have very good cell viability 

and post-printing cell densities but lacked structural accuracy and mechanical strength. 

Researchers are working to overcome this limitation and some researchers have recently 
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suggested the use of nanohydroxyapatite, the use of crosslinkers, or the use of higher initial 

cell densities as a reasonable solution to it [15]. In addition to this printing, speed is also 

very important and the stress time on the cells loaded in bio-ink will be more with slower 

printing speed and pressure will be higher with faster printing speed ultimately affecting 

the cell viability in printed architecture. The presence of the biologically active molecule 

(growth factors, vitamins, etc.) in bio-ink favors and directs the embedded cells to proliferate 

into a tissue. Nanocomposites like nanohydroxyapatite can act as a viscosity enhancer, 

biological stimulator, and strength enhancer in bone bio-inks [16]. The cells present in the 

3D bone or cartilage architecture proliferate in the 3D matrix. While proliferating if the 

cells are exposed to multiple stimuli (pressure/stress, pH, electrical, etc.), their morphology, 

functionality, and ECM matrix composition get augmented to do the tissue desired functions 

[17,18].

2. Natural biomaterials for cartilage and bone bio-inks

The majority of bio-inks are developed from natural biomaterial or composite biomaterial-

based hydrogels. These materials provide specific cell binding sites essential for cell 

proliferation; they are biocompatible and biodegradable. They can be selectively modified 

to get desired 3D bio-printing properties with maximum viable cell density, superior shape 

printability, and optimized 3D architecture strength. The natural biomaterials like agarose, 

gelatin alginate, collagen, hydroxyapatite (HAp), hyaluronic acid (HA), extracellular matrix 

(ECM), and their composites with other biomaterials (natural/synthetic) will be discussed in 

the following sub-sections [19]. In advanced materials, the use of fibrin, silk, cellulose, and 

cell aggregates/cell sheets will be discussed.

2.1. Agarose

One of the most widely used support biomaterials for 3D bioprinting is a naturally 

derived linear polysaccharide called agarose. It contains disaccharides 3,6,-anhydro-L-

galactopyranose, and d-galactose as the repeating units of the chain. Agarose is considered 

one of the most used candidates for bioprinting because, apart from the high viscosity 

and shape fidelity, it is also known for the ease of manipulating mechanical properties, 

rapid gelation kinetics, and also for the potential for further chemical functionalization [20]. 

There has been evidence of using agarose to engineer cartilage constructs by promoting 

cell proliferation and matrix production [21,22]. Benya and Shaffer had shown how helpful 

agarose was in supporting the cell functionality and dedifferentiation of rabbit chondrocytes. 

They reported the survival of 80 % of cells and the transition of morphology from flattened 

to spherical anchorage-independent cells in culture along with type II collagen and cartilage-

specific proteoglycan synthesis (Table 1) [23]. Another advantage agarose has over other 

gels like alginate is its rapid gelation without adding any polymerization agents (Table 1) 

[24]. Researchers have also seen that by using a combination of functional biomaterials, for 

example, collagen, chitosan, or even alginate, along with the gel, they can form stable 3D 

constructs and support fibroblast and endothelial cell growth. Lopez-Marcial and coworkers 

had seen that the blend of agarose and alginate at a 3:2 ratio (with calcium as a crosslinker) 

demonstrated 70 % cell viability and matrix production over the same period for cartilage 

tissue engineering. On comparing its mechanical and rheological properties, it was found to 

Badhe et al. Page 5

Bone. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



be statistically similar to those of Pluronic (a hydrogel with established printing capabilities) 

for all tests [25]. Alginate-agarose hydrogels, stabilized with gelatin, have also been proven 

capable of creating a biologically inert matrix that can be used for encapsulating and 

3D bioprinting of bone- cells. The addition of calcium salt of polyphosphate [polyP·Ca2+-

complex] to alginate/gelatin/agarose/SaOS-2 cell scaffold not only marked an increase in 

cell proliferation but also opened new doors for the application of 3D bioprinting in bone 

tissue engineering (Table 1) [26].

Agarose and agarose blended bio-inks printability was further established as researchers 

tried to embed human mesenchymal stromal cells in printable type I collagen- and 

chitosan–agarose blends, which were then induced to differentiate toward osteoblasts and 

adipocytes. By comparing both, it was found that the combination of type I collagen 

and agarose with varying ratios proved to be the most suitable bio-ink for a broad range 

of 3D-printed mesenchymal tissues [24]. Recently Campos and coworkers proposed a 

novel concept using a synchronized dual bioprinting approach by combining two distinct 

printing strategies for mechanically and biologically improved substitutes for cartilage tissue 

engineering. Mechanical stability is achieved using a bio-ink prepared by combining equal 

parts of agarose and alginic acid solutions for micro-extrusion printing. For the cell-loaded 

functional bio-ink, the type I collagen solution was blended with agarose stock solutions 

and was bio-printed using cell-compatible drop-on-demand (DoD) bioprinting [27]. The use 

of collagen along with agarose is not only limited to bones and cartilage but has also been 

extrapolated to dental pulp regeneration. This specific approach enabled the bioprinting of 

dental pulp cells by using a blend of agarose and collagen-based bio-inks with suitable 

rheological, structural, and biological properties, which allowed for vasculogenesis in the 

root canal. These results were conclusive in maintaining the biological function of the tooth 

[28].

Not only other bio-inks like alginate and collagen but there has been evidence of using other 

substances as bio-fabricants too. In one of the recent reports by Nadernezhad and coworkers, 

the engineered agarose-nano silicate bio-ink served as a new generation of hydrogel bio-ink 

for extrusion 3D bioprinting with tunable flow properties and bioactivity was reported. The 

influence of the addition of nano silicates on agarose’s bioactivity was proved successful 

as the nanocomposite bio-ink showed significant improvement in the metabolic activity 

of encapsulated cells [29]. Recently, Zhimin and co-workers summarized different stem 

cell-laden hydrogel bio-ink for bone and cartilage tissue engineering reported to date. They 

have compiled different natural polymer composites that were developed and tested for bone 

and cartilage 3D printing applications as bio-inks [30]. The use of agarose and its composite 

for bone and cartilage 3D printing and tissue engineering was recently summarized by 

Pedroza-González and his team [31].

In summary, agarose has high biocompatibility and extremely stable mechanical properties 

required for shape fidelity after gelation, and it doesn’t require polymerizing agents or cross 

linkers to help in gelation, unlike other hydrogels. However, there are some limitations to 

use agarose as a bio-ink. Agarose biopolymer lack cell binding sites in their backbones, 

resulting in bioactivity loss and demanding the attention of biochemists to incorporate some 

binding sites in the backbone [32]. The second limitation is that the thermal crosslinking 
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mechanism of agarose is also dependent on polymer concentration. High-concentration 

agarose solutions rapidly form gels and result in a higher shear rate during extrusion 

and reduced cell viability in bio-ink this limitation demanded engineering intervention to 

develop new printing heads and printing protocols [33].

2.2. Collagen

Collagen, typically isolated from natural sources, is the major protein component of animal 

bone, cartilage, skin, and connective tissue, accounting for about 20–30 % of total body 

proteins. It is a fibrous, structural protein made of three parallel polypeptide strands in a left-

handed, polyproline II-type (PPII) helical conformation. They coil around each other with 

a one-residue stagger to form a right-handed triple helix [34]. Collagen is biodegradable, 

biocompatible, and a major component of the extracellular matrix (ECM), due to which 

its application in the biomedical field has been rapidly growing and widely explored [35]. 

Due to its favorable mechanical properties, collagen, and its derivatives are actively used 

as bio-inks for 3D printing for hard tissue engineering, namely for bone, cartilage, and 

osteochondral repair and regeneration. However, at lower temperatures, it is liquid in nature 

and forms fibers at higher temperatures and neutral pH which pose some limitations [36]. 

Therefore, in the last few years, several methodologies have been developed to improve 

the printability of collagen-based bio-ink by adding fabricants like synthetic polymers, thus 

enhancing the bio-ink rheological properties [37].

Kim and coworkers reported using a crosslinking reagent, genipin, and collagen for 

bioprinting 3D osteoblast-like cells (MG63) and human adipose stem cells (hASCs). They 

observed that on the addition of 1 mM of genipin solution, the embedded cells had 95 

% cell viability, along with an increase in cell proliferation after printing. The cells also 

exhibited increased osteogenic activities compared to the conventional controls. These 

results substantiated the great potential of applications for collagen-based bio-inks in tissue 

regeneration [38].

The individual hydrogels viz, agarose, sodium alginate, and collagen have their uses and 

applications. Yang and coworkers compared all the dual combinations of these hydrogels 

for 3D bioprinting and cartilage repairs. Their reports suggested that sodium alginate and 

collagen composite (SA/COL) facilitated cell adhesion, accelerated cell proliferation, and 

enhanced the expression of cartilage-specific genes such as Acan, Col2al, and Sox9, thus 

paving the way for a promising future of collagen composite in cartilage engineering (Table 

1) [39].

The importance of collagen as a bio-ink was further established by using 3D-bio-printed 

agarose-collagen hydrogel with a high-collagen ratio. This study suggested that if the 

concentration of collagen in the hydrogel composite is increased, it induces and supports 

the positive cell morphology change and renders the scaffold suitable for Mesenchymal stem 

cells (MSCs)-based osteogenic differentiation compared to low-collagen blends [40].

To overcome the structural shortcomings of collagen bio-ink, polycaprolactone (PCL) was 

used as a fortification additive to form a novel hydrogel bio-composite. This hydrogel 

was further supplemented with a bio-ceramic (hydroxyapatite (HA)/β-tricalcium-phosphate 
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(TCP)) and growth factors (like recombinant human bone morphogenetic protein-2 

[rhBMP-2] and platelet-rich plasma [PRP]). This blend enhanced the in-vitro cellular 

activities of the osteoblast-like cells (MG63) and collagen synthesis [41]. Many studies 

have reported the use of β-tricalcium-phosphate (TCP) as a growth factor, indicating its role 

in triggering osteogenic differentiation. One recent study has suggested that a composite of 

fibrillated collagen, cells, and 20 % by weight of the bio-ceramic (β-TCP). This is capable 

of building 3D porous cell-laden composite structure with high cellular responses, viz. cell 

viability, proliferation, and differentiation using pre-osteoblasts (MC3T3-E1) and human 

adipose stem cells (hASCs), which were confirmed by using DAPI/phalloidin staining 

(Table 1) [42]. Another crosslinking agent popularly used with collagen is tannic acid (TA). 

It was reported that on the addition of 0–3 wt% TA in the cell-laden collagen scaffolds 

of pre-osteoblasts (MC3T3-E1) cells, the mechanical strength, and biocompatibility of the 

scaffold was significantly enhanced, and cell viability observed was 95 % [43]. Recently, 

a study reported treating deep dental carious lesions by removing the infected tissue and 

filling the root canal with cell-loaded collagen-based bio-inks using a hand-held in-situ 
bio-printing device [44]. A similar approach was used for dentoalveolar tissue engineering 

to reconstruct the alveolar bone using bio-inks and bio-printing devices [45]. In one of the 

recent studies, chondrocytes laden with 4 % collagen bio-ink were developed and tested 

for de novo cartilage formation. Extrusion-based bio-printing was used for the 3D scaffold 

development. Initially, the cells (97.7 % cell survival) in the scaffold were allowed to 

proliferate in cell culture media then the scaffolds were grafted subcutaneously. The growth 

of the cartilage tissue was observed for 40 days, and it was concluded that the scaffold 

with cells, post subcutaneous grafting, was converted to cartilage-like tissue with distinctive 

structure, high content of glycosaminoglycans and high type II collagen (Fig. 4) (Table 1) 

[46]. Advanced pure collagen and collagen-composite-based bio-inks were also reported for 

improvised cartilage and bone-like tissue development [47,48].

Overall, collagen is the component of human ECM and hence is a natural hydrogel 

choice for bio-ink. It is biodegradable and has very weak antigenicity with superior 

biocompatibility. It readily forms fibers with extra strength and stability through its self-

aggregation and cross-linking. These advantages made collagen and collagen-based products 

the first choice of clinicians and biologists [49]. But it has poor mechanical strength and 

is ineffective in the management of infected sites. Among other limitations, one of the 

major problems with collagen is that it remains in the liquid state at low temperatures 

and forms fibrous structures with increasing temperature and neutral pH. It also requires 

GA and EDC as crosslinking agents to enhance mechanical properties, which are a bit 

cytotoxic. This major limitation requires biochemist and polymer engineer intervention to 

improve desired properties while keeping toxicity low [50]. Other limitations include weak 

mechanical properties, shape fidelity, and batch-to-batch quality variation. These limitations 

can be subdued with the modifications implemented by engineers and biochemists [51].

2.3. Gelatin

One of the most important constituents of a hydrogel frequently used in bio-printing is 

Gelatin; it is extremely biodegradable and has been used for several pharmaceutical and 

medical purposes like soft and hard gelatin capsules, dietary food supplements, and wound 
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sealing glues [52]. It is derived by partial hydrolysis of a fibrous protein - collagen- a 

primary constituent of ECM (extracellular matrix). The amino acid composition of gelatin 

is repeating units of Gly-X-Y triplets, where X is mostly proline and Y is mostly hydroxyl-

proline [53]. Over the years, the global demand for gelatin has increased significantly, 

especially due to its applications in hydrogels and bone grafts [54].

The most used form of gelatin is Gel-MA, which contains methacrylamide and methacrylate 

groups attached to gelatin to form a composite. It is developed by the UV polymerization 

process in presence of photoinitiators to form covalently cross-linked hydrogels [55]. 

Gel-MA, as compared to alginate or agarose gels, has demonstrated superior printability, 

generating structures with greater fidelity and also supported the development of a more 

fibrocartilage-like tissue, which could be proved by the development of a tissue containing 

both types I and type II collagen [56]. In one of the most recent articles by Irmak and 

his co-workers, it was reported that Gel-MA hydrogels contributed significantly to enhance 

various factors viz., the cell viability, adhesion, proliferation, alkaline phosphatase (ALP) 

activity, and mineral deposition of MC3T3-E1 preosteoblastic cells (Table 1) [57].

Gel-MA hydrogels support the viability of stem cells as well as the differentiation of 

chondrocytes and also provide a wide range of mechanical properties depending on several 

cross-linking parameters making it one of the most eligible biomaterials for cartilage tissue 

engineering. When it is combined with viscosity-enhancing additives such as HA and/or a 

reinforcing support structure, such as PCL, it can be fabricated to aid in the engineering 

of human cartilage [58]. In one such report, Noh and his co-workers developed a bio-ink 

having desired properties for rheology, morphology, swelling, cytocompatibility, and having 

the capacity to deliver small molecular drugs using gelatin, hyaluronic acid (HA) and 

hydroxyethyl acrylate (HEA) [59]. Shin and co-workers, on similar lines, have developed 

and reported a gelatin-based bio-ink and optimized this bio-ink for 3D bio-printing by 

combining it with hyaluronic acid and glycerol. The cytocompatibility test showed that the 

developed bio-ink provided an appropriate physical and biological environment for printing 

living NIH3T3 fibroblast cells (Table 1) [60]. A study by Kundu and his team has also 

demonstrated how MSC-laden constructs could be manipulated for specific applications by 

bio-fabricating them with PCL, to control 3D construct mechanical properties [56,61].

In addition to PCL and HA, the use of other fabricants has also been extensively used in 

combination with Gel-MA as bio-inks for the 3D bio-printing of osteoblasts. One example is 

the inclusion of synthetic nano clay, Laponite (LPN), and a gelatin methacryloyl (Gel-MA) 

bio-ink. This mixture enhanced shape fidelity retention and presented ideal characteristics 

for skeletal bio-fabrication applications. One of the most interesting observations was that 

LPN addition did not significantly affect the hydrogel stiffness and, in fact, increased cell 

proliferation and osteogenic differentiation, which was proven by matrix formation over 3 

weeks in the absence of any osteogenic factors [62].

Some studies showed Strontium carbonate nanoparticles as one of the most suitable 

bio-fabricants. One study reported a nano-composite bio-ink (Sr-Gel-MA) comprising 

of strontium‑carbonate (Sr) nanoparticles and low concentration (5 w/v%) gelatin-

methacryloyl (Gel-MA) hydrogel for 3D bioprinting of low-stiffness cell-laden scaffolds 
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with high shape fidelity and osteogenic factors. The structures produced from this bio-ink 

retained their physical and mechanical properties, had enhanced printability and exhibited 

excellent shape fidelity and high cell viability (>95 %) post-fabrication. Furthermore, tests 

like alkaline phosphatase, osteocalcin (OCN), and collagen type-I (Col I) expression showed 

that ‘Sr’ addition resulted in enhanced osteogenic differentiation of hMSCs [63]. The effect 

of UV crosslinking time and the concentration of Gel-MA on cell survival and proliferation 

was studied, and it was reported that mechanical properties were good with 45 s UV 

exposure and 10 % Gel-MA concentration. Whereas the viability of HTR-8/SVneo cells was 

very good up to 60s UV exposure of cell-laden Gel-MA bio-ink. It was reported that 45 s 

UV exposure of 5 % Gel-MA bio-ink showed optimized cell survival and proliferation with 

optimized mechanical properties (Fig. 5) [64].

Most advanced bio-inks developed to improve mechanical properties and printability 

without compromising biocompatibility is a nanoengineered ionic covalent entanglement 

(NICE) bio-ink formulation. Human mesenchymal stem cells (hMSCs) laden NICE 

bio-ink enabled researchers to develop patient-specific implantable 3D scaffold for 

craniomaxillofacial bone defects that did not require external growth factors (Table 1) [65].

Many studies suggest using a composite hydrogel made of alginate and gelatin to strengthen 

cell biomaterial interaction and cell detection. Hence it was suggested that a combination 

might provide adequate physicochemical properties for maintaining the viability of human 

stem cells, bone cells, and mouse fibroblasts during and after the printing process. This, 

along with the influence of wood-based cellulose nanofibrils (CNF) and bioactive glass 

(BaG) proved highly appropriate to bone tissue engineering applications despite being 

non-biodegradable (Table 1) [66].

These studies are limited to bone and cartilage and extrapolate to bioengineering 

dental constructs. A novel bone morphogenetic protein (BMP) peptide-tethering bio-ink 

formulation was developed which was successfully conjugated into the gelatin methacrylate 

(Gel-MA)-based bio-inks and showed robust expression of dentin sialophosphoprotein and 

osteocalcin in the dental constructs. The cell viabilities were >90 % and also had good 

printability (Table 1) [67]. Recently, methacrylate cartilage ECM-based hydrogel/bio-ink 

(cECM-MA) was proposed to overcome the disadvantage of the non-gelling nature of type 

II collagen at body temperature. Similarly, gelatin–alginate was used to form a blended 

with de-cellularized elastic cartilage to improve the mechanical properties of new bio-ink 

[68–70].

The above studies provide an extensive idea of the importance of gelatin-based bio-inks and 

their different bio-fabrications, which have uncountable applications in the 3D bioprinting of 

bone, dental, and cartilage tissue engineering. In addition to the exceptionally biodegradable, 

biocompatible, and safe-to-use properties of gelatin, it is commercially available with 

different bloom strengths. The aqueous gelatin solution forms thermo-reversible hydrogels 

below their upper critical solution temperatures. These advantages made gelatin (specifically 

Gel-MA) a commercially available product for a clinical application like bio-glue/bio-

adhesive used in various surgical procedures [71,72]. Gel-MA has limitations due to its low 

viscosity and narrow bio-fabrication window. It results in poor extrusion and shapes fidelity 
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at even high concentrations. This limitation invited intervention by polymer scientists and 

engineers to modify the biopolymer properties as well as printers [73,74].

2.4. Alginate

A natural biomaterial obtained from brown algae also referred to as alginic acid or algin, 

has found numerous applications in biomedical engineering owing to its biocompatibility 

properties and ease of gelation with the help of divalent Ca2+ cations [75]. These 

are naturally occurring, negatively charged polymers extracted from the brown algae 

predominately by adding alkaline solutions [76,77]. It is a linear (unbranched) chain made 

up of non-repeating copolymers, viz. β-D-mannuronic acid and its C5-epimer α-L-guluronic 

acid linked via β−1,4-glycosidic bonds and fractional precipitation with manganese and 

calcium salts have shown that the ratio of guluronic to manuronic acid varies between 

different alginate sources [78]. The biosynthesis of the alginate pathway can be divided into 

four different stages: (i) synthesis of precursor substrate, (ii) polymerization and cytoplasmic 

membrane transfer, (iii) periplasmic transfer and modification, and (iv) export through the 

outer membrane [79]. Depending on their wide range of molecular weights (32,000 and 

400,000 g/mol), different concentrations of alginates can be prepared. The viscosity of 

an aqueous alginate solution depends on the concentration of the polymer and the MW 

distribution [80]. The overall gel stiffness also depends on alginate concentrations and the 

chelating cation concentration [81]. Due to their extreme versatility, they have been used 

as cell delivery vehicles and a support matrix for tissue engineering, as depots for the 

local presentation of growth factors or other drugs, and as model ECMs for in-vitro cell 

experiments [82].

Owing to its vast properties, alginate has several advantages to be used as bio-inks 

for 3D bio-printing assisted with a bit of bio fabrication with constituents like 

nanocellulose, methylcellulose, and graphene oxide. One such study was performed on 

human chondrocytes to support cartilage bio-printing. In this study, the researchers identified 

a mitogenic hydrogel system based on alginate sulfate, which supports the chondrocyte 

phenotype. To convert this hydrogel alginate sulfate to a printable bio-ink, it was combined 

with nanocellulose to promote cell spreading, proliferation, and collagen II synthesis by the 

encapsulated cells [83]. Markstedt and co-workers published another article that supported 

this claim in 2015, which reported a bio-ink formed by combining the alginate’s cross-

linking ability and nano-fibrillated celluloses (NFC) shear thinning properties provided 

positive results with living soft tissue with cells. Human chondrocytes, which were bio-

printed using the combination of the non-cytotoxic, nanocellulose along with alginate, 

served as a successful bio-ink exhibiting 86 % cell viability after 7 days of 3D culture [84]. 

Nguyen and co-workers 3D printed iPSCs loaded Alginate-NFC bio-ink co-cultured with 

irradiated chondrocytes that supported cartilage regeneration. It could be used successfully 

in a 60/40 (NFC/A) ratio for cartilage lesions that might otherwise progress to secondary 

osteoarthritis. It not only maintained the pluripotency but also marked an increase in cell 

number and cell densities which advocate positivity in the case of 3D bio-inks (Fig. 6) 

(Table 1) [85].
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Another common constituent used with alginate to stabilize the bio-ink, as mentioned 

earlier, is methylcellulose. Ahlfed and his colleagues used the blending of the plasma 

with 3 w/v% alginates and 9 w/v% methylcelluloses to create this pasty bio-ink (plasma-

alg-mc) which then he further bio-plotted with mesenchymal stromal cells (MSC) and 

primary osteoprogenitor cells to spread within the bio-ink. This novel bio-ink was seen 

not only to promote excellent cell viability and cell attachment resulting in the formation 

of intercellular interactions, but also the addition of calcium phosphate cement (CPC) 

in the second step, formed a synergistic system supporting adhesion, proliferation, and 

osteogenic differentiation of bone cells (Table 1) [86]. In another study, the same group 

mentioned using a synthetic nanosilicate clay, called Laponite, along with alginate and 

methylcellulose, to build up scaffolds utilizing the extrusion-based 3D plotting method. This 

blending allowed easy extrusion, achieving scaffolds with high printing fidelity [87].

Kosik-Koziol and his co-workers gave an idea about 3D printed cartilage structures of 

polylactic acid fibers incorporated with alginate, and it is observed that because of PLA 

fibers, the mechanical properties of the 3D structures improved three times more than the 

alginate 3D construct (young’s modulus) alone. From the above study, it was observed 

that the fibers reinforced alginate structures maintained the spherical morphology of the 

incorporated human chondrocyte cells during in-vitro studies for up to 14 days [88]. In 

another study, it was revealed that the addition of GO (Graphene oxide) (0.05–1.0 mg/ml) 

to 3 % alginate significantly enhanced the printing performances of the alginate bio-ink 

by increasing the structural stability, cell viability, and osteogenic induction of the printed 

MSCs (Table 1) [89].

Some recent studies mentioned a specific combination of alginate with polyvinyl 

alcohol (PVA) and hydroxyapatite (HA). This formulation was proven novel due to its 

osteoconductive and biodegradable nature and its optimal rheological properties for 3D 

bio-printing of mouse calvaria 3T3-E1 (MC3T3) cells [90]. Hydroxyapatite has also been 

used as a bio-fabricant for the regeneration of ‘complex bone defects’ which is still a 

significant clinical challenge. The process involves a gene-activated bio-ink developed by 

using RGD-γ-irradiated alginate and nano-hydroxyapatite (nHA) complexed with plasmid 

DNA (pDNA). This mixture used in appropriate combination with bone marrow-derived 

mesenchymal stem cells (MSCs) and co-printed with a polycaprolactone supporting mesh 

provided mechanical stability to the construct and robust osteogenesis of encapsulated 

MSCs in-vitro, with enhanced levels of matrix deposition and mineralization [91].

Supplementing alginate hydrogels with methacrylate (Ma)-decellularized extracellular 

matrix (dECM) derived from bone tissues has also been shown to give good printability 

and cell viability results of 3D cell-laden structures. Moreover, the biologically improved 

microenvironment of alginate-based cell-laden structures formed using this method 

demonstrated a substantial improvement in the osteogenic differentiation of the human 

adipose-derived stem cells that were laden in the bio-ink [92]. Thus, the recent studies 

above have shown a great potential for alginate-based bio-ink in tissue-specific tissue 

engineering applications [93]. Recently there are reports on the M/G [D-mannuronic acid 

(M) and L-guluronic acid (G)] ratio determining the crosslinking conditions and mechanical 

properties of the alginate-based bio-ink helping the researchers to tune the ratio for desired 
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characteristics for specific tissue engineering [94]. Along with this, the composite gel of 

alginate can act as a drug delivery matrix delivering medicaments and growth factors to the 

immobilized cells and the surrounding tissue if implanted/injected in-vivo [95,96].

One of the most significant limitations is that ionically crosslinked alginate hydrogels lose 

>60 % of mechanical strength within 15 h of exposure to phosphate buffers and about 40 

% in 9 days of in-vitro cell culture. This limitation is very important from a biologist’s 

perspective if alginate bio-ink is tested for cartilage or bone. The time mentioned is not 

sufficient for bone or cartilage cells to proliferate to their highest capacity and start showing 

desired tissue characteristics. Biochemists and polymer engineers work on this problem by 

increasing the concentration of high molecular-weight alginate. This increases the viscosity 

of the pre-gelled solution before gel formation and might affect cell viability. Similarly, 

increasing the concentration of low MW alginate might facilitate shear thinning and ease of 

flow but it increases the stiffness of hydrogel [94]. It also has different responses to human 

and animal cells, thus the preclinical and clinical scientists need to work on some correlation 

mechanism for the results with animal cells to Human cells. A lack of bioactive binding sites 

and resistance to protein adsorption requires the intervention of polymer chemists to modify 

alginate to be more biologically responsive [97,98].

2.5. Hydroxyapatite

Hydroxyapatite (HAp) is a biomaterial that has a mineral composition matching the bone. 

It was proven that composite biomaterials developed as bone implants have better in-vivo 
integration with natural bone. [99–101]. It was also proven that the use of nanocrystalline 

hydroxyapatite (nHAp) in bioprinting to develop 3D architecture as subchondral bone 

layers significantly improved mechanical properties and enhanced cell adhesion, growth, 

and differentiation [102,103].

Hydroxyapatite (5 % w/w) was also used in combination with other prominent hydrogels 

viz methacrylated gelatin and hyaluronic acid to exhibit a significant positive effect on 

bone matrix development. Encapsulation of primary human adipose-derived stem cells in the 

hydrogel showed excellent printability and integrity [104].

A novel bio-ink was prepared by combining Nano hydroxyapatite (nHAp) and deproteinized 

bovine bone (DBB), which were dispersed into collagen (Col) to prepare the bio-ink for 

3D printing. This was done to make a bone substitute closest to natural bone structure and 

composition and prepare a porous architecture of the gel. This blend proved successful as it 

was not only biocompatible but also had a positive effect on the osteogenic differentiation 

of the human bone marrow-derived mesenchymal stem cells (hBMSCs) [105]. Nano 

hydroxyapatite particles and collagen mixture have also been used for extrusion printing 

applications by making a homogeneous suspension. This study also provides a path for 

the future potential of this Collagen/nano-HAp bio-ink to reproduce the architecture of 

natural bone by exploiting the combination of 3D printing technologies [106]. As mentioned 

earlier, Hydroxyapatite is a critical osteogenic component which is why it was used in many 

studies as a fabricant to all gelatin-based bio-inks viz. only gelatin, GEL-MA, and acetylated 

GEL-MA. It was also reported that the addition of HAp in the bio-ink significantly improved 

the printing properties of the hydrogel and in 30-day culture, enhanced collagen type I, 
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alkaline phosphatase, and fibronectin (proteins associated with bone matrix) deposition were 

observed [107].

Recently, 3D-printed alginate-hydroxyapatite aerogel scaffolds were developed and tested 

for bone tissue engineering applications. This 3D aerogel exhibited textural and biological 

properties, and the printed scaffold showed high shape fidelity for bone tissue engineering 

(Fig. 7) [108]. Similarly, hydroxyapatite/collagen/chitosan composite hydrogel printed to the 

3D scaffold was reported to show restoration of defected maxillofacial mandible bone [109]. 

In recent advances, HAp was formulated in nano form to enhance its biological properties. 

The recent studies on the nanometric hydroxyapatite particles as an active ingredient for 

bio-inks were summarized by Ojeda and coworkers [110–113].

The chemical composition of Hydroxyapatite is similar to the mineral composition of bone; 

thus, it is more biocompatible and osteoconductive. Even though many successful bone 

implants have had HAp as a constituent of scaffolds, HAp causes aggregation and clumping 

due to entropy leading to inconsistent shape fidelity of the 3D architecture generated by 

bio-ink and also reduces the surface area of the particles [114]. These limitations can be 

reduced by doping the bio-ink with another mineral like magnesium that helped the bio-ink 

to print high-strength 3D architecture [115].

2.6. Hyaluronic acid

Necas and his colleagues reported different physiological and pathological functions, basic 

pharmacological properties, and the clinical use of Hyaluronic acid (HA). HA is a naturally 

occurring mucopolysaccharide present in all living organisms. It is abundant in connective 

tissues and cartilages and is a component of the natural extracellular matrix (ECM) [116]. 

HA can be modified in many ways, and the properties of the resulting materials, including 

hydrophobicity and biological activity, can be adjusted according to the tissue-specific 

conditions and were rigorously studied for tissue engineering applications. Due to such 

robust properties, its applications in 3D bio-printing have also been reported many times 

[117,118]. HA has been extrapolated for the treatment of Osteoarthritis and, sometimes, 

rheumatoid arthritis, thus suggesting its potential role in the scope of bone and tissue 

regeneration [119]. This claim is also supported by a study that has shown that in-vitro 
and in-vivo cultures of mesenchymal stem cells (MSC)-laden HA hydrogels permitted 

chondrogenesis, which are early markers of tissue regeneration [120].

One particular study mentioned a functional hybrid bio-ink with fast gelation time and 

biological function using HA. For fast gelation, tyramine was conjugated to the amine 

group of hyaluronic acids with an enzymatic crosslinking reaction. Also, for application 

to complex tissue such as bone, angiogenic peptides such as substance P (SP) and Ac-

SDKP (SDKP) and osteogenic peptides such as BMP-7-derived peptides (BMP–7D) and 

osteopontin (OPN) were immobilized on acrylate HA. These fabrications resulted in optimal 

mechanical properties, high cell viability, and an increase in the differentiation rate of hMSC 

cells [121].

Shim and co-workers have shown a 3D printing process that uses a hydrogel comprised 

of atelocollagen and supramolecular hyaluronic acid (HA) containing human mesenchymal 
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stromal cells. This specific construct was implanted in the rabbit knee joint and showed 

outstanding osteochondral tissue regenerative ability. The novelty of this blend lies in the 

principle that allowed two different types of ECM hydrogels to be easily printed and stacked 

into one multilayered construct without potentially harmful chemical cross-linking (Table 1) 

[122]. In one recent study, a composite bio-ink of polylactic acid and HA was developed and 

cartilage regeneration was reported based on significant cell proliferation, matrix deposition, 

and chondrogenic gene expression [123]. The use of transforming growth factor-beta 1 

(TGF-1) with HA in the form of bio-ink (where TGF-1 acted as covalent tethering) was 

reported to show chondrogenic differentiation from Bone marrow-derived mesenchymal 

stromal cells (MSCs) in the 3D matrix, and TGF-1 was acted as growth factor (Fig. 8) (Table 

1) [124]. Xing and co-workers have recently published a review on various modifications 

and characteristics of HA that rendered HA a potential biopolymer for bone bio-ink [125]. 

Law and coworkers also recently suggested that hyaluronic acid and methylcellulose bio-ink 

has great potential as biomimetic bio-ink for cartilage and bone tissue engineering (Table 1) 

[126].

Since HA is an important component of the ECM, it is an endogenous component involved 

in cellular signaling, wound repair, morphogenesis, and matrix organization. Gels made 

of HA do not cause skin irritation and hypersensitive reactions. They have excellent 

biocompatibility, non-toxic nature, and tunability of properties and degradation, which have 

led to HA hydrogels as an ideal candidate for molecule delivery applications. The molecular 

weight (MW) of HA plays a vital role in body functions, as we can see that low MW HA 

promotes the production of inflammatory mediators, whereas high MW HA inhibits the 

production of pro-inflammatory mediators. HA is usually used along with other biomaterials 

as pure and unmodified HA at working concentrations is unsuitable for producing printable 

bio-inks. HA in water solutions gives viscous shear-thinning preparations having no yield 

stress and no shape retention upon printing. If this limitation is subdued high molecular 

weight HA can be a more suitable candidate for cartilage bio-ink [127].

2.7. Silk-based bio-inks

Silk is a robust material with inherent spinnability and adequate cytocompatibility 

properties. Silk’s favorable or most exploited properties are that it can completely remove 

the high temperature or toxic organic solvent requirement into the biomaterial as it can 

induce sol-to-gel transition by changing the secondary conformations. These applications 

make silk an appropriate biomaterial for bio-inks [128,129].

Silk has been used in combination with gelatin as a novel bio-ink for optimized rheological 

properties and improved printability. The use of nasal tissue-derived mesenchymal 

progenitor cells when cultured with this bio-ink-based 3D architecture, significant cell 

viability, and multilineage differentiation was observed. [130]. The cell proliferation and 

influence of the redifferentiation of the cells can be governed by different ratios of gelatin 

and silk. Another advantage of this modular and novel bio-ink was that it could flow 

through the nozzle without clogging, facilitating scaffold manufacturing. Therefore, this 

novel bio-ink has much potential in tissue engineering and regenerative medicine [131]. 

A recent article by Chameettachal and co-workers suggested that tyrosinase cross-linked 
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silk-gelatin bio-ink offered a suitable material composition for 3D bio-printing of cartilage 

constructs. The study showed that hMSC-laden constructs in this novel bio-ink showed up-

regulated hypoxia which positively regulated the expression of chondrogenic markers over 

chondrocyte-laden constructs [132]. The combination of gelatin and silk-based bio-inks has 

also been used in combination with Hyaluronic acid (HA) and human platelet-rich plasma 

(PRP) to upregulate the gene expression levels of late osteogenic markers successfully, thus 

suggesting its applications on the HADMSC osteogenic differentiation and the regenerative 

efficacy after implantation in the bone defect animal models (Fig. 9) (Table 1) [133]. 

Studies have shown that 3D bio-printed silk-gelatin constructs could provide adequate 

cellular attachment, proliferation, and even articular cartilage differentiation. This property 

is attributed to the regulatory role of silk-gelatin bio-ink during chondrogenic differentiation 

of bone marrow stromal cells (BMSCs) in controlling Hedgehog (Hh) and Wnt signaling 

pathways [134].

Silk/polyethylene glycol (PEG) hydrogels have also been used as bio-inks for 3D printing in 

tissue engineering as they have the property to induce silk β-sheet structure formation, thus 

promoting gelation and water insolubility. When human bone marrow mesenchymal stem 

cells are printed using this bio-ink, the cells grow faster, especially as the concentrations of 

the silk were increased (Table 1) [135]. Some studies have also shown the use of strontium-

doped nanoapatite as ceramic additives along with silk hydrogel networks. This bio-ink 

combination improved osteoinduction and osteocyte maturation, enabling better diffusion 

and promoting cellular crosstalk within the constructs. This hybrid silk-based cartilage and 

bone bio-ink increased the differentiation of chondrocytes and osteoblasts, preferentially 

within the bio-printed osteochondral constructs [136].

In summary, silk is a robust material with good spinnability, and it also possesses good 

cytocompatibility. The advantage of using silk is that it is possible to change the secondary 

conformations of the silk fibroin polymers by controlling the shear. This property saves the 

user from requiring high temperatures or toxic organic solvents into the material. Though 

regenerated silk fibroin (SF) protein-based scaffolds support chondrogenic differentiation 

of human mesenchymal progenitor cells, it causes frequent choking of nozzles due to shear-

induced β-sheet crystallization. These limitations require engineering as well as polymer 

chemist intervention to assure smooth bio-ink flow through the nozzle. This can be achieved 

by blending SF with Sodium alginate which dampens the sheer pressure on the β-sheets and 

avoids crystallization in the nozzle [137]. Silk obtained from Bombyx mori is devoid of cell 

adhesion motifs, ultimately required for cell attachment and proliferation. Another limitation 

of SF-based bio-inks is the weakening of the bioactivity of silk when it is re-dissolved in 

organic solvents to obtain higher concentrations [138]. This can be efficiently managed by 

adding silk sericin (SS) and other protein bases biomaterials as a copolymer with SF [139].

2.8. Chitosan

Chitosan is the second most abundantly available natural polymer after cellulose and has 

been reported widely for many pharmaceutical, biological, biotechnological, medical, and 

regenerative medicine applications. Chitosan alone or in combination with other natural, 

semisynthetic, synthetic forms and modified forms was used to develop bio-inks [140]. 
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Recently, Tamo and co-workers reported the development of Cell-Laden nano cellulose/

chitosan-based bio-inks that enhanced osteogenic cell differentiation [141]. Butler and 

his team demonstrated that starch and chitosan could be composited for a bio-ink that 

showed good neurogenic potential [142]. Mora-Boza and team studied different bio-printing 

strategies affecting the 3D scaffold construct like mechanical strength, biocompatibility, 

and shape fidelity [143]. The ‘Chitoink’ is the first ever commercialized chitosan-based 

bio-ink for 3D bio-printing manufactured by CELLINK. Recently, many reports have been 

on printable hydrogels for cartilage and bone tissue engineering [144,145]. Guoke and his 

co-workers recently reported the development and use of hydrogels for bone and dental 

tissue regeneration [146]. Chitosan and composite hydrogels were reported for a variety 

of tissue engineering and therapeutic applications in-vivo and in-vitro and can be easily 

modified as bio-inks for the respective tissue engineering applications [147–150].

In one recent report, aldehyde hyaluronic acid (AHA) and N-carboxymethyl chitosan 

(CMC), two were composited with gelatin (GEL)–alginate (ALG) ink to form GEL–

ALG/CMC/AHA bio-ink. This bio-ink was printed at room temperature and was reinforced 

with a calcium chloride solution. The bio-ink so formed showed 91.38 ± 1.55 % cell 

viability on the 29th day (Table 1) [151]. Similarly, there is a report of the development 

of collagen/chitosan-functionalized graphene oxide hydrogel that can provide a 3D matrix 

for neural stem/precursor cells (NS/PCs) and can also serve as cell-laden bio-ink for 

3D bio-printing. It was observed that NS/PCs showed excellent survival, proliferation, 

and migration capacity in this developed hydrogel [152]. The potential use of chitosan 

and its derivatives (carboxymethylated, acylated, quaternary ammonium, thiolated, and 

grafted chitosan) alone or in a combination of other natural and synthetic polymers for 

the development of bio-inks was highlighted in a recent review [153]. Recent work on 

carboxymethyl chitosan bio-ink suggested that carboxymethyl chitosan alone can be a very 

good bio-ink supporting the chondrocytes cells as well as helping them to proliferate and 

synthesize collagen II and mimic cartilage-like 3D structure (Fig. 10) (Table 1) [154]. 

Chitosan (CS)/3D-printed poly(ε-caprolactone) (PCL) hybrid hydrogel was developed, and 

the scaffolds were cured with tetrahedral framework nucleic acid (TFNA). This hydrogel 

and synovial MSCs (SMSCs) showed the proliferation and chondrogenic differentiation of 

SMSCs in the hydrogel. The same observations were reported for in-vivo (injected into the 

articular cavity) chondrocyte regeneration. Thus, the hydrogel is a potential candidate for 

cartilage bio-ink [155].

One of the recent studies reported the use of visible light curable glycol chitosan 

[water-soluble methacrylated glycol chitosan (MeGC)] cell-laden bio-ink for bone tissue 

engineering. The developed bio-ink showed good shape fidelity due to photo-curing and has 

shown cell viability above 92 %, a proliferation above 96 %, and a hemolysis level below 

2 %, proving it a good candidate for bone tissue engineering [156]. A cell-laden bio-ink 

was prepared using thermogelling chitosan, glycerophosphate, hydroxyethyl cellulose, and 

cellulose nanocrystals (CNCs). It contained pre-osteoblast cells (MC3T3-E1), and it has 

been reported that the addition of CNCs and cells (5 million cells/ml) significantly improved 

the gelation time [(<7 s) at 37 °C], the viscosity of bio-ink and the mechanical properties of 

3D printed chitosan scaffolds. It was also observed that scaffolds supported the upregulation 

of alkaline phosphatase activity, higher calcium mineralization, and extracellular matrix 
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formation [157]. The applications of chitosan and modified chitosan composites were 

recently reported for 3D-printed bone tissue engineering applications with an emphasis 

on mechanical, antimicrobial, and metal-chelating properties. This study also focused on 

the use of carboxymethyl chitosan which is a water-soluble chitosan derivative for a 

variety of applications including bone and cartilage. In a separate report, it was stated 

that the combination of bioactive molecules with chitosan-based bio-composites can support 

stem cell differentiation and proliferation, accelerate tissue regeneration, angiogenesis, and 

vascularization, and also provide desired near in-vivo mechanical properties [158,159].

Overall, chitosan is a positive-charged, low-cost natural polymer with good biodegradability, 

biocompatibility, fluid absorption/retention, non-toxicity, mucoadhesive, hemostatic, and 

antimicrobial properties. The structural modifications and composite of chitosan render 

it with adjustable properties necessary for different tissue engineering applications. The 

cross-linking and concentrations of chitosan can control the drug and growth factor release 

properties. The 3D hydrogel matrix provides the porous structure for cell attachment, 

survival, and proliferation. However, the shape fidelity and mechanical properties of only 

chitosan bio-ink are low. It needs to be combined (composite) with other biomaterials to 

get the desired mechanical property for bone tissue engineering. The shape fidelity can 

also be achieved by chemical modification and composite formation of chitosan [160]. In 

addition, the biodegradation time of high molecular weight chitosan and its composite is 

also high. The original chitosan, being deacetylated product of chitin, is not water-soluble 

and requires mild acidic conditions for its solubilization. This restricts its use in many 

tissue engineering applications. To overcome this problem chemically modified chitosan 

(carboxymethyl chitosan) is being tried by polymer chemists and engineers as it is water 

soluble and retains maximum chitosan properties [161].

3. Potential new candidates for bio-inks

3.1. Extracellular matrix (ECM)

The components of the ECM include collagen, fibrin, gelatin, and HA, which have been 

used as bio-inks widely because of the mechanical, biophysical, and biochemical properties 

they provide to the cells. But the Organ-derived de-cellularized ECM (dECM) ensures the 

integrity of the bio-printed structure, and after mixing it with either natural or synthetic 

materials, it has been shown to have potential large-scale applications as bio-ink [162]. 

In one of the recent articles, the authors presented a novel bio-ink from de-cellularized 

extracellular matrices (dECMs) for bio-printing cell-laden constructs. This dECM bio-ink is 

conducive to the growth of different 3D structured tissue, including adipose, cartilage, and 

heart tissues [163]. The significant difference between the other materials and ECM is that 

the former is not capable of recreating the complexity and microenvironment necessary for 

cell-cell and cell-matrix interaction for 3D cellular organization necessary for developing 

a tissue. But in the case of the latter, it can very consistently recapitulate all the features 

of the natural extracellular matrix (ECM) [164]. The potential of dECM as a bio-ink is 

getting more popular because it has been established as a biomaterial that preserves tissue’s 

native environment, promotes cell proliferation, and provides cues for cell differentiation. 

It has been used extensively in the utilization of bone and cartilage through applications 
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as scaffolds, particles, and supplementary factors in bone and cartilage tissue engineering 

[165].

As seen in the case of other bio-inks, these biomaterials are combined with other 

biomaterials to produce the most appropriate bio-ink for 3D printing of the cells. Similarly, 

even ECM can be bio-fabricated with other suitable materials. One such study is presented 

in an article by Lee and co-workers where biocompatible and nontoxic natural hydrogels 

like collagen/extracellular matrix (ECM) and alginate were copolymerized to develop a 

bio-ink to bio-print 3D porous structure laden with pre-osteoblasts and human adipose stem 

cells (hASCs). Assessment of cell viability via DAPI/phalloidin staining and cell migration, 

showed positive outcomes in the case of both pre-osteoblast cells and hASCs [166].

In another article, Rathan and team have shown the benefits of functionalizing alginate 

bio-inks with cartilage extracellular matrix (cECM) to enhance the chondrogenesis 

of encapsulated MSCs. This combination significantly improved its chondro-inductive 

potential and promoted robust chondrogenesis of the MSCs. In the same article, authors also 

observed that when this cECM-functionalized bio-ink was deposited into a 3D-printed PCL 

network, biomimetic constructs with mechanical properties comparable to native cartilage 

could be developed [167]. It was reported that ECM cannot be printed alone as it forms 

mechanically inferior 3D architecture. It was suggested that ECM can be reinforced using 

polycaprolactone (PCL) and co-printed with an ECM material as a framework to enhance 

the structural stability of the printed scaffold [168].

Dubey and his co-workers have established a novel bio-ink combination using ECM-based 

hydrogel containing 2 % octapeptide FEFEFKFK and 98 % water with AMP (Amorphous 

magnesium phosphates) particles to realize high cell function with desirable bio-printability. 

The Cell-laden AMP-modified bio-printed constructs showed an improved cell morphology 

and osteogenic differentiation of dental pulp stem cells (DPSCs) encapsulated in the bio-

ink, as well as in-vivo bone regeneration (Table 1) [169]. Further, a novel bio-ink by 

combining de-cellularized extracellular matrix (dECM) with one of the most used natural 

hydrogels, agarose, with 3 T3 fibroblast cells also showed an appropriate environment for 

cell proliferation [170].

One of the major limitations of ECM is that it is difficult to print and even a printed 

ECM often has poor mechanical properties. Also, to use ECM as bio-inks and in 

regenerative therapy, the excised tissue must first undergo de-cellularization to remove 

cellular components, leaving behind only the noncellular ECM that can be used for 

therapeutic applications. The decellularization process is a limiting process where the 

damage to ECM needs to minimize while removing maximum cellular material.

3.2. Fibrin-based bio-inks

Fibrin, a natural component of blood, is obtained from fibrinogen, a fibrous glycoprotein 

that is essential for hemostasis, wound healing, inflammation, angiogenesis, and other 

biological functions. It forms a blood clot on being converted to fibrin, which is important 

for wound healing [171]. Fibrin-based bio-inks have been used in 3D bioprinting of 

human induced pluripotent stem cells (hiPSC), and their differentiation into mature neural 
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phenotypes, as well as providing a suitable environment for the cell to survive and 

differentiate [172]. It was reported that fibrin and its co-biopolymers have been used as 3D 

support materials for stem cells as well as differentiated cells to regenerate bone, cartilage, 

cardiac tissue, tendons, and ligaments apart from neural tissues [173]. Not a lot is known 

concerning fibrin-based bio-ink for bone till now, but its regenerative properties show good 

potential. Though fibrinogen alone has a limited capacity being qualified as a bio-ink; 

due to its poor rheological properties combining fibrinogen solution with other printable 

biomaterials like gelatin and alginate was suggested. Bio-inks with tunable bio-printing 

properties could be achieved that could facilitate extrusion and maintain post-printing 3D 

shape integrity with this approach [174].

However, fibrin-based bio-inks also have some limitations. The most significant limitation 

of fibrin-based bio-inks is that they possess poor mechanical properties and undergo fast 

disintegration. They require the presence of a proteinase inhibitor for structural stabilization 

for up to 4 weeks in-vitro. Other limitations, like the shrinkage of the gel that happens 

during the formation of flat sheets, low mechanical stiffness, and its rapid degradation before 

the proper formation of tissue-engineered structures, were also reported.

3.3. Cellulose-based bio-inks

Cellulose, one of the most important natural polymers and an almost inexhaustible raw 

material, is a linear polysaccharide composed of β(1 → 4) linked D-glucose units obtained 

from the biosynthesis of plants or bacteria [175]. When cellulosic extracts are prepared in 

dimensions of the nanometer range, it is termed nanocellulose, which is again subdivided 

into nano-fibrillated cellulose, cellulose nanocrystals, and bacterial cellulose [176]. Nano 

cellulosic materials display many interesting properties for application in tissue engineering, 

including cost-effectiveness, sustainability, environmental friendliness, biocompatibility, 

biodegradability, and non-toxicity. Therefore, it can be used as bio-inks for 3D bio-printing 

in tissue engineering, drug delivery, and wound healing [177].

A novel bio-ink prepared with cellulose nanofibril hydrogel with native or synthetic 

calcium-containing particles was reported to help repair bone defects. Such 3D bio-

printed constructs exhibit high porosity due to the shear thinning properties of cellulose 

nanofibrils which serves as an excellent property for improving printing fidelity [178]. 

Cellulose nanofibrils are known for their unique properties, which include sustainability, 

biodegradability, biocompatibility, high surface area, good strength properties, and abundant 

availability. The viscosity of pure alginate hydrogel was only about 16 % of the initial 

value, as compared to 66 % on fabricating it with cellulose nanofibrils. Apart from 

rheological properties, the combination also helped in increasing mechanical strength as 

well. The overall applications of the novel bio-ink T-CNF/SA (TEMPO-oxidized cellulose 

nanofibrils/Sodium alginate) showed a promising future for bone tissue engineering [179]. 

A novel bio-ink composition consisting of Nanocellulose-alginate-(hyaluronic acid) was 

reported to withstand short autoclave cycles and be used for bone and cartilage tissue 

engineering applications [180]. The advantage of cellulose-based bio-ink is that the viscosity 

of NFC changes exponentially with concentration, which is ideal for creating 3D-printed 

free-standing, biocompatible constructs. They can control their mechanical behavior to adapt 

Badhe et al. Page 20

Bone. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the cell microenvironment and cell behavior. The limitations of nanocellulose-based 

bio-inks are attributed due to the lesser understanding of the properties of NFC and the lack 

of universally accepted protocols for sample preparations and characterizations.

3.4. Cell sheet and cell aggregates as bio-inks

Cell aggregates-based bio-ink consists of numerous cells used for the development of 3D 

printed structures. The spheroids were dispensed into the biocompatible scaffolds, allowing 

them to fuse by the self-assembly process [181,182]. It is a “scaffold-free” approach that has 

recently gained attention due to its ability to recapitulate tissue biology using self-assembly, 

mimicking the embryonic development process. This procedure has been used for creating 

cartilage strands as building units to bio-print articular cartilage tissue [183]. As compared to 

the previous technologies, in which cell proliferation, differentiation, and ECM production 

can lead to deformation, shrinking, and/or thickening of the printed tissue constructs as they 

mature, the scaffold-free 3D bioprinting not only makes it possible to print isolated cells 

without a biomaterial carrier but also makes a significant contribution to advancement in 

regenerative medicine [184].

Just like cell aggregates, cell sheet-based bio-inks are also scaffold-free. Bakirci 

and co-workers have developed this novel bio-ink where researchers used poly (N-

isopropylacrylamide) (PNIPAAm) coated detached cell sheets to prepare cell sheet-based 

bio-ink and bio-printed to form various shapes. The results showed an increase in structural 

integrity compared to cell aggregates [185].

Some studies have shown that combining bioprinting and Mesenchymal stromal cell (MSC)-

laden polylactic acid microcarrier technology allowed the extensive expansion of cells by 

forming multi-cellular aggregates. The combination improved the compressive modulus of 

the hydrogel constructs, facilitated cell adhesion, and supported osteogenic differentiation 

and bone matrix deposition by MSCs. These studies pointed out the potential of this novel 

micro carrier-based bio-fabrication approach for bone and osteochondral constructs [186]. 

Similarly, 3D bio-printing with aqueous droplets containing mammalian cells was studied 

to produce patterned cell sheet constructs in oil. In this study, ovine mesenchymal stem 

cells (oMSCs) were printed at high densities (107 cells/ml) with very high droplet resolution 

(1nL) in around 200 μm 3D geometries. These oMSCs-laden 3D architectures showed 

differentiation into collagen type II-rich cartilage-like structures (Fig. 11) (Table 1) [187].

This scaffold-free technology generates tissue strands that are not only bio-printable, but 

also facilitate rapid fusion and maturation through self-assembly, enable bioprinting in solid 

form, do not need a liquid delivery medium during extrusion, and do not require a support 

molding structure during bio-printing for cell aggregation and fusion. It reduces the use of 

toxic or harmful chemicals, which might decrease the viability of cells or cause other side 

effects. One of this approach’s limitations is that printing large, clinically relevant grafts 

requires the encapsulation of high amounts of cells, which are difficult to obtain using these 

bio-inks. Also, these hydrogels are too soft and lack mechanical strength.
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4. Summary

The literature compiled here suggests that despite rigorous efforts in developing ideal bone 

and cartilage bio-inks the development of ideal bone or cartilage 3D tissue construct 

is still a challenge. The ideal expectations from the literature for bone and cartilage 

bio-inks requirements are summarized in Fig. 12. It can be understood that depending 

on the biomaterials both bone and cartilage bio-inks have some common performance 

requirements like shear-thinning property, extrudability, self-supporting ability, laminar 

flow in printing, biodegradability, biocompatibility and external stimulus responsiveness 

needed to be optimized independently. At the same time, both types of bio-inks need to be 

optimized for architectural morphologies like interconnecting pores and controlled swelling 

necessary for cells’ survival and proliferation.

In the case of bone bio-inks the ideal performance needs to be optimized for 

high viscosity, post-printing load-bearing ability/capacity, osteoconductivity, anti-bacteria 

property, osteogenic property, angiogenic property, and wettability. At the same time higher 

compressive strength (100–150 MPa - natural bone) and Young’s modulus (10–20 GPa 

– natural bone), pore size in the range of 350–450 μm, porosity (around 45 %), stress 

relaxation property, precise cylindrical shape are the important architectural morphologies 

that need to be optimized with different biomaterials based bio-inks [188,189].

For cartilage bio-ink flexibility, shape memory, chondrogenicity, non-immunogenicity, self-

gelling, and optimized diffusivity of oxygen (O2)/nutrients are important performance 

requirements that needed to be optimized. At the same time, the higher Young’s modulus 

(1.03 ± 0.48 MPa – natural cartilage) compressive modulus (10.60 ± 3.62 MPa - natural 

cartilage), high printing accuracy, high shape retention and resolution, and rheology for 

shape fidelity are the important architectural morphologies that are needed to be optimized 

with different biomaterials based cartilage bio-inks [190,191].

5. Future directions

The need of the hour for replacing defective/damaged organs/tissue and the scarcity of 

organ donors intensified the efforts to design and develop new techniques to cater to these 

needs. One such advanced technology is 3D bio-printing/additive manufacturing, which 

is reaching new horizons in tissue engineering and regenerative medicine every day. The 

3D bio-printing technique with advanced 3D/4D bioreactors is advancing the experimental 

regenerative medicine science to practicality. 3D bio-printing also showed vast promising 

applications in diagnostics and drug delivery. The important component of 3D bio-printing is 

bio-ink, which can be developed with various natural, synthetic, and composite biomaterial-

based hydrogels. This review presented the progress of natural bio-ink development related 

to cartilage, bone, and dental tissue regeneration. These studies are critical in addressing 

orthopedic issues like bone fractures, major bone defects, and bone correction/reconstruction 

surgery.

In recent years 3D printing technology is explored for meniscus and intervertebral 

disc cartilage regeneration. Meniscal tears are frequently observed in knee injuries and 
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osteoarthritis. The position of the meniscus is between the joints and that demanded a high 

compressive modulus of the bio-ink. At the same time, depending on patient to patient 

the size of the 3D architecture need to be precisely printed and faster cell proliferation 

is desired for early regeneration of the cartilage is expected from the developed bio-inks. 

Due to increasing numbers of meniscus cartilage damage patients, the 3D printing of 

the meniscus cartilage has become a prime research area. Thus the majority of the 

cartilage printing performance and architectural morphology requirements were anticipated 

for meniscus cartilage regeneration [192,193]. Similarly, the intervertebral disc is also 

subjected to excessive compressive stress, and due to postural and accidental conditions 

these intervertebral discs damage and give rise to the nucleus pulposus by damaging the 

annulus fibrosus pressuring the spinal cord leading to many painful complications. In recent 

years many studies were reported developing 3D printed constructs for a replacement 

for the damaged intervertebral disc. Thus, both meniscus cartilage and intervertebral disc 

regeneration are the desired research areas in the 3D cartilage printing domain [194–196].

The bio-inks can also be explored with drug (growth factors and medicaments) loaded 

nanoparticles for localized drug delivery. The role of low-intensity electric currents (LIC), 

also known as the current of injury, in enhancing cell proliferation in 3D constructs was 

previously established [197]. Novel electricity conducting bio-inks can be explored to 

enhance cartilage and bone regeneration in in-vitro and in-vivo experiments [198]. Further, 

as mentioned previously, the diagnostic applications of the cartilage and osteoblast cell-

laden bio-inks as organoids and 3D porous constructs can provide valuable information 

about the toxicities and effects of different experimental variables (materials, physical 

strains, secondary metabolites, and drug formulations) can be effectively established.

This review mainly covers natural polymer-based hydrogels, but along with natural 

polymers, synthetic polymers and the composite of natural and synthetic polymers were also 

reported for different cartilage, joint, and bone-related therapeutic and tissue engineering 

applications. The most commonly used synthetic polymers used in bone, cartilage, and 

teeth bio-ink applications are aminocaproic acid, polycaprolactone, aminosalicylic acid, 

polycaprolactone (PCL), polylactic acid-glycolic acid copolymer (PLGA), polyglycolic acid 

(PGA), polyvinylpyrrolidone (PVP), polylactic acid (PLA), etc. [199–201].

Thus, bio-inks can be efficiently developed and effectively implemented for various 

therapeutic, diagnostic, and regenerative purposes and should be continuously explored in 

the orthopedic field.
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Fig. 1. 
Tissue engineering (a) top-down (traditional) approach and (b) bottom-up (modular) 

approach [2].
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Fig. 2. 
Different types of bio-printing techniques to print cell-laden bio-ink [4].
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Fig. 3. 
(a) Properties of ideal bio-inks that facilitate printing of 3D architecture for tissue 

engineering and regenerative medicine applications; (b) the cell-laden and/or functionalized 

bio-ink development and 3D bio-printing of bone and cartilage regeneration.
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Fig. 4. 
(a) Development of 3D architecture using chondrocytes laden 4 % collagen bio-ink followed 

by initial culturing in the cell culture media; (b) monitoring of cartilage tissue formation post 

subcutaneous scaffold grafting [46].
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Fig. 5. 
(a) Bio-printing system configuration; (b–e) various 3D architectures (sheet, lattice double 

ring, and tube) developed using Gel-MA; (f–h) grid architecture developed using different 

concentrations (3, 5, 10 %) of Gel-Ma at 1–8 mm/s stage speed in x and y plane; (i) 

cell survival study in 3D architecture at different concentrations (3, 5, 10 %) of Gel-; (j) 

fluorescent images of live-dead cells in Gel-MA samples printed and crosslinked under 

conditions of differing Gel-MA concentration and UV crosslinking time [64].
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Fig. 6. 
(a) Day 5 post printing – better cell viability (green fluorescence) observed with 60:40 NFC: 

A (scale 200 μm); cell proliferation (blue – DAPI and green – actin) shown in the upper 

right corner (scale 50 μm); (b) Alvin blue, Safranin O, hematoxylin and eosin (H&E) stained 

zoomed and complete 3D architecture images (100 μm and 500 μm) of iPSCs with iChons 

at 5th week; (c) two-photon excitation fluorescence microscopy images of co-culture, oPSC, 

and iChons after 0, 1, 2 and 3 weeks (scale 50 μm) [85].
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Fig. 7. 
3D-printed alginate-HAp aerogels - images (scale 3 mm) and SEM pictures (scale 100 μm 

and 200 μm) – alginate: HAp (a) 6:0; (b, e, h) 6:8; (c, f, i) 6:16 and (d, g, j) 6: 24. Gelation 

using 1 M CaCl2 solution; (k) % volume shrinkage of different bio-ink ratios; (l) % cell 

viability of BALB/c3T3 mouse embryo cells. [92].
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Fig. 8. 
3D printing and bio-ink characterization (a) a 3D printed HA bio-ink grid (scale 2 mm), live 

(calcein-AM - green) dead (EthD-III – red) staining of the zoomed grid (scale 200 μm); (b) 

three week (Histological and immunohistochemical (IHC) staining based) swelling analysis 

(with and without) tethered TGF-β1. [Mean ± standard deviation (n = 3), significancy *** 

(p < 0.001)]. (c) Picrosirius red staining and (d) IHC staining for collagen type II. Nuclei - 

DAPI (Scale 100 μm) [124].
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Fig. 9. 
(a, b and c, d) SEM images of SF-based composite scaffolds (without and with PRP 

treatment respectively, scale 500 and 250 μm); (e, g and f, h) 7 and 14 days Live/Dead 

images of scaffolds without and with PRP treatment respectively (scale 100 μm); (I nd j) 

SF/GEL/HA/TCP hybrid scaffold ALP staining images without and with PRP treatment 

respectively (scale 500 μm); (k) cell proliferation using MTT assay without and with PRP 

treatment (n = 6; **p < 0.01) [133].
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Fig. 10. 
(a) Carboxymethyl chitosan bio-ink based 3D printed architecture; (b) live/dead staining of 

chondrocytes in 3D architecture (scale 100 μm); (c) bio-ink cell viability based on flow 

cytometry result; (d) quantification of cell viability in both groups; (e) EdU/DAPI staining of 

chondrocytes in both groups (scale 100 μm); (f) collagen II marker expression [154].
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Fig. 11. 
(a) Schematic for the develop cell sheet-based 3D architecture using a two-phase system; (b) 

layers of 3D printed cellular constructs; (c) bilayered droplet interface (11 × 14 × 7 droplets) 

[interface – yellow due to sulforhodamine-101 (scale 100 μm) as seen in fluorescent 

confocal micrograph]; (d) seventh-day z-stack 3D image (nuclei – DAPI, blue and cytoplasm 

- CAM, green; scale 200 μm) (e) bright-field micrograph of cell layers patterned and 

containing two cell types forming junction (glass nozzle d ≈ 150 μm and droplet size d ≈ 
130 μm); (f) live/dead cell staining of a printed HEK-293 T cellular construct (11 × 14 × 

2 droplets) under oil ≈700 cells (4 × 107 cells ml−1 scale 150 μm); (g) graph of oMSC 

viabilities [187].
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Fig. 12. 
The performance and architectural morphology requirements for the success of bone and 

cartilage bio-inks [188–191].
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