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Abstract 

 

Additive manufacturing and injection are essential tools in the rapidly developing field of 

personalized medicine and are particularly promising for applications in regenerative 

medicine. One of the biggest challenges in this vibrant research domain remains the 

processing of complex formulations with robust mechanical properties. Mimicking the native 

extracellular matrix associated with many tissues requires materials that have high degrees 

of functionality for performing the complex array of functions within the cellular environment. 

Furthermore, native tissues often possess astounding mechanical properties, particularly in 

connective tissues. These outstanding mechanics are a challenge to emulate in their own 

right, especially considering the accompanying demands for additional functionality. Double 

network hydrogels have emerged as strong candidates for tissue engineering owing to the 

impressive mechanics and versatility in terms of chemical makeup. Combining advances in 

processing (i.e., additive manufacturing and injection) with dual network hydrogel formulations 

has led to an impressive collection of results, making great strides toward systems capable of 

addressing the demanding environment surrounding tissues while being amenable to 

personalized fabrication techniques. This review provides a brief summary of the most 

contemporary trends collected from the literature describing dual network hydrogels being 

demonstrated in additive manufacturing and injectable applications. 

 

Keywords: Regenerative Medicine; bioprinting; biofabrication; tissue engineering; double 

network hydrogels 
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1. Introduction  
Advances in tissue engineering and regenerative medicine are leading us closer to the 

regeneration and repair of organs, soft tissue, bone, and providing improved tools to combat 

some of societies’ most degenerative diseases. A major effort within this field is the creation 

of a suitable cellular environment to facilitate tissue formation and promote natural 

regenerative processes. Links between cellular behavior, materials properties, and soluble 

signals are fairly well-established, and the efficacy of designed materials to steer regeneration 

has been shown. Yet, engineered systems remain far from the functional complexity and 

responsiveness of the cell’s native Extra-Cellular Matrix (ECM).  

Currently the majority of biomaterials described for tissue regeneration applications 

remain relatively simple, having few components and expressing basic functionality. This has 

largely enabled the creation of valuable structure-property relationships and fundamental 

knowledge that form the basis for our current understanding of these complex systems. 

However, biomaterials often poorly recapitulate the complex natural system. More complex 

materials including those with responsive, dynamic, and cell instructive components are 

actively being investigated in order to mimic more advanced functions of the ECM. However, 

asking a single network to embody all the functions of the ECM is formidable. As the field 

moves towards more complex biomaterials, hydrogels comprised of multiple networks have 

emerged as a powerful tool for attaining the necessary physical properties associated with 

native tissues. Furthermore, these dual-network hydrogels allow a great deal of versatility with 

regard to engineering of specific properties into individual networks.  

Additive manufacturing of biomaterials is an attractive way to create living 3-D 

constructs with custom placement of bioactive agents and cells. These collective 

biofabrication techniques have shown great promise toward ultimately allowing the 

reconstruction of life-like tissue models and recreation of the 3D complexity of organs. The 

properties required of a printable bioink are demanding; they must be processable, 

biocompatible, and possess functional tissue regeneration properties. Likewise, injectable 

hydrogels for tissue regeneration have similar requirements, but instead of needing to keep 

shape on a platform, they must facilitate hydrogel formation on demand (i.e., in vivo). In both 

areas (i.e., printing and injection), dual network systems provide many advantages over single 

network counterparts. 

The broad challenge in the development of tissue-engineered biomaterials is to mimic 

the microenvironment that provides complex site-specific combination of biochemical and 

mechanical cues to influence cell adhesion, proliferation and differentiation during maturation 

processes.1-2 The ECM is an interpenetrating network composed of proteoglycans and fibrous 

assemblies of proteins. The multiple functions of ECM include cell’s mechanical and structural 
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support, spatio-temporal growth factor presentation, traction and movement, and the ability to 

remodel in response to a cell or external stimuli. Mirroring the properties of the ECM remains 

a coveted target in biomaterials design, which is relevant for regenerative medicine and tissue 

engineering. The aim of these fields is to create therapies to replace or regenerate human 

cells, tissues and organs towards the restoration of injured, damaged or aged tissues and 

organs.3-4 Therefore, the creation of controllable materials, with cell signaling, delivery of 

bioactive molecules at controlled rates and tunable and responsive mechanical properties, are 

needed to restore or establish normal function of tissues/organs. 

In the last decades, various ECM-inspired three-dimensional (3D) scaffolds have been 

investigated, including electrospun meshes,5-8 patterned surfaces,5, 7, 9-10  and additive 

manufactured scaffolds,4, 11-15 with hydrogels being amongst the most promising ECM 

replacements. Hydrogels are typically comprised of macromolecular three-dimensional 

networks with a high water content. As previously mentioned, the natural ECM is a dynamic 

interpenetrating network hydrogel. Following the progress in polymer chemistry, synthetic 

chemistry and supramolecular chemistry, the design of hydrogels networks has advanced 

from covalent and static networks to instructive, stimuli-responsive, biodegradable and 

dynamic networks. These complex and dynamic systems that mimic ECM functions could 

recreate properties, as for example cell mediated remodeling, cell adhesion, strain-stiffening 

and viscoelasticity, through the incorporation of cleavable bonds, reversible bonds, 

supramolecular chemistry, self-assembly or flexible polymer backbones. 

In this review, we will cover recent trends in double network hydrogels as bioprintable 

and injectable scaffolds for tissue regeneration. We first introduce the concepts double 

network hydrogels, bioprinting, injectability, and provide some guidelines when designing 

hydrogels for such applications. Several examples from the recent literature are then 

showcased where double networks have been used, or are well-poised for use, in bioprinting 

and injectable applications. The chemical design of the networks constitutes an important 

focus. As such, the examples are categorized by the nature of the individual network 

crosslinking: static vs dynamic. Lastly, we provide insights into the future directions of the field. 

 
1.1. Double Networks 
The search for biomaterials to substitute biological tissues and structures has driven the field 

of hydrogels into several directions. Many strategies have been developed to improve 

hydrogel biochemical and mechanical properties. Among these strategies is the principle of 

double network (DN) hydrogels, originating in 2003 as a method to obtain strong and stiff 

hydrogels.16 This discovery led to a rapid expansion and discovery phase, especially in the 

field of tissue engineering, as a solution to the often brittle or weak single network hydrogels 
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conventionally used. In combination with recent advances in bioprinting technologies, the 

printing and injection of tough constructs to be used for tissue regeneration has advanced; 

however, several challenges persist with these applications. Before addressing these 

challenges, a brief overview of the mechanisms behind double network hydrogels is provided. 

Gong and coworkers reported the first DN hydrogel made of two synthetic polymer 

networks: sparsely crosslinked poly(acrylamide) (PAAm) and densely crosslinked anionic 

poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS).16 This combination led to high 

strength gels that break at a stress of up to 17.2 MPa and a compressive strain up to 92%. 

Subsequent investigations elucidated a fundamental relationship between the networks. A 

defining structure/property relationship of DN hydrogels is the use of two different polymer 

networks with contrasting network density; the key to obtaining strong gels has been directly 

attributed to the ratio of these networks and the degree of crosslinking.  

Of note, there is some confusion in the literature as to terminology around the 

combination of hydrogel networks to make a dual network system. In this review, we will refer 

to all dual network systems as interpenetrating networks (IPN) and reserve the nomenclature 

of double network (DN) for IPNs exhibiting improved mechanical properties. IPN hydrogels 

generally do not show any improvement in mechanical properties compared to their separate 

single networks.16-17 DN hydrogels can be considered a separate class of IPNs: all double 

network hydrogels are interpenetrating networks, but not all interpenetrating networks are 

double network hydrogels. Despite differences in performance and nomenclature, IPNs 

provide distinct benefits beyond mechanical toughness when designing biomedical materials.  

DN hydrogels typically show an enhanced/optimal mechanical strength at a certain 

ratio of the two networks. Deviating from this ratio leads to a decrease in toughness. The 

mechanical strength can also be tuned with the crosslink density; the best results are often 

obtained when one network has a much higher crosslinking density than the other. Two 

networks with opposing mechanical properties are most often used, with one network being 

flexible and the other being brittle. The flexible network, when crosslinked sparsely, imparts 

extensibility. The brittle network, often a densely crosslinked polyelectrolyte, will be relatively 

stiff. Under large deformations the brittle network will dissipate energy by the fracture of its 

crosslinks while the flexible network remains intact and typically allows the hydrogel to recover 

from strain to an extent. The combination of these two types of networks therefore leads to 

enhanced mechanical properties, wherein the resulting gel embodies attributes from different 

types of mechanical response.18  

Double network hydrogels can be categorized by polymer type, mechanical 

performance, or cross-linking type. In this review, we will focus on the type of cross-linking 

used to form the two networks. With the energy dissipation being the key defining mechanism 

of double networks, two different types of crosslinking are often present. The most 



 5 

straightforward way of describing crosslinking is by making a distinction between static 19 and 

dynamic (dynamic covalent or non-covalent) crosslinking. We take this approach in 

categorization, as the crosslinking character has profound influence on the resulting behavior 

of the gels. The incorporation of various network junctions (e.g. covalent bonding, ionic 

bonding, hydrogen bonding) is used as a tool for modulating the strength or responsiveness 

of the scaffolds. With several strategies being well-developed for generating DN hydrogels 

with exceptional mechanical properties, the next major challenge is the effective delivery of 

such scaffolds. This review covers recent advances in 3D bioprinting and injectability of DN 

hydrogel scaffolds targeting applications in tissue engineering and regenerative medicine 

(Figure 1). Special attention is paid to the chemical nature of the networks and the 

corresponding link to the resulting properties. 

 

 
Figure 1. Schematic overview of the processing and delivery methods covered in this review 
–3D bioprinting and injection of double network hydrogel scaffolds, with the most commonly 
employed strategies highlighted. (a) Stereolithography and (b) extrusion-based printing 
technologies and (c) one-pot (single syringe) and (d) dual syringe methods of injection. 
 

1.2 Bioprinting 

Additive manufacturing (e.g., 3D printing) has fundamentally altered the way materials 

constructs are designed and fabricated, enabling rapid and reproducible creation of 

customized objects.20 In the biomedical field, emerging biofabrication tools3, 21-22 have changed 

the approach to tissue engineering by allowing the creation of complex 3D objects, and 

additive manufacturing more specifically facilitates rapid prototyping and streamlining of 

systematic variations in manufacturing processes.23-24 Using suitable printing technologies 
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with a processable and biocompatible material platform facilitates the creation of customizable 

implants, specific to a patient’s form factor or tailored to the tissue environment. Furthermore, 

by introducing cells during the fabrication process, one can create highly complex and user-

defined living constructs for cell-based tissue engineering in vivo and tissue models in vitro. 

Bioprinting of cell-laden hydrogel scaffolds enables the spatial organization or specific 

compartmentalization of different cell types, ultimately mimicking the orientation of native 

tissues. These possibilities deliver with them the prospect of complex organ regeneration in 

the future. Recent work has shown the complexity and function afforded by additive 

manufacturing via the creation of anatomically correct heart components,25 and a functional 

alveolar and vascular network26 from simple materials and fabrication processes. In spite of 

the potential of 3D bioprinting, the recreation of functional organs or translatable constructs 

remains beyond reach.4, 27 Notably, there are a limited number of materials options in this area, 

attributed to the strict requirements for both processability and tissue formation.28-29 

 Various methods exist for additive manufacturing of biomaterials both with and without 

cells, which often require different conditions. For clarification on nomenclature and 

comprehensive reviews of the various techniques, we direct the reader elsewhere.3, 22, 30 

Herein, we will briefly cover the major classes of additive manufacturing which have shown 

applicability to double network hydrogels, namely extrusion based printing and digital light 

processing (DLP). This is not intended to imply that other techniques are not suitable or that 

further developments will not enable utilization in the future. On the contrary, novel processing 

techniques for interpenetrating networks (IPNs) and double networks promise to be a rich area 

of exploration.   

Currently, extrusion based printing of hydrogels remains one of the most widely-used 

and accessible methods for 3D biofabrication,31 in large part due to the number of commercial 

options on the market.32 Extrusion based printing generally relies on the processing of the 

hydrogel through a syringe and needle via pressure, a piston, or a rotating screw. The size of 

features produced by extrusion techniques is limited to 100’s of microns due to needle size 

and material viscosity needed to produce a filament. 

Two of the earliest examples of fabrication utilizing a printing technique and hydrogels 

involved the use of hydrogels as a 3D “paper” for the printing of spheroids,33-34 and 

stereolithography (SLA) for the encapsulation of cells in acrylate based networks.35 While light-

based polymerization was one of the first techniques utilized for printing with cells, initial 

fabrication methods of SLA were simply not easily scalable when printing voxel by voxel. With 

the recent emergence of step-wise and continuous light-based projection fabrication 

systems,36 commonly referred to as DLP, rapid production of relatively large objects is readily 

employed in many labs. In these techniques, a 2D sheet of light polymerizes a thin layer of 

the photo-resin and the step-wise (or continuous) movement of the stage allows the creation 
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of a 3D object in slices. DLP based printing techniques are limited to photopolymerizable and 

low-viscosity resins. The size of features is limited by the speed and scattering of light, with 

some formulations and systems being able to approach the 10’s of microns in resolution. DLP 

based systems can also fabricate more complex geometries (like gyroids) which are 

significantly more challenging to obtain via extrusion based additive manufacturing. 

While extrusion and DLP represent two of the most widely used techniques, several 

more exotic techniques exist, which are amenable to the use of double network hydrogels in 

biofabrication. Gel-in-gel printing techniques like FRESH37 and Ghost writing38 allow for the 

creation of high-resolution features by depositing soft inks into a self-healing supportive bath. 

Advanced variants of extrusion bioprinting, these modifications facilitate the use and 

overcome limitations of softer materials. New techniques like holographic39 and volumetric40 

printing techniques also expand the capabilities of light-based resin additive manufacturing. 

While these techniques allow more intricate and faster fabrication, their complexity and novelty 

has thus far precluded widespread adoption. As more advanced techniques witness broader 

implementation, their expansion from single-network to double-network hydrogel printing will 

undoubtedly be an active area of exploration.  

 

Hydrogel development 
Of note, there are two main methods for utilizing hydrogels in additive manufacturing: 1) the 

use of hydrogels without cells, wherein the material is referred to as a hydrogel or biomaterial 

ink, and 2) the use of hydrogels with encapsulated cells during the fabrication process, wherein 

the formulation and material is referred to as a bioink.41 Naturally both types of hydrogels need 

to ultimately support cell viability and tissue-growth, yet the bioink formulations must also 

maintain cell viability during the printing process. Several comprehensive reviews have been 

published on the development of hydrogel inks generally,29, 41-45 and we direct the reader to 

these manuscripts for further insight into historical development. 

Extrusion based additive manufacturing often relies on shear thinning properties of 

hydrogels or hydrogel precursors, followed by rapid gelation upon deposition. The shear 

thinning allows for easier processing and can help protect cells from shear-stress46 in bioinks, 

while the rapid gelation is needed to prevent material creep and loss of shape fidelity. Gelation 

can often be triggered via ionotropic gelation or photopolymerization,47-48 yet movements 

towards dynamic inks11 via dynamic-covalent49 and supramolecular chemistry38 can facilitate 

autonomous solidification after extrusion.  

Light-based printing requires a photopolymerizable unit within the hydrogel resin 

formulation in order to initiate polymerization and/or cross-linking reactions. Examples in the 

literature are dominated by (meth)acrylate50 (or double bond)51 based systems, with recent 

emergence of thiol-ene48 based cross-linking, among several other techniques. Notably, most 
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UV-curable resins consist of a photopolymerizable unit (network formation), a reactive diluent 

(viscosity modifier), a photoinitiator (initiate polymerization), and a photoabsorber (limit stray 

light).45 Each component plays a crucial role, and systematic optimization is key for printing 

performance in a given application.  

 

1.3 Injectability 
Injectable hydrogels must be injected, or extruded via a syringe needle, similar to the 

processing of extrusion-based additive manufacturing (vide supra). Injecting hydrogel 

formulations facilitates localized, non-invasive delivery of tissue support scaffolds. This 

enables minimally invasive procedures to replace implantation for a wide range of applications 

including stem-cell based therapy,52 cancer therapy,53-54 wound-dressings,55 minimally 

invasive surgery,56 and drug delivery.57 For tissue regeneration applications, these injectable 

scaffolds typically comprise materials, cells, and soluble growth factors to enable tissue 

formation and has shown advantages in areas including cardiovascular,58 cartilage,59 and 

bone tissue engineering.60  Notably, the use of stem-cell based therapies with injectable gels 

has been shown to increase the regenerative capacity of the treatment,52 with clear examples 

in improving the lifetime of adipose derived stem cells during the repair of ischemic limbs in 

mice,61 and the integration of retinal stem cell therapy leading to better sight in mice.62 

 There are mainly two methods for injection of hydrogels: one pot (Figure 1c) and dual 

syringe (Figure 1d). The selection of each method depends on the crosslinking rate and 

chemical nature of the crosslinks. In the first method, only one hydrogel precursor solution is 

prepared and then the crosslinking takes place in situ by external stimuli (e.g. light irradiation, 

temperature, pH). In contrast, dual syringes are useful for rapid crosslinking reactions (with or 

without external stimuli). Polymers and/or cross-linkers (i.e., hydrogel precursor solutions) are 

prepared in separate syringes. The solutions are mixed in situ, with crosslinking occurring 

rapidly enough to maintain shape in the resulting hydrogel. 

 Shear-thinning hydrogels also improve cell-viability post-injection in self-healing 

hydrogels, as in the case of extrusion based printing (vide infra).63 Two major differences exist 

in injectable hydrogels compared to bioprintable hydrogels 1) Injection needs to be facilitated 

in the operating theatre usually via manual pressure (lower viscosity) and 2) the formation of 

the final construct takes place in vivo. Notably, the requirement to form the network in vivo 

leads more often to the use of autonomous (or in situ) crosslinking methods for injectable 

hydrogel formulations.  

 These brief discussions of the processing/delivery techniques covered in this review 

set the basis for the material requirements. The remaining sections highlight examples of DN 

hydrogel scaffolds within this context. The first main section covers examples of DN gels used 
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in various printing and biofabrication applications, wherein the examples are further divided 

into categories according to the crosslinking chemistry. The next section covers examples in 

which injectable DN gels was the main focus. Finally, some guidance for the future is provided 

with the insight gathered from the examples presented. 
 

2. DN as bioprintable hydrogels 
 

The biochemical and mechanical properties of a hydrogel are critical for tissue engineering. 

Biocompatibility, mechanical properties, cell–matrix interactions, and diffusion of nutrients 

must all be taken into account to develop successful hydrogel matrices for cell growth and 

tissue formation. In addition, when developing hydrogels for additive manufacturing, the 

material must provide suitable performance before, during, and after fabrication – all while 

maintaining a habitable environment for cells. In this work we focus on extrusion bioprinting, 

as this is a very accessible technique and the most used approach for printing DN hydrogels. 

When considering hydrogels for extrusion bioprinting, not only the properties of the 

final printed structure are important. The pre-gel solution (in this case used as a bioink) also 

needs to meet certain rheological requirements.29, 64 A bioink solution is initially at rest and has 

a relatively high viscosity. Upon application of an external force the viscosity should decrease 

to ensure that the solution flows and is subsequently extruded from the nozzle. After extrusion, 

the viscosity should increase again for structural integrity. Evaluation of a potential bioink for 

its shear-thinning behavior is therefore critical. Increasing viscosity generally leads to a higher 

printing fidelity; however, high viscosity will also lead to deleterious shear stress for cells during 

extrusion.46, 65 These considerations significantly narrow the scope for the physical properties 

of hydrogels for application in 3D printing. 

Bioinks are often designed to gel instantaneously by making use of a fast 

polymerization of (meth)acrylates. For instance, a photo initiator can induce immediate curing 

of a bioink upon deposition, leading to strong filaments and precluding collapse of the printed 

structure. However, covalent crosslinking typically impedes processability, and needs to be 

controlled to prevent blocking of the printing nozzle, and often results in a static hydrogel with 

non-degradable kinetic chains from the polymerization. Therefore, the focus has been shifted 

to using reversible crosslinking such as dynamic covalent bonds, ionic interactions, 

supramolecular interactions and hydrogen bonds.11 Mild conditions are suitable for 

crosslinking and these reversible interactions generally possess self-healing66-67 and shear 

thinning properties. Upon extrusion, these dynamic gels undergo a gel-sol transition, and after 

deposition the crosslinks recombine to renew the network. Shear thinning of reversible bonds 

has been shown to increase cell viability during printing.68 Bioinks with supramolecular,38 
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dynamic covalent,49 and electrostatic interactions have all been successfully implemented.69 

Many double network hydrogels make use of reversible crosslinking as the energy dissipation 

mechanism responsible for their enhanced toughness and are consequently readily amenable 

to printing applications. For example, a second static crosslinking can be used to reinforce the 

structure after printing,70 or static crosslinking can be used to regulate the viscosity by (partial) 

crosslinking before printing.71  

 Other than the nature of the networks and the crosslinking chemistry there are several 

other methods to obtain the needed viscosity, gelation rates, and shear thinning properties. 

For one, the viscosity can be altered by adding co-solvents, composite materials or various 

viscosity modifiers (e.g., alginate, cellulose). Materials with temperature dependent viscosity 

have also proven useful. And lastly, processing conditions like dual syringe systems and a 

coaxial extrusion systems have been successfully employed as tools for viscosity control. 
 
2.1. Dynamic-static networks 
2.1.1 Ionic/static crosslinking 

Within the category of dynamic/static crosslinking, one of the most widely-used strategies is 

to combine covalent crosslinking with ionic crosslinking. Alginate is very frequently used for 

biomaterials and a well-known example of a double network hydrogel is the alginate/ 

poly(acrylamide) (PAAm) system. Alginate is a naturally occurring polymer that can be 

crosslinked with multivalent cations that interact with its carboxylate groups.72 The 

poly(acrylamide) chains are covalently crosslinked with N',N'-methylene bisacrylamide 

(MBAA).  Due to the prevalence of alginate/PAAm many attempts have been made to use this 

double network hydrogel in 3D printing. We will briefly focus on this system as an archetypal 

example of the various approaches towards using DN in bioprinting applications.  

Alginate/PAAm double network hydrogels were first reported in 2012 by Sun et al,73 

employing a one-pot synthesis method to prepare tough hydrogels. The energy dissipation 

provided by the ionically crosslinked alginate network generated enhanced toughness. Single 

network alginate hydrogels are notoriously brittle, breaking at very low extension and with an 

elastic modulus of 17 kPa. On the contrary, single network PAAm hydrogels are relatively 

elastic, extending more than 10 times their original length but breaking at low stress (usually 

under 50kPa with an elastic modulus of 8 kPa). In stark contrast, Ca-Alg/PAAm double 

network hydrogels have far superior mechanical properties depending on the network ratio 

and crosslink density, with tensile strength of 500 kPa, elastic modulus of 50 kPa and 

extension of more than 10 times their original length. Of note, acrylamide monomer is 

prohibitively toxic to cells, while the acrylamide polymer is considered benign. Consequently, 

the Alg/PAAm system is better suited to use as a biomaterial ink rather than a bioink. 
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Bakarich et al. first reported 3D printing of a Alg/PAAm DN hydrogel in 201374 with the 

aim to determine whether this type of hydrogel could be used in extrusion printing while 

retaining the remarkable mechanical properties. Viscosity measurements was used to 

optimize the pre-gel solution before printing, and the addition of ethylene glycol as a co-solvent 

enabled suitable viscosity and shear-thinning behavior. Dog-bone tensile bars were made 

using extrusion printing and cured with UV light after each deposited layer (Figure 2). In 

general, the hydrogels had smaller work of extension than the casted hydrogels reported by 

Sun et al.73 The structural flaws introduced by the filament-based printing process had a 

significant effect on the strain at failure as compared to the pristine cast hydrogels; however, 

the 3D printed hydrogel was still able to reach 300% elongation before break (900% with the 

casted hydrogels). The mechanical properties of these printed hydrogels were superior to 

other printed alginate structures. The same authors also reported printing of a 

thermoresponsive alginate/poly(N-isopropylacrylamide) DN hydrogel using a similar 

procedure.75 

 

 
Figure 2. Extrusion printing of Ca-Alg/PAAm DN hydrogels into tensile bars followed by curing 
with UV light. Adapted and reproduced with permission from ref 74. Copyright 2013 Royal 
Society of Chemistry. 
 

In one of the most thorough examples for applying the alginate/PAAm system in 3D 

printing, Zhou et al.76 printed tubes using interfacial diffusion printing (Figure 3). A bioink 

consisting of water, alginate, acrylamide, bacterial cellulose, MBAA and ammonium persulfate 

(APS, initiator) is extruded into a reactive aqueous medium consisting of calcium chloride and 

tetramethylethylenediamine (TEMED, catalyst). Upon diffusion of calcium chloride and 

TEMED the gelation is initiated and a hydrogel is formed. Bacterial cellulose provides extra 

crosslinking via hydrogen bonds and is added as a mechanical enhancement. Artificial tubular 

grafts with different diameters were printed and tested for their similarity to blood vessels. 

Rheological, tensile and compression tests showed a Young’s modulus (0.5 kPa) similar to 
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that of blood vessels (0.2–0.6 MPa) and the hydrogels could return to their original shape after 

compression. Further analysis showed very good hemo- and cell compatibility. 

 

 
Figure 3. Tubular grafts printed using interfacial diffusion printing of Ca-Alg/PAAm dual 
network hydrogels modified with bacterial cellulose. Adapted and reproduced with permission 
from ref 76. Copyright 2019 American Chemical Society. 

 

There remain several other examples of alginate/PAAm printing with various 

modifications, however, without biocompatibility testing. Several of these strategies may have 

promising applications in biomedical engineering, yet must be more thoroughly tested for the 

suitability of tissue to grow within the scaffolds. For example in 2017 Liu et al reported an 

alginate/PAAm double network hydrogel with enhanced mechanical properties via the 

inclusion of amino-graphene oxide (aGO).77 The alginate-aGO acts as a co-crosslinker in 

conjunction with Ca2+ and both increases the energy dissipation and introduces shear-thinning 

behavior essential for 3D printing. These cast materials showed impressive strength and 

elongation, 860 kPa an 3300 % respectively, which was significantly higher than the reference 

Ca-Alginate/PAAm DN hydrogel. The authors directly compared cast hydrogels to 3D printed 

hydrogels and noticed a moderate decrease in strength and elongation in the 3D printed 

structures (300 kPa and 2400%); these values nevertheless outperform the original control 

Ca-alginate/PAAm system. While this study did not investigate the biocompatibility of these 

gels or their suitability for bioprinting, all components have established biocompatibility in other 

systems.78-79  

Nanocomposite materials such as hydroxy apatite and laponite can also be used to 

improve printability by enhancing the shear thinning properties of the bioink. The 
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alginate/PAAm double network hydrogel has been used in combination with hydroxy apatite 

for the immobilization of glucose oxidase and catalase enzymes.80 Cast cylindrical shapes 

reached a compression modulus of up to 7 MPa and multi-layer printed mesh structures with 

immobilized enzymes showed 100% protein recovery and 95% enzyme activity after 30 days. 

Laponite has also been shown to improve the printability of alginate/PAAm hydrogels, with 

structures of up to 100 layers being printed. The rheological properties of the 

laponite/alginate/PAAm system have been studied extensively, but no biocompatibility tests 

have been performed.64 Nevertheless, intricately structured 3D scaffolds have been printed 

with fairly high resolution and impressive mechanics (Figure 4). The structural integrity was 

shown to depend highly on the concentration of laponite in the system. Ultimately, scaffolds 

with more than 40 layers were produced routinely with a dual extrusion printer head. 

 

 
Figure 4. Incorporation of Laponite into double network alginate/PAAm hydrogels increases 
the printability of the double network. The concentration (a,b) of laponite has a marked effect 
on the printability, and optimization allows for the printing of (c) 10, (d) 50, and (e) 100 layer 
scaffolds via the (f) extrusion based printing process with (g) good print fidelity. Furthermore, 
using a dual extruder multi-layer scaffolds (h, i) can be fabricated. Scale bars represent 10 
mm.  Adapted and reproduced with permission from ref 64. Copyright 2018 Springer.  
 

Another approach to 3D printing is using a dual syringe 3D printing system. Bootsma 

et al.81 printed cubic structures from alginate/poly(acrylamide), alginate/poly(NiPAAm) and 

alginate/poly62 double network hydrogels by using the CaCO3/GDL system (introduced by Kuo 

and Ma in 2001)82 to control the gelation of alginate via slow release of Ca2+. One solution 
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containing alginate, acrylamide, MBAA and GDL was loaded into the first syringe. The second 

solution containing alginate, Irgacure and CaCO3 was loaded into a separate syringe. Mixing 

of the two solutions occurs in a mixing head before extrusion. Upon extrusion the acrylamide 

network is polymerized and crosslinked upon UV radiation. The structures are therefore 

printed and crosslinked simultaneously. Mechanical tests were performed on cylindrical 

samples cut out of a printed sheet and compressive moduli of up to 25 kPa were reported.  

Thermally induced sol-gel transitions can also be used to control the viscosity during 

printing. For example, an alginate/ poly(acrylamide) system by Wei et al. in 2015 used agar to 

leverage the thermal gelation upon printing.83 Optimal printing conditions of this thermally 

reversible Alg/PAAm/agar hydrogel were determined using rheology. Dog bone samples were 

printed for tensile testing and reached a tensile strength and elastic modulus of up to 1 MPa 

and 870 kPa respectively, depending on the concentration and crosslinking of the alginate 

network (Figure 5). The mechanical properties of this ‘triple network’ hydrogel were far 

superior to printed structures of double network hydrogels such as alginate/PAAm or 

Agar/PAAm. However, the use of sol-gel transition in this specific example is limited in 

bioprinting as temperatures above 50 °C can induce cell death. Thermoresponsive polymers 

with transitions closer to physiological temperature could show promise with this strategy. 

 

 
Figure 5. (a) Stress–strain curves and (b) photographs of tensile tests on dual and triple 
network structures comprising alginate, agar, and acrylamide components and (c) 3D printed 
structures including "dogbone" tensile bars and rings. Adapted and reproduced with 
permission from ref 83. Copyright 2015 Royal Society of Chemistry. 
 

Although sometimes lacking the necessary compatibility studies for bioprinting, these 

examples of the archetypal alginate/PAAm system are pertinent illustrations of the different 

approaches to printing double network hydrogels. Down below follows an overview of printed 

double network hydrogels which show use in tissue engineering or show promising advances. 
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One promising system for tissue engineering is alginate/ hyaluronic acid catechol.84 

While alginate provides energy dissipation through dissociation of ionic bonds, covalent 

crosslinking (by oxidation with NaIO4) of the catechol groups on hyaluronic acid instills 

mechanical integrity on the hydrogel. Mechanical testing was performed on the cast double 

network hydrogels, showing a compressive stress of 3.5 MPa, which is a drastic improvement 

compared to the alginate single network (0.35 MPa) and HA single network (0.16 MPa) (Figure 

6a). Structures were printed using a two-step procedure. A solution containing partially 

crosslinked HA-catechol and alginate is first extruded. The NaIO4 and the alginate in the 

solution provide the viscosity and shear-thinning behavior essential for printing. The printed 

structure is than stabilized and strengthened in a second step by immersion in a CaCl2 solution 

to crosslink the alginate network (Figure 6b). Bioprinted cell-laden scaffolds were formed by 

encapsulating human umbilical vein endothelial cells (HUVECs) before extrusion. The printed 

structures showed cell viability of 95% after extrusion and 85% after 14 days.  

 

 
Figure 6. (a) compression strength testing of single network hyaluronic acid and alginate 
hydrogels and the comparison to the corresponding dual network; (b) several constructs 3D 
printed from the dual network. Adapted and reproduced with permission from ref 84. Copyright 
2020 American Chemical Society. 
 

In 2019 Trachsel et al.85 developed a printable cell laden DN hydrogel matrix from 

enzymatically crosslinked poly(2-alkyl-2-oxazoline) and ionically crosslinked alginate. 
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Cellulose nanofibrils were added to improve shear-thinning. Human auricular chondrocytes 

(HAuCs) were encapsulated within the matrix with high viability (90% after 21 days). 

Mechanical compression tests were performed with the DN hydrogel reaching a compressive 

modulus of only 30 kPa for the cast samples. Hong et al.86 printed alginate/ poly(ethylene 

glycol)diacrylate (PEGDA) hydrogels using laponite as a rheology modifier. A facile one-step 

procedure was used for printing, after which the structures were crosslinked under UV light. 

Multilayered structures such as a hollow cube, a pyramid, a nose and an ear were printed. 

Biocompatibility of the printed hydrogel was investigated with human embryonic kidney cells 

encapsulated in a type 1 rat tail collagen solution which was gelled in the pores of the printed 

PEGDA/alginate/nanoclay structure. This collagen/PEGDA/alginate/nanoclay bioprinted 

hydrogel showed high cell viability over 7 days (95%). 

Similar to the dual syringe system (vide supra), coaxial needles can also be used. For 

example, a bioink mixture containing alginate can flow out through the inner needle while the 

ionic CaCl2 crosslinking solution flows through the outer needle. This allows inks with lower 

viscosity to be printed as crosslinking happens immediately upon extrusion. A bioink 

composed of alginate and gelatin methacroyl was printed into a multi-layered mesh grid 

structure using a coaxial needle extrusion system, employing UV light to cure the gelMA 

network after printing.87 Cell viability of human umbilical vein endothelial cells reached 75%, 

even after 30 seconds of UV exposure. The same system has also been printed using a 

microgel assisted extrusion process.88  

Similar to alginate, κ-carrageenan can be ionically crosslinked. At temperatures below 

75 °C, κ-carrageenan has a helical structure. Introduction of cations (K+, Ca2+, Na2+) at this 

temperature leads to aggregation of the helices. These intermolecular forces lead to the 

formation of a three dimensional network.89 The sol-gel transition of κ-carrageenan can 

facilitate 3D printing, as demonstrated by Bakarich et al.90 A double network hydrogel 

composed of κ-carrageenan and poly(oxyalkene amine) was used to print dumbbell shaped 

samples for mechanical evaluation. The structure integrity was further reinforced by covalently 

crosslinking the poly(oxyalkene amine) with poly(ethylene glycol)diglycidylether (PEGDGE) 

via an epoxy-amine addition mechanism after printing. The printed KCG/EA gels were shown 

to be significantly stronger than printed alginate/PAAm hydrogels, with strength and elastic 

modulus up to 600 kPa and 320 kPa respectively and an extension of 3 times the original size. 

In 2017 Liu et al. employed a κ-carrageenan/ poly(acrylamide) hydrogel in bioprinting.91 The 

precursor solution was heated (40–70 °C) in the syringe prior to printing. After printing the 

structures were UV-cured for 1 hour to polymerize AAm/MBAA. Different 3D structures (e.g., 

mesh pattern, hollow prism, and hollow cube) were printed. However, as this publication 

focused on the application as a strain sensor, no biocompatibility studies were performed. 

Printing of a κ-carrageenan/ gelMA hydrogels was reported in 2020.92 This work uses a 
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combination of nano-reinforcements of laponite and the thermal gelation of gelMA after 

extrusion (Figure 7). Before extrusion the pregel solution is heated to 37 °C. The ink was 

covalently crosslinked with UV light and ionically crosslinked through submersion in a 5% KCl 

solution after extrusion. Compression tests were performed on a similar GelMA/κ-CG/laponite 

hydrogel and compared to the single network hydrogels in a previous publication.93 

Furthermore, cell viability tests were performed with human mesenchymal stem cells. 

 

 
Figure 7. In a κ-carrageenean/gelMA dual network reinforced with Laponite, (a) printability 
was correlated with rapid viscosity recovery and thermal gelation during the printing process. 
The strong double network properties led to (b) bioprinted tube structures (7.5% GelMA, 1% 
κ-CG, 2% laponite) which could be completely collapsed and retain their shape. Adapted and 
reproduced with permission from ref 92. Copyright 2020 American Chemical Society. 
 

2.1.2 Dynamic covalent/static crosslinking 

All of the above examples combine ionic crosslinking with covalent crosslinking. There 

are a few other examples of dynamic crosslinking that can be used to obtain a static/dynamic 

system. One of those is using a dynamic covalent crosslinking such as hydrazone, imines, 

borate esters and oxime bonds. In 2018 a hyaluronic acid double network hydrogel was 

reported using hydrazone dynamic crosslinking.94 Hyaluronic acid (HA) is a 

glycosaminoglycan that is a constituent of the extracellular matrix in human tissue. HA has 

been used in several clinical applications owing to its biocompatibility. However, HA alone is 

not suitable for printing; chemical modification is often required to improve its properties. 

Modifying HA with hydrazide (HA-HYD) and aldehyde (HA-ALD) groups enables a dynamic 

covalent hydrazone crosslinking character. Dynamic covalent bonding provides the system 

with an energy dissipation mechanism as well as shear-thinning properties essential for 

printing. Mechanical integrity can be maintained by combining covalent crosslinking in the 

system, for example through covalent crosslinking of hyaluronic acid norborene with 

multivalent thiols via thiol-ene chemistry. The thiol-ene click reaction can be photoinitiated in 
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(e.g., UV radiation) after printing. The dual network hydrogels showed a similar strain at failure 

(~75%), yet an increased failure stress (25 vs 11 kPa) as compared to the non-crosslinked 

(only supramolecular network) samples. 

 

2.1.3 Supramolecular interactions/static crosslinking 

In a similar fashion supramolecular interactions can be used as dynamic crosslinking. 

For example, functionalizing HA with adamantane (HA-ADA) and cyclodextrin (HA-CD) 

supramolecular host-guest interactions led to shear thinning properties. Combining this with 

methacrylation of the HA gave rise to a double network hydrogel after curing,70 with enhanced 

fiber resolution compared with the individual networks. However evaluating toughness in this 

system is still needed to uncover the potential mechanical benefits of the double network. 

 

2.1.4 Hydrogen bonding/static crosslinking 

A last example of static/dynamic DN hydrogels uses a combination of covalent 

crosslinking and hydrogen bonding. In 2019 Gao et al.95 reported a double network hydrogel 

composed of covalently crosslinked gelatin methacrylate (gelMA) and poly(N-acryloyl 2-

glycine) (PACG). The two carboxyl groups present on the PACG backbone form hydrogen 

bonds, acting as an energy dissipation sink and thereby strengthening the hydrogel. The 

viscosity of the bioink was altered using the thermoreversible sol-gel transition (20–40 °C) and 

was found suitable for 3D printing due to its recovery after shear strain. Mechanical testing of 

the cast hydrogels showed compressive strength up to 12 MPa, tensile strengths up to 1 MPa, 

extension up to 250% and a Young’s modulus up to 250 kPa, which are superior to the single 

network GelMA (no comparison was made with SN PACG). Degradation of the scaffold in 

collagenase solution ranged from 7 to 100 days, dependent on the composition, with lower 

degradation rates for higher ACG contents. Furthermore, gelMA/PACG/Mn2+ gels promote cell 

adhesion and proliferation of hBMSCs. Osteochondral scaffolds (gradient scaffolds) were 

printed using an air-extrusion fabrication method. Printing cartridges were kept at 20 °C during 

fabrication on a platform at –10 °C, followed by UV irradiation (compressive strength up to 2.5 

MPa and compressive modulus of up to 250 kPa). Although these results are very promising, 

the system was not printed with cells. 

 

2.2. Dynamic-dynamic networks 
Dynamic/dynamic DN hydrogels make exclusive use of reversible crosslinking, such as ionic 

interactions, H-bonding, dynamic covalent bonds and supramolecular interactions. Obtaining 

strong hydrogels using exclusively dynamic interactions remains formidable. As such, only a 

few examples of printed DN hydrogels are reported in this category. A DN hydrogel consisting 

of alginate and poly(acrylamide-co-acrylic acid) was printed by Li et al, using only ionic 
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crosslinking with Fe3+.96 The viscosity of the ink was adjusted using silicone oil (ca. 10 wt %). 

Cast hydrogels showed remarkable mechanical properties with tensile stress up to 2.5 MPa 

and strain up to 1500%. Although cast samples displayed impressive mechanics, these 

hydrogels could only be printed in very acidic (pH = 1) or very alkaline (pH = 14) conditions. 

 For PVA a freeze/thaw method was used to produce hydrogels in which PVA 

crystallites serve as physical crosslinks. In combination with an ionically crosslinked hyaluronic 

acid network, tough hydrogels (toughness of 19.6 MJ/m3, E = 10 MPa) were formed without 

any polymerization reactions being applied.97 The necessary viscoelastic properties for 

printing were achieved by using high molar mass HA. The precursor solution was printed into 

different patterns after which they were dehydrated, annealed at high temperature and 

immersed in an FeCl3 solution. Although the cast PVA/HA acid hydrogels show promising 

mechanical properties, additional testing was not performed on the printed structures. 

Furthermore, no swelling experiments or cell viability tests were performed. 

 

2.3. Static-Static networks 
In 2017 a multistep 3D printing procedure for printing PAMPS/PAAm DN hydrogels was 

reported.98 Laponite nanoclay was used to alter the viscosity and shear-thinning properties of 

the ink. An extrusion printer was used to print a pregel solution containing Laponite, AMPS, 

MBAA and photoinitiator. The structures were cured with UV light after printing to obtain the 

covalently crosslinked PAMPS network. This gel was subsequently soaked in a mixture 

containing acrylamide, MBAA and photoinitiator. The second network was thus formed after 

further UV curing. Dog-bone samples were printed for mechanical testing and evaluated for 

their potential as a meniscus replacement, with the best match having a stiffness of 0.44 MPa. 
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Table 1. Summary of dual-network hydrogels used for 3D printing.   

Polymer 
source 

Polymer networks Cells Key details Ref 

Dynamic/Static Networks 

Synthetic/  

Synthetic 

1- PAMPS  

(ionic) 

2- PAAm  

(covalent) 

- Other components: Laponite 

Cast: Tensile strength >1.6 MPa, 

Fracture energy > 8000 Jm-2 

Printed: Tensile strength 0.6 MPa, 

Fracture energy > 5000 Jm-2 

99 

Natural/  

Synthetic 

1- Alginate  

(ionic, CaCl2) 

2- PEGDA 

(covalent) 

hMSC, Human 

Embryonic 

Kidney 293 

cells 

Other components: Laponite 

Cast: 400% elongation, tensile 

strength 200 kPa, fracture energy 

1500Jm-2 

Printed: 300% elongation, 

resolution +- 500 µm 

86 

Natural/  

Synthetic 

1- Alginate  

(ionic, CaCl2) 

2- GelMA (covalent) 

NIH 3T3 

mouse 

fibroblasts 

(24h) 

Other components: Carbopol gel 

as structural support 

Printed (tubular constructs) E= 25 

kPa, Compr. strength 0.07 MPa, 70 

to 140 µm filament diameter 

Mechanical properties of DN 

exceed those of SNs. 

88 

Human 

umbilical vein 

endothelial 

cells (3 days) 

Printing resolution +- 150 µm 

Printed: E=15-55 kPa 

87 

Natural/  

Synthetic 

1- Alginate  

(ionic, CaCl2) 

2- Acrylamide 

(covalent, MBAA) 

- Other components: Ethylene glycol 

Printed: 300% elongation, work of 

extension 260 kJm-3, tensile 

strength 170 kPa, E= 66 kPa 

Cast: 900% elongation, tensile 

strength 220 kPa 

74 

- Other components: Laponite 90,64 

- Other components: Hypoxyapatite, 

Glucose oxidase, Catalase 

Cast: Comp. modulus 7.16 MPa, 

storage modulus 32,960 Pa 

80 
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L929 cells and 

rat aortic 

endothelial 

cells (RAOEC) 

Other components: Bacterial 

cellulose 

E = 0.5 MPa 

Application: artificial tubular grafts 

76 

- Other components:  

Alginate - grapheneoxide 

Printed: Tensile strength 300 kPa, 

2400% elongation 

Cast: Tensile strength 800 kPa, 

3250% elongation 

Mechanical properties of DN 

exceed those of SNs. 

77 

 Other components:  

Agar (dynamic, H-bonding) 

Printed: Tensile strength 1 MPa, E 

= 870 kPa, 230% elongation 

Application: cartilage tissue 

engineering 

83 

Natural/  

Synthetic 

1- Alginate  

(ionic, CaCl2) 

2- NiPAAm 

(covalent, MBAA) 

- Printed: Tensile strength 0.05 MPa, 

Strain 50% (at 20°C) 

75 

Natural/  

Synthetic 

1- Alginate (ionic, 

CaCO3 + GDL) 

2- P(AAm) 

 (covalent, MBAA) 

Or P(NiPAAm) 

Or P(HEA) 

Or P(NiPAAm-co-

HEA) 

- Mechanical properties of both cast 

and printed hydrogels measured 

for all compositions 

81 

Natural/  

Synthetic 

1- Alginate  

(ionic, CaCl2) 

2- PEOXA- peptide 

(covalent,enzymatic) 

Human 

auricular 

chondrocytes 

(hACs), 14 

days 

Other components:  

Cellulose nanofibrils (CNFs) 

Cast: Comp. modulus 30 kPa 

Printing resolution 410 µm 

Mechanical properties of DN 

exceed those of SNs. 

85 

Natural/ 

Natural 

1- HA-catechol 

(covalent) 

HUVEC, 14 

days 

Cast: Tensile strength 0.1-1.2 

MPa, Elongation 400 – 75%, 

84 
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2- Alginate (ionic, 

CaCl2) 

compression modulus up to 300 

kPa, Toughness up to 461 kJm-3 

Mechanical properties of DN 

exceed those of SNs. 
Natural/ 

Natural 

1- Alginate (ionic, 

CaCl2) 

2- Gelatin (covalent, 

glutaraldehyde) 

- Other components:  

Cellulose nanocrystals  

Pore size of printed hydrogel 80-

2125 µm 

No mechanical testing 

100 

Natural/  

Synthetic 

1- K-carrageenan 

(ionic) 

2- AAm (covalent, 

MBAA) 

- Cast: fracture energy 6150Jm-2, 

elongation 2000%, tensile strength 

550 kPa, E= 100 kPa 

Printed: comp. strain 90% 

Mechanical properties of DN 

exceed those of SNs. 

91 

Natural/  

Synthetic 

1- K-carrageenan 

(ionic) 

2- GelMA (covalent) 

- Other components:  Nanosilicates  

Printed: compressive modulus 70 

kPa, pore diameter 20-50 µm 

Mechanical properties of DN 

exceed those of SNs. 

93 

hMSCs, 60 

days 

Other components: Nanosilicates  

Printed: Compression modulus 

150 kPa, Toughness 100 kJ m-2 

Application bone tissue 

reconstruction 

92 

Natural/  

Synthetic 

1- Gellan gum  

(ionic) 

2- PEGDA (cov) 

Murine bone 

marrow 

stromal cells 

Printed: Young’s modulus up to 

200 kPa, compressive strength up 

to 55 kPa 

101 

Natural/  

Synthetic 

1- Acrylamide 

 (covalent, MBAA) 

2- Agarose  

(H-bonding) 

- Other components: Laponite 

Printed: tensile strength 0.47 MPa, 

elongation 1258%, comp. strength 

18 MPa, Toughness 4 MPa 

Mechanical properties of DN 

exceed those of SNs. 

102 

Natural/  

Synthetic 

1- Acrylamide 

 (covalent, MBAA) 

2- Polypyrrole-

chitosan (ionic,Fe3+) 

- Cast: compressive modulus up to 

774 kPa 

 

103 



 23 

Natural/ 

Natural 

 

1- Silk Fibroin (ionic, 

CaCl2) 

2- Gelatin + 

tyrosinase 

(covalent) 

hMSCs, 21 

days 

Resolution: 220 µm 

Application: bone tissue 

engineering 

104 

Natural/ 

Natural 

1- Silk serin + 

ethanol 

2- GelMA (covalent) 

L929, HSF, 

HaCat and 

HSF/ HaCat, 7 

or 14 days 

Pore size 350-430 µm 

Filament diameter 112-167 µm 

Application: wound care 

105 

Natural/  

Synthetic 

1- PNAGA (physical, 

H-bonds) 

2- GelMA (covalent) 

hBMSCs, 7-14 

days 

Cast: comp. strength 12 MPa, 

tensile strength 1 MPa, elongation 

250%, E= 250 kPa 

Printed: comp. strength > 1MPa 

Mechanical properties of DN 

exceed those of SNs. 

95 

Natural/  

Synthetic 

1- Hyaluronic acid- 

acrylamide 

(covalent, MBAA) 

2- Folic acid (ionic, 

Fe3+) 

NIH 3T3, 5 

days 

Cast: comp strength up to 350 kPa, 

strain 75% 

Application: wound dressings 

106 

Natural/ 

Natural 

1- Methacrylated HA 

(covalent) 

2- Adamantane-HA 

+ Cyclodextrin-HA 

(supramolecular) 

NIH 3T3, 5 

days 

Filament size 100-500 µm 

Printed: comp. modulus 20 kPa 

70 

Natural/ 

Natural 

1- HA-hydrazide + 

HA-aldehyde 

(dynamic covalent) 

2- HA-norborene 

(covalent, PETMA) 

NIH 3T3 

fibroblasts (14 

days)- only 

with hydrogel 1 

and not DN. 

 94 

Dynamic/Dynamic Networks 

Natural/  

Synthetic 

1- Alginate (ionic, 

Fe3+) 

2- P(AAm-co-AAc) 

(ionic, Fe3+) 

- Other components: Silica 

Cast: tensile strength 3 MPa, E= 

0.94 MPa, Toughness 25 MJ m-3, 

elongation 1200% 

96 
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Natural/  

Synthetic 

1- PVA (physical 

through PVA 

crystals) 

2- Hyaluronic acid 

(ionic, Fe3+) 

- Cast: Tensile strength 3-6 MPa, 

Elongation 250-400%, E= 2-5 MPa, 

Toughness: 3-20 MJ m-3 

Mechanical properties of DN 

exceed those of SNs. 

97 

Static/Static Networks 

Synthetic/ 

Synthetic 

1- PAMPS 

 (covalent) 

2- PAAm (covalent) 

- Other components: Laponite 

Printed: Tensile strength 0.16-1.4 

MPa, Compr. strength 18-94 MPa, 

Toughness 400- 3000 kJm-3, 

Resolution 750 µm 

Application: Cartilage tissue 

engineering 

98 

a selected examples have been expanded upon in the text.  

 

3. DN as injectable hydrogels 
 
In the field of tissue engineering, hydrogels that can be formed in situ by injection into the 

human body have many advantages; injectable hydrogels offer minimally invasive and less 

painful treatments, the ability to fill complex voids or form unusual shapes and the ability to 

carry and transport functional biomolecules and/or cells. As previously mentioned for bioinks, 

the focus of injectable hydrogel design has been shifted from covalent and static networks to 

stimuli-responsive and dynamic hydrogels that perform better as biomimetic materials. The 

mechanical properties have a key role in the therapeutic potential of hydrogels for tissue 

regeneration, and most conventional, single network hydrogels lack the mechanical strength 

exhibited by many natural tissues (e.g. bones, cartilage, muscle and ligaments). Since static 

covalently crosslinked hydrogels are typically brittle and dynamic hydrogels often exhibit 

pseudoplastic deformation with low resistance to loading, double network hydrogels have 

become an attractive strategy to recapitulate stiffness and biological tissue’s resilience toward 

repeated loading.107  

The preparation of double networks as injectable hydrogels is still challenging. An 

injectable hydrogel initially requires fluidity followed by fast gelation after injection in order to 

establish mechanical integrity at the injection site. An ideal injectable hydrogel exhibits shear-

thinning behavior that facilitates flow through a needle and allows shape filling within 

complicated tissue scaffolds.108-110 The material should readily interact with or adhere to 

neighboring tissues. It must solidify by chemical or physical crosslinking in situ and promote 

regeneration of new tissue. Naturally, the injectable material must be biocompatible, stable at 
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physiological conditions, biodegradable and mechanically robust. Thus, double networks can 

be designed to embody many of these characteristics, and are a promising strategy not only 

to improve mechanical properties, but also to enhance the biological properties by including 

natural polymers, which generally are biocompatible and favor cell adhesion and proliferation. 

Interestingly, while significant focus has been on shear thinning (i.e. rheological) behavior and 

its relation to injectability, recent modeling from Appel and coworkers suggests that shear rate, 

extrusion pressure, and syringe selection all play critical roles in determining injectability.111 

 
 
3.1. Dynamic-static networks 

The majority of examples of dynamic/static DN hydrogels for injectability were obtained 

by combining both physically and chemically cross-linked networks. While photocuring (of 

olefins) is the most common approach to form covalent crosslinks, there are many variations 

of non-covalent crosslinking, including electrostatic interactions, host-guest assembly and 

thermally-induced folding. Table 2 provides an overview of the systems covered in this section, 

whereby the examples are categorized by crosslink character (i.e., static/dynamic), with 

additional details regarding specific network composition included. 

 
Table 2. Summary of dual-network hydrogels used for injection 

Polymer 
source Polymer networks Cell-laden Key details Ref. 

Dynamic/Static Networks 
Natural/ 
Synthetic 

C-C (photocuring, 
covalent)/ ionic 
(physic) 
1- PEGMA and 
MBAA.  
2- Alginate and Ca2+ 

CCD-
112CoN 
human 
fibroblasts 

Tissue engineering (TE). 
One single solution with all 
components except CaCl2, 
injection was not tested. 
Rheological properties of DN 
slightly higher than that of SN. 

112 

Natural/ 
Natural 

Amide (covalent) / 
ionic (physic) / Hbond 
(supramolecular) 
1- alginate and 
gelatin, EDC/NHS 
2- alginate and Zn2+ 

NIH 3T3 
fibroblasts 

Bone TE. 
Two-step method for preparation, 
injection was not tested. 
Mechanical properties of DN were 
two times higher than that of SN. 

113 

Natural/ 
Natural 

Host-guest 
(supramolecular) / C-
S (covalent) 
1- CD-HA and ADA-
HA  
2- Methacrylated HA 
and dithiothreitol 

MSCs Load-bearing materials for TE. 
One pot method. 
The addition of methacrylic 
groups on HA improved the 
mechanical properties of DN. 

107 
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Natural/ 
Synthetic 

Thermal, folding 
(physical) / amide 
(covalent) 
1- Agarose  
2- 4-arm-PEG-NH2 
and 4-arm-PEG-NHS 

NIH 3T3 
fibroblasts 

Cell research and TE. 
One pot method. 
DN enhanced the mechanical 
properties and the energy 
dissipation capacity compared to 
SN. 

114 

Natural/ 
Natural 

C-C (photocuring, 
covalent) / imine 
(DCvC) 
1- Oxidized alginate 
with acrylate groups 
(AMSA), UV 
2- Aminogelatin and 
AMSA 

L929 
fibroblasts 

Regenerative medicine and TE. 
Dual syringe method. 
DN enhanced the mechanical 
properties compared to SN. 

115 

Natural/ 
Natural 

C-C (photocuring, 
covalent) / imine 
(DCvC) 
1-Oxidized dextran 
and gelatin 
2- GelMA, UV 

L929 
fibroblasts 

Articular cartilage repair. 
One step method, but injection 
was not tested. 
DN showed superior mechanical 
properties than SN. 

116 

Dynamic/Dynamic Networks 
Natural/ 
Synthetic 

Borate ester (DCvC) / 
imine (DCvC) 
1- PVA and PEG 
functionalized with 
phenylboronic acid 
(MF-PEG),  
2- Glycol chitosan and 
MF PEG 

SMMC-
7721 
human 
hepatoma 
cells 

Drug delivery and TE. 
One pot method. 
DN enhanced strength and 
mucoadhesive properties 
compared to SN. 

117 

Natural/ 
Natural 

Imine (DCvC) / imine 
(DCvC) 
1- Carboxymethyl 
chitosan and oxidized 
dextran 
2- Polyaniline-grafted 
gelatin and oxidized 
dextran 

C2C12 
myoblasts 
and 
adipose-
derived 
MSCs 

Drug delivery and TE. 
One step method, but injection 
was not tested. 
SN mechanical properties were 
not tested. 
 

118 

Natural/ 
Natural 

Imine (DCvC) / 
hydrazone (DCvC) 
1- Oxidized alginate 
and gelatin 
2- Oxidized alginate 
and adipic acid 
dihydrazide 

NIH 3T3 
fibroblasts 

TE and drug delivery. 
One pot method. 
Only the mechanical and 
rheological properties of DN were 
tested. 

119 

Natural/ 
Natural 

Thermal, folding 
(physical) / thermal, 
folding (physical) 

in vivo  Drug delivery. 
One pot method. 

120 
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1- Methylcellulose 
2- Xanthan gum 

The rheological properties are 
slightly better than that of SN. 

Natural/ 
Synthetic 

Thermal, folding 
(physical) / Hbond 
(supramolecular) 
1- 8-arm-PEG- 
P1(protein)-PNIPAM 
copolymer  
2- C7 (protein) 

Human 
adipose-
derived 
MSCs 

Cell delivery. 
One pot method. 
Mechanical properties of 
supramolecular network improved 
by adding NIPA as block unit to 8-
arm-PEG-P1. 

121 

Natural/ 
Synthetic 

Ionic (physic) / Hbond 
(physic) 
1- 4-
carboxyphenylboronic 
acid grafted PVA and 
Ca2+ 
2- Bioactive glass 
(BG) and PEG 

L929 
fibroblasts 
in vivo 

Bone TE. 
One pot method. 
Both DN and BG improved the 
mechanical properties (tough 
hydrogels) compared to SN. 

122 

Natural/ 
Natural 

Hybridization (physic) 
/ Host-guest 
(supramolecular) 
1- DNA Y and DNA 
linker 
2-  Phenylalanine-
grafted carboxymethyl 
cellulose and 
cucurbit[8]uril 

- Dynamic surface coatings, 
controlled release and TE. 
One pot method. 
Compression modulus of DN 
slightly higher than that of SN. 

123 

Natural/ 
Natural 

Imine (DCvC) / ionic 
(physic) 
1-Glycol chitosan and 
dialdehyde-PEO 
2- Alginate and Ca2+ 

- Cell delivery for cartilage repair. 
Dual syringe method. 
Mechanical properties of DN 
increased remarkably compared 
to SN. 

124 

Natural/ 
Natural 

Imine (DCvC) / ionic 
(physic) 
1- Glycol chitosan and 
dialdehyde-PEO 
2- Alginate and Ca2+ 

VECs and 
BN-MSCs, 
in vivo 

Bone TE. 
Dual syringe method. 
Mechanical properties of DN 
increased remarkably compared 
to SN. 

125 

Natural/ 
Natural 

Thermal, folding 
(physical) / DA 
chemistry (DCvC) 
1- Pluronic F127- 
grafted chitosan 
2- Furan-gelatin and 
maleimide-PEG 

- Cell therapy and TE. 
One pot method. 
Rheological properties of DN 
improved compared to SN. 

19 

Natural/ 
Natural 

Hydrazone (DCvC) / 
thermal, folding 
(physical) 

Human 
adult 
MSCs 

Injectable delivery of stem cells. 
One pot method. 

126 
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1- Hydrazine-modified 
elastin-like protein 
(ELP-HYD) and 
aldehyde-modified 
hyaluronic acid. 
2- ELP 

DN showed a remarkably 
enhancement of rheological 
properties compared to SN. 

Natural/ 
Natural 

Thermal, folding 
(physical) / imine 
(DCvC) 
1-  Agar 
2- Glycol-chitosan and 
oxidized 
carboxymethyl 
cellulose 

NIH 3T3 
fibroblasts 

Protein immobilization, cell/drug 
delivery, and TE. 
One pot method. 
The fracture energy of DN was 
higher than that of SN, but the 
compression modulus of DN did 
not improve compared to SN.  

127 

Natural/ 
Synthetic 

Hydrophobic 
interactions (physic) / 
imine (DCvC) 
1-Benzaldehyde-
terminated Pluronic 
F127 (PF127-CHO) 
2- Chitosan and 
PF127-CHO 

Antibacteri
al tests, 
L929 
fibroblasts 
in vivo 

Skin wound healing. 
One pot method. 
Only the mechanical properties of 
DN were tested. 

128 

Synthetic
/ 
Synthetic 

H bond  (physical) / 
hydrazone (DCvC) 
1- PAA-co-PDAAM 
and adipic acid 
dihydrazide 
2- PAA-co-PDAAM 
and PVP 

L2929 
fibroblasts 

Stressful working tissues. 
One pot method. 
DN strategy enables strong and 
tough hydrogels. 

129 

Synthetic
/ 
Synthetic 

H bond  (physical) / 
hydrazone (DCvC) 
1- Hydrazide-
functionalized 
PNIPAM and 
dialdehyde dextrin 
2- poly(N-acryloyl 
glycinamide) PNAGA 

- TE and drug delivery. 
Dual syringe method. 
DN enhanced the mechanical 
properties compared to SN. 

130 

Static/Static Networks 
Natural/ 
Natural 

Covalent /covalent 
1- Thiol-HA and 2-
dithiopyridyl-HA 
2- Fibrinogen with 
thrombin 

MG63 
human 
osteosarc
oma cells. 

TE. 
First, two solutions were prepared 
and then mixed in one single 
syringe. 
DN showed an increased stiffness 
compared to fibrin SN. 
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3.1.1. Dynamic ionic / Static covalent 
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Chee et al. reported one of the first examples of an injectable double network system.112 DN 

hydrogels were constructed of biocompatible poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) and alginate. The authors described the initial UV curing to form a PEGMA network 

followed by alginate crosslinking with CaCl2. Selection of materials was based primarily on 

biocompatibility. In addition, the authors highlight that alginate solutions have purported 

shielding effects to protect cells from otherwise destructive mechanical force/shearing during 

injection. Even though the fibroblast viability and mechanical properties were not compared 

with the corresponding single networks, this work served as an important early framework 

demonstrating the potential of DN hydrogels as injectable scaffolds. 

 

3.1.2. Dynamic supramolecular (H bond, GH, thermal folding) / Static covalent  

An alternative strategy to produce two independent networks involves using a dual syringe, 

as was proposed by Bu et al. and Rodell et al. in the following examples.107, 114 According to 

the description, initial crosslinking occurs only when the two solutions are mixed in situ.  

In the first example, four-armed poly(ethylene glycol) succinimidyl ester (4-arm-PEG-

NHS) and four-armed poly(ethylene glycol) amine (4-arm-PEG-NH2) were reacted to form 

amides under physiological conditions. The second physically crosslinked network was based 

on thermally-induced folding of agarose.114 While details of the gelation time and rheological 

characterization were absent, the dual network led to enhanced mechanical properties 

(compression modulus of 8–30 MPa for a composition range of 4–10 wt % PEG) compared to 

single networks (< 5 MPa). The authors suggested that the agarose network ruptures into 

small clusters and dissipates energy contributing to pronounced hysteresis during 

compression. Employing a double network not only improved stiffness, but also enhanced 

energy dissipation and provided deformation–recovery ability owing to the physical (i.e., non-

covalent) nature of the second network. Promising injectability and biocompatibility (in vitro 

and in vivo) were also reported for these DN hydrogels.  

In the second example, supramolecular host-guest (HG) assembly was utilized to 

develop a rapidly self-healing primary network, where β -cyclodextrin (CD) and adamantane 

(Ad) were chosen as the host and guest, respectively, due to their high-affinity 

complexation.107 Hyaluronic acid (HA) was separately coupled with CD and Ad to form CD-

HA and Ad-HA, respectively. The second network was obtained by Michael addition between 

methacrylate-HA (Me-HA) and dithiothreitol (DTT) at pH 8. Two precursor solutions were 

prepared: 1) CD-HA and Me-HA, and 2) Ad-HA and DTT, which were mixed to prepare the 

final DN hydrogel. Gelation occurred immediately and the material exhibited impressive 

mechanical properties, which were tunable by the GH hydrogel concentration (compressive 

modulus between 2 and 50 kPa). However, the materials were ductile and deformation was 

non-recoverable. In an effort to improve mechanical performance, the authors incorporated 
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methacrylate groups to the HG network (MethGH DN), leading to compressive moduli 

between 2 and 220 kPa. MethGH DN hydrogels demonstrated exceptional recovery with only 

minor and localized defects observed. The supramolecular interactions gave rise to self-

healing properties due to rapid and reversible association, similar to many biological tissues. 

The dynamic supramolecular bonds enabled injection, which is crucial for minimally invasive 

delivery in biomedical applications. Furthermore, the DN hydrogels showed high cell viability 

with MSCs (ca. 95%), with the ability for the cells increase metabolic activity over 14 days post 

encapsulation. 

DN hydrogels comprising two non-independent cross-linked networks have also been 

reported. In general, these cases involve a polymer that has orthogonal functional groups 

capable of generating different types of bonds.  

For example, Wang et al. proposed a DN hydrogel in which alginate is crosslinked with 

gelatin by amides (EDC/NHS coupling) and with itself by ionic interactions with zinc ions.113 

The material included nano-crystalline cellulose (NCC) for nano-reinforcement to improve 

mechanical properties with the aim of applying these hydrogels in bone tissue regeneration. 

Compression moduli of hydrogels (without NCC) decrease with pore size (from 50 to 37 kPa), 

but the opposite behavior was observed for NCC hydrogels (from 75 to 92 kPa). The chemical 

and physical crosslinking allowed tuning the mechanical properties and stability of DN 

hydrogel. The chemical crosslinking using EDC/NHS created a stable amide linkage and 

improved hydrogel life, whereas the hydrogen bonding and hydrophobic interaction of NCC 

led to improved mechanics. Furthermore, NCC improved the degradation rate (from 50% to 

85% at day 7) and swelling percentage (from 1400% to 900% at 24 h). The potential for healing 

bone defects was suggested by the authors. 

 

3.1.3. Dynamic covalent / Static covalent  

Yuan et al. proposed a double network based on dual cross-linked alginate with both dynamic 

covalent and covalent crosslinks.115 In this case, alginate was first oxidized to generate 

aldehyde groups and then reacted with 2-aminoethylmethacrylate through EDC/NHS coupling 

to form a multifunctional alginate (AMSA). Thus, amine groups of amino gelatin (AG, gelatin 

previously modified with ethylendiamine) and aldehyde groups of AMSA reacted quickly (120 

s) via Schiff base condensation to form the primary network, and then acrylate groups of 

AMSA reacted (15 min) via UV irradiation to produce the secondary network. These gels were 

injected with a dual syringe method to form the final hybrid gel constructs, whereupon 

mechanical testing was performed (Figure 8a). Compared with the single network analogs, 

the AMSA/AG dual crosslinked hydrogels showed higher crosslink density, enhanced 

mechanical properties (fracture stress 0.015 MPa and 2.5 MPa, respectively), lower swelling 

ratio (3 and 2 respectively) and lower degradation rate (40% and 70% mass remaining at day 
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30, respectively) (Figure 8b). In addition, the in vitro cytotoxicity activity of L929 cells on the 

hydrogels surface tests showed that the double network hydrogels allow proliferation of cells 

over 4 days when modified with RGD peptides. 

 

 
Figure 8. (a) Dual syringe injection method employed on Alginate–Gelatin dual network 

systems and (b) tensile tests comparing the dual network with the corresponding single 

network. Adapted and reproduced with permission from ref 115. Copyright 2017 Elsevier.  

 

Zhou et al. proposed a similar double network strategy using a combination of static- 

and dynamic-covalent crosslinking.116 As in the previous example, the first network was 

crosslinked via Schiff-base reaction (between gelatin and oxidized dextran) and the second 

network was formed by UV irradiation (gelatin methacrylate GelMA). The authors suggested 

that the lower swelling ratios of DN hydrogels relative to SN hydrogels led to lower degradation 

rate. Combining dynamic covalent crosslinking (imine bonds) and photo-crosslinking (C-C 

bonds) also improved the mechanical properties (G' = 7.3 kPa, compression modulus = 270 

kPa) compared to single network (GelMA G' = 2.3 kPa, compressive modulus = 77 kPa). In 

addition, the reversible nature of imine linkages enabled rapid shape recovery after 

deformation. The aldehyde groups in the DN hydrogel were also suggested to react with amine 

groups of cartilage tissue via Schiff-base coupling to promote integration and improve 
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adhesion to tissue. Thus, the dynamic covalent crosslinking improved both mechanical 

properties and tissue integration. Furthermore, the DN gels exhibited biocompatibility and 

enhanced formation of hyaline cartilage-like tissues. 

 

3.2. Dynamic-Dynamic networks 
 

3.2.1. Dynamic covalent 

Li et al. described the development of conductive injectable hydrogels using gelatin grafted 

with polyaniline (GP).55, 118 GP and carboxymethyl-chitosan (CMCS) were both cross-linked 

with oxidized dextran (OD), again via the Schiff-base reaction. Gelation occurred rapidly at 37 

°C. Polyaniline concentration was employed as a handle to modulate gelation time, swelling 

(70 to 140%), storage modulus (924, 571 and 21 kPa) and pore size (75, 125 and 200 μm). 

The crosslinking degree decreased with increasing polyaniline content due to consumption of 

amine group on gelatin chains. The authors also studied the link between polyaniline content 

and C2C12 myoblast and ADMSC cells. The hydrogels containing polyaniline led to enhanced 

cell proliferation, attributed to the myoblast cells responding to electrical stimulation. In vitro 

testing and subcutaneous implantation in rats were consistent with biocompatibility. Despite 

the dynamic crosslinking strategy, shear-thinning or self-healing behavior was not reported. 

Recently, Li et al. described using a single polymeric crosslinker to form the double 

network hydrogels with two dynamic linkages, namely imines and borate esters.117 First, 

benzaldehyde and phenylboronic acid groups were attached at either end of a PEG backbone 

to obtain a heterotelechelic multifunctional PEG (MF-PEG). Then, MF-PEG simultaneously 

reacted with poly(vinyl alcohol) (PVA) through the borate ester and glycol chitosan (GC) via 

an imine to generate a DN hydrogel at mild conditions (pH ≈ 7, 25 °C). The gelation time of 

different hydrogel formulations were tested and the results showed that a SN based on PVA 

gels faster (2 s) than SN of GC (100 s), consistent with the rapid formation of borate ester. 

The storage modulus (G' 1–6 kPa) and mucoadhesive strength (2–6 kPa) were higher than 

the constituent single networks. The dynamic nature of both network connectors endowed 

these hydrogels with self-healing and shear-thinning behavior, but the mechanical properties 

were inferior compared with conventional DNs having static covalent crosslinking. The 

biocompatibility of these hydrogels were tested in vitro (>80%, human hepatoma cell line) and 

in vivo (mouse), suggesting that the hydrogels did not cause allergic reaction, inflammation or 

cell-toxicity. In addition, the authors tested the dynamic DN hydrogel as an injectable drug 

carrier (Figure 9a, b). Doxorubicin (Dox) was incorporated into the hydrogel followed by direct 

injection into a human tumor implanted in a mouse. The injectable hydrogel delivery of DOX 

led to enhanced suppression of tumor growth. The gradual release of DOX was attributed to 

the dynamic linkages.  
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Figure 9. (a) Fluorescent imaging and (b) weight after resection of a fluorescently labeled 
human tumor in a mouse model shows that a DOX loaded injectable double network hydrogel 
slows tumor growth. The performance of in situ formed (c1) BG loaded PVA gel (PVA/BG gel), 
(c2) PVA/PEG gel, and (c3) PVA/BG DN gel against compression. Demonstration of the 
toughness of in situ formed PVA/BG DN hydrogel (containing 10% BG) by knotting and then 
unhitching (c, the bottom images). Microcomputed tomography (micro-CT) images (d) of the 
rabbit joints after treatment for 6 and 12 weeks. The PVA/BG DN gel contained 40% of PEG 
and 20% of BG particles. Red circles represent the projection of the defects, representing a 
diameter of 5 mm. The bottom images are the top view and side view of the 3D constructed 
bone-like tissue in the defect site (green color). Histopathological sections (e) of bone defects 
left untreated or being treated by different formulations. The PVA/BG DN gel contained 40% 
of PEG and 20% of BG particles. Red circles represent the projection of the defects with a 
diameter of 5 mm. HB means host bone, NB means new bone, and Gel describes the residual 
hydrogel piece. (a) and (b) Adapted and reproduced with permission from ref 117. Copyright 
2019 American Chemical Society. (c), (d) and (e) Adapted and reproduced with permission 
from ref 122. Copyright 2019 Wiley-VCH.  
 

Combining dynamic hydrazone and imine bonds was explored by Wang et al. whereby 

DN hydrogels were formed by reaction of aldehyde groups of oxidized alginate (OSA) with 

amino groups of gelatin (GE) and hydrazides of adipic acid dihydrazide (ADH).119 The novelty 
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of this work lies with the macro-porous structure generated via high-speed shearing, which 

was reported to facilitate cellular infiltration and nutrient diffusion. The double dynamic 

crosslinking significantly enhanced the storage modulus (between ~15 and ~55 kPa) 

compared to single networks (between ~0.18 and ~0.60 kPa). This improvement is 

comparable to hydrogels having (static) chemical crosslinks. The dynamic linkages endow 

hydrogels with self-healing and injectability, demonstrated by rheology tests. The water uptake 

(ca. 400%), degradation rate (around 70% remaining weight) and mechanical properties of 

hydrogels could be tuned by polymer concentration and hence crosslinking degree. 

Considering both the structure and chemical features of the material design, the authors 

developed macroporous injectable hydrogels with good biocompatibility and the capacity of 

cell/drug loading. Sustained release of a growth factor (HEGF) was observed, and in vivo 

subcutaneous injection studies showed controllable inflammatory and toxic responses in rat 

models. 

 

3.2.2. Dynamic covalent / ionic  

Injectable DN hydrogels have also been reported by combining dynamic covalent crosslinking 

and ionic bonding.124 Yang et al. described a first network formed via dynamic covalent 

bonding between glycol chitosan (GC) and dibenzaldehyde-PEO and a second network cross-

linked by electrostatic interactions between calcium ions (Ca2+) and alginate. As expected, 

polymer concentration and crosslinking type strongly influenced gelation times and thus 

injectability. Sol-gel transition of alginate network (ionic crosslinking, 2 min) was faster than 

that of the glycol chitosan network (DCvC, 4 min). However, the DN hydrogels (3 min) showed 

gelation time values between both SN suggesting that the ionic network drives the sol-gel 

transition. Syringe injection was possible to make various scaffold constructs (Figure 10a). 

The fracture energy of DN (416 J/m2) and SN (~40 J/m2 GC, ~240 J/m2 Alg) was consistent 

with energy dissipation via disruption of ionic bonding during compressive strain (Figure 10b). 

Importantly, the fracture energy of these DNs is in the range of cartilage (102 –103 J/m2). Anti-

fatigue behavior of the DN hydrogels was also remarkable (> 100 cycles), showing that the 

dynamic crosslinking strategy allows excellent crosslink recovery after deformation. 

Biocompatibility was verified by both in vitro and in vivo tests; extensive tissue damage was 

not observed after the subcutaneous injection of DN hydrogels into BALB/c mice. 
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Figure 10. (a) Injection and compression photographs of dual networks comprising 
chitosan/PEO and alginate and (b) compressive stress–strain measurements on the dual 
networks and corresponding single networks. Adapted and reproduced with permission from 
ref 124. Copyright 2017 American Chemical Society. 
 

In a follow-up, the same authors investigated the potential application of the DN 

hydrogel for bone tissue regeneration focused on promoting rapid vascularization.125 The 

authors observed enhanced vascularization and osteogenesis upon encapsulating vascular 

endothelial and bone marrow mesenchymal stem cells into the DN hydrogels. These 

properties were attributed to the direct co-culture in dynamic DN hydrogel due to cell-cell 

communication both in vitro and in vivo. The reversibility of the crosslinks (imine bonding and 

ionic interactions) favors cell-to-cell connection during cell proliferation, promoting the 

angiogenic and osteogenic differentiation of the stem cells. These reports suggest that both 

double network and dynamic crosslinking strategies are essential to mimic the ECM properties 

enhancing cell communication. 

 

3.2.3. Dynamic covalent / H bond and VDW (thermo-gelling) 

Abandansari et al. prepared DN hydrogels by combining slow Diels-Alder chemistry with fast 

thermo-responsive crosslinking to modulate both gelation time and mechanical properties.19 

The first network was rapidly formed (1 min) through hydrophobic interaction of pluronic 
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segments of P127-grafted chitosan at 37 °C and the second network was formed more slowly 

(2 h) through Diels-Alder reaction between maleimide groups of bi-maleimide-PEG and furan 

groups of furan-modified gelatin. The storage and compressive modulus of DN hydrogels (~1 

kPa and ~40 kPa, respectively) were similar to SN suggesting that the DN strategy did not 

appreciably improve the mechanical properties. However, the combined mechanical, self-

healing and thermo-responsive gel properties did allow injectability and high gel retention at 

the injection site. In addition, high in vitro cell viability (>95%), high in vivo cell retention and 

survival as well as a marked vascularization observed at harvested cell-laden DN provides 

promising potential for cell therapy and tissue engineering. 

Cho and Ooya also proposed a double network by combining thermo-gelling and 

dynamic covalent cross-linked networks using a biopolymer (agar) with thermosensitive 

properties to form the physical cross-linked network.127 Thus, the first network was formed via 

hydrogen bonding at 37 °C and the second network was obtained through Schiff-base reaction 

between glycol chitosan (GC) and oxidized carboxymethyl cellulose. The DN gels possessed 

improved swelling and mechanical properties compared to the corresponding SN. However, 

the DN properties were merely the sum of the properties of the two components. The stress-

strain curves of DN and SN were similar, yet the DN did show the highest fracture strain of all 

samples. The dynamic covalent crosslinking provided anti-fatigue and self-healing 

performance. The loading-unloading tests at strain of 50% indicated minimal hysteresis (5 

cycles). Both DN and SN showed high cell viability (~100%, fibroblasts), whereas DN hydrogel 

prevented cell aggregation, as was observed on GC SN. The physical and DCvC network 

provides these gels with potential application for protein immobilization, drug/cell delivery and 

tissue engineering.  

A different strategy was proposed by Wang et al.126 In this case, the double network 

also involved physical (thermo-gelling) and dynamic covalent linkages. However, a single 

multifunctional polymer generated both physically and chemically cross-linked networks. The 

novelty of this approach was the molecular design of thermo-responsive cell-adhesive protein 

(elastin like protein, ELP) including thermo-responsive and enzymatic degradable sequences 

and lysine units for further modification with hydrazine groups (ELP-HYD). The hydrazine 

groups of ELP-HYD reacted with aldehyde groups of hyaluronic acid (oxidized HA) to form the 

first network. The second network was formed by protein folding (hydrogen bonds and 

hydrophobic interactions). In this approach, the dynamic covalent crosslinking reaction (10 s) 

was faster than thermo-gelation (5 min). Rheological testing was used to evaluate the DN 

hydrogel performance. The first network led to increased storage modulus (~1 kPa) compared 

to SN gels (around 0.001 kPa), whereas toughening arose from the second physical 

crosslinking. Further, thermo-responsive stiffening improved with increasing ELP-HYD 

content. However, the storage modulus of DN hydrogels were not compared with the singly 
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crosslinked networks to corroborate the dual network effect. Shear-thinning and self-healing 

properties were observed in DN due to the dynamic nature of the hydrazone bonding (Figure 

11a). Erosion rate decreased markedly in the DN gels, with the mass remaining going from 

1% (SN based on HA-ALD) to 80% (DN) at day 9. The in vitro studies of the MSC cell-laden 

DN hydrogel showed a high cell viability and differentiation potential post-injection, with a 

protective effect of the hydrogel when compared to PBS injection (Figure 11b–d).  

 

 
Figure 11. ELP-HA based dual network injectable hydrogels show (a) self-healing and 
suitability for injection and delivery of MSCs. Notably, the ELP-HA hydrogels show (b and c) 
higher cell viability (when compared to PBS injection) and (d and e) better 3D cell distribution.  
Adapted and reproduced with permission from ref 126. Copyright 2017 Wiley-VCH. 
 

As noted in the many of the previous examples, the double network strategy plays a 

key role in attenuating degradation rates to facilitate application at physiological conditions. 

The expected synergistic effect on the mechanical properties was not routinely observed by 

combining dynamic covalent linkages and thermo-gelling polymer. However, the dynamic 

nature of these crosslinking provided appealing properties such as shear-thinning, self-healing 

and injectability. Notably, the dynamic nature of the crosslinking in this class of DN hydrogels 
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can also provide cell protection from the mechanically disruptive forces experienced during 

injection, and as such may be critical for applications in tissue engineering. 

Thermo-responsive Pluronic 127 was also explored by Qu et al. to form double network 

hydrogels.128 This commercial triblock copolymer was functionalized with benzaldehyde end 

groups (P127-CHO), which could react with amine groups of quaternized chitosan (QCS). 

Thus, P127 self-assembles via hydrophobic interactions into micelles in water and reacts 

rapidly (<90 s) with QCS to form one hybrid physically-chemically crosslinked double network. 

Hydrogels were prepared with 2 wt % chitosan and different amount of P127-CHO (between 

14.4% and 24.0%). The mechanical (Young’s modulus up to 37.3 kPa) and rheological (G' up 

to 53 kPa) properties of hydrogels were similar to skin tissue. The authors demonstrated that 

hydrogels have stretchable, compressible, shear-thinning, self-healing and recoverable 

mechanical properties. These properties were attributed to the combination of dynamic Schiff-

base (covalent bonds) and micelle hydrophobic interactions (physical crosslinking), which are 

reversible linkages that provide a source of energy dissipation. Due to the potential application 

of the hydrogels as skin wound healing dressing, further characterization and drug-loaded 

hydrogels were performed. Curcumin-loaded hydrogels demonstrated good antibacterial 

properties, in vivo clotting capacity, wound healing rate, granulation tissue thickness and 

collagen disposition.  

Dual crosslinking with hydrazone and hydrogen bonds to form injectable hydrogels has 

recently been reported.129-130 Wang et al. developed a thermo-gelling hydrogel based on 

hydrazide-functionalized PNIPAM, oxidized dextrin and poly(N-acryloyl glycinamide) 

(PNAGA).130 Two pre-forming solutions were mixed in situ using a dual syringe and the 

hydrogel was formed at physiological conditions by hydrophobic interactions (PNIPAM), 

hydrogen bonds (PNAGA) and hydrazone linkages (PNIPAM and oxidized dextrin). The 

storage modulus increased with increasing PNAGA content (second network, up to 517 kPa) 

according to rheological measurements. This improvement of mechanical properties is likely 

due to the higher polymer concentration and hence higher crosslinking degree. However, the 

second network clearly enhanced the stability of the hydrogel. The thermo-responsive 

behavior of hydrogel was also assessed as means for controlling the release of a model drug 

(propranolol hydrochloride). 

Guo et al. developed a physically-chemically crosslinked hydrogel based on 

poly(acrylamide-co-diacetone acrylamide) (PAAm-co-DAAm), PVP and adipic acid 

dihyadrazide (ADH).129 PAAm-DAAm reacted with ADH to form hydrazone bonds (first 

crosslinking) and interacted with PVP by hydrogen bonds (second crosslinking). In this case, 

the combination of the two dynamic crosslinking moieties enhanced the mechanical properties 

of hydrogels (YM ~ 350 kPa) compared with corresponding single crosslinked systems (YM ~ 

6 and 33 kPa). The hydrogels also exhibited impressive self-healing rapid self-recovery. Due 
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to the pH-responsiveness of hydrazone groups, the mechanical and rheological properties 

were also tested at pH = 2 and 6. The authors suggested that the biocompatible (> 80% cell 

viability) injectable hydrogels have potential applications in hard tissue. However, the 

application of these materials as injectable hydrogels may be limited due to the tedious 

fabrication method proposed. This method involved two steps: the first one is the free-radical 

copolymerization of AAm and DAAm (under nitrogen atmosphere, 3 h), followed by curing in 

molds for 6 hours at 40 °C. 

 

3.2.4. H bond and VDW  

Researchers also assessed fully physically cross-linked double networks as injectable 

hydrogels, using [body] temperature to trigger gelation of thermo-responsive polymer.  

Cai et al. proposed a molecular design of a thermo-responsive copolymer with 

polypeptide domains to form the double network.121 The authors synthetized a copolymer 

(Pep1-PEG-PNIPAm) by conjugation of poly(N-isopropylacrylamide) and star-shaped 

peptide-polyethylene glycol. In this dual network approach named SHEILD, the first physical 

network was formed by the molecular recognition between the peptide of Pep1-PEG-PNIPAm 

and the engineered recombinant protein C7. Then, the second network formed via thermal 

phase transition of the PNIPAm segments. The storage modulus initially increased to 13 Pa 

after mixing both polymers (copolymer and C7) at 25 °C and then to 100 Pa after heating to 

37 °C as LCST of PNIPA. The mechanical properties were modulated by adjusting the relative 

PNIPA content. The degradation of DN was significantly slower than SN (Pep1-PEG and C7); 

the hydrogel erosion was around 70% at day 14. These results suggests that protein 

interactions as physical linkages in one of the networks are too weak for substantial 

improvements in the mechanical properties. As highlighted in the previous examples, the 

combination of dynamic covalent crosslinking with thermos-gelling polymer typically improved 

the stability of DN hydrogels. Accordingly, the type of crosslinking plays a key role in 

determining the hydrogel properties within the general double network strategy. Nevertheless, 

the fully physically crosslinked DN hydrogel demonstrated self-healing, shear-thinning and 

cell-protective properties during injection, owing the reversibility of linkages on the networks 

(Figure 12a,b). In vitro and in vivo studies corroborated a high cell viability (>90% hASC) and 

an enhanced cell retention at the desired site (Figure 12c). 
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Figure 12. Dual network SHEILD hydrogels show cell protective properties with (a) enhanced 
viability of hACSs immediately after injection and (b) up to 14 days post injection. The SHEILD 
hdyrogels also showed (c) higher material and cell retention after subcutaneous injection in a 
mouse model. Adapted and reproduced with permission from ref 121. Copyright 2015 Wiley-
VCH.  
 

Liu and Yao proposed a double network based on two thermo-responsive 

biopolymers.120 The transition temperature (i.e., LCST) of methyl-cellulose (MC) and xanthan 

gum (XG) aqueous solutions is approximately 40–50 °C, where both polysaccharides undergo 

conformational transitions but only MC exhibits a sol-gel transition. The rheological 

characterization was consistent with both XG and MC contributing to the amplified mechanical 

strength. As previously discussed, these DN hydrogels based solely on physical crosslinking 

also failed to synergistically improve the mechanical properties. The authors demonstrated 

that tuning XG and MC concentration enabled modulation of mechanical properties (G' ~1 

kPa), sol-gel transition temperature (between 28 °C and 37 °C) and gelation time (between 

30 s and 180 s). Owing to reversible physical interactions within the XG network, the DN 

hydrogel possessed excellent thixotropic recovery. Chemical characterization (FTIR, XRD, 

CD) revealed that neither XG nor MC affected each other in terms of ordered structure. The 

DN hydrogel exhibited similar erosion rate and swelling to the corresponding SN. In vitro and 

in vivo studies demonstrated biocompatibility and biodegradability. In addition, a drug 

(doxorubicin DOX) was loaded into DN hydrogel and sustained release was observed, 

corroborating the potential application of XG/MC blend as an injectable hydrogel for long-term 

drug delivery. 
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3.2.5. Hbond / host-guest supramolecular  

In order to regulate crosslink dynamics and response to external stimuli, researchers have 

explored host-guest supramolecular interactions to form double networks hydrogels. Li and 

co-workers proposed a supramolecularly assembled double network: one through DNA 

hybridization and the other by host–guest interactions of cucurbit[8]uril (CB[8]) and 

phenylalanine-functionalized carboxymethyl cellulose (CMC-phe).123 The novelty of this 

approach is that two orthogonal recognition processes led DN hydrogel formation. First, DNA 

network was formed by hydrogen bonds of two complementary sequences on DNA Y scaffold 

and DNA linker. Then, the second recognition process takes place between CMC-phe and 

CB[8], attributed to the host-guest interaction, to form the second network (Figure 13a). This 

is one of the few works where the authors achieved to demonstrate the synergetic effect of 

the double physical network on the mechanical properties of hydrogel. The storage modulus 

(281 Pa) of DN was higher than corresponding single network and even the sum of the two 

single networks. The improvement on G' was not as higher as chemically crosslinked DN could 

achieve owing to the weaker binding that can be easily sheared under stress (Figure 13b).  

 

 

 
Figure 13. (a) Schematic preparation of dual network hydrogels from DNA and host-guest 
networks; (b) Shear thinning behavior demonstrated with alternating strains of 1% and 1000%. 
Adapted and reproduced with permission from ref 123. Copyright 2015 Wiley-VCH.  
 

3.2.6. Ionic / Hbond 

In a recent report, Zhao and co-workers proposed a physical cross-linked double network 

hydrogel containing bioglass.122 In order to mimic the osseous structures, which are composed 

of inorganic and organic networks with water and cells, the authors developed composite DN 

hydrogels. Poly(ethylene glycol) (PEG) and BG rapidly formed the first network by hydrogen 

bonding interactions. 4-carboxy-phenylboronic acid reacts first with poly(vinyl alcohol) (PVA) 
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to form borate ester (dynamic covalent crosslinking) and then the carboxylic groups of CPBA 

interact with calcium ions to form the second network.  Due to the fact that both reactions 

occurred quickly (< 60 s), a dual syringe was used to form hydrogel in situ. Although DN 

hydrogels showed higher compressive modulus (~2.7 MPa) and fracture energy (~63 kJ/m2) 

than the corresponding SN hydrogel, this improvement is less than expected for a double 

network strategy. Nevertheless, this strategy allowed combine the properties of both networks: 

lower degradation rate, toughness and higher fracture energy of PVA network and bioactivity 

of BG (promoting mineralization). Besides, the composite DN hydrogels showed good 

injectability, biocompatibility and osteogenicity resulting in promising injectable load-bearing 

scaffold for treating femoral supracondylar bone defect (Figure 9c, 9d, 9e). The high 

compressive modulus observed for this DN hydrogel compared to the other physically cross-

linked network is likely due to the high polymer concentration (40 wt % PEG/ 20 wt % BG/ 7 

wt % PVA). 

 

3.3. Static-Static networks   
 
The combination of two static networks is not attractive for injectable hydrogels. The 

fabrication of two chemically crosslinked networks independently after injection is difficult, 

while the absence of any network prior to injection often means either a low viscosity solution 

or a poorly thinning high viscosity solution. 

Although one can consider disulfides dynamic covalent crosslinks, their use in the 

following hydrogel shows one of the closest double networks by covalent bond formation to 

date. Zhang et al. proposed an injectable hydrogel based on fibrin (F) and hyaluronic acid 

(HA).131 A HA derivative was first synthesized bearing thiol and 2-dithiopyridyl groups, and 

then mixed with fibrinogen to fabricate the double networks with disulfide crosslinking. High 

hydrophilicity of HA prevents compaction of the fibrin network, while fibrin provides an 

adhesive environment for in situ encapsulated cells. DN showed an increased stiffness and 

lower degradation rate compared to the single fibrin network. In addition, the authors tested 

the cell viability and proliferation of MG63 cells encapsulated into hydrogels. The results 

showed that DN enhanced cell proliferation compared to SN hydrogels, and the DN structure 

favored the cell spreading.  

 

4. Future perspective 
 

Since Gong et al. introduced the concept of double network gels, many researchers have 

applied this fabrication strategy in order to develop gels with high mechanical performance 

that can be tailored to mimic a wide variety of load-bearing biological tissues.16 At the 
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beginning, the gels were called DN when two individual chemically crosslinked networks were 

synthetized. The enhanced mechanical properties result of the interpenetration of two 

networks with contrasting physical properties: one network is rigid and the second one is soft 

and ductile. In the last years, the use of fully or partially chemically cross-linked double 

networks have shifted to the partially or fully physical cross-linked double networks due to the 

relevant properties of dynamic linkages for biomedical applications. The mechanical 

properties play a key role according to the application, both bioprinting and injectable hydrogel 

applications require a viscoelastic hydrogels. Indeed, the most of the research works explored 

at least one dynamic crosslinking to create the double network. Among the dynamic 

crosslinking, we found both physical interactions (i.e. ionic and hydrophobic interactions, 

hydrogen bonds) and dynamic covalent (e.g. hydrazone, imine, oxime, borate ester bonds) 

crosslinking.  

One can quickly see the large amount of double network systems developed for 

injectability, which, with proper modifications, can be ported into 3D printing. Both fields can 

leverage their knowledge to create formulations that are more advanced. Furthermore, one 

can notice the abundance of dynamic/dynamic networks used for injectable hydrogels, while 

few examples exist for 3D printing. Admittedly, the challenges to get enhanced mechanical 

properties and process stability with dynamic networks remain, yet the use of 

dynamic/dynamic hydrogels in 3D printing is well primed for exploration.  

The concept of double networks has been broadening in the last decade.17-18 After the 

first approaches with two individually crosslinked networks, double networks have designed 

using two crosslinking to form one only network combining two or more polymers. As 

previously mentioned, some examples of these DN hydrogels have shown enhanced erosion 

and mechanical properties, however this improvement is not extremely higher than that of the 

two independently cross-linked double networks. In addition, these DN hydrogels, with one 

network combining two crosslinking, are similar to dual crosslinked hydrogels founded in 

literature. Some examples of dual crosslinking networks also showed enhanced mechanical 

and injectability properties.132-135 Therefore, there is a necessity to define each system and 

what properties are expected with each material design. 

5. Conclusion 
 

The complexity of native tissues in terms of composition, spatiotemporal arrangement, and 

performance presents a challenging target for regenerative medicine. Native tissues exhibit 

an optimized balance between strength, resilience, and mobility of the vehicles responsible 

for intercellular communication and repair. Nevertheless, development of novel synthetic and 

hybrid structures has already led to discoveries that approach the sophistication of native 
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tissues. New challenges emerge when combining the complex behavioral features that are 

routinely designed into biomedical devices with convenient delivery strategies or 

contemporary fabrication techniques. More specifically, delivering complex hydrogel 

formulations via syringe is difficult, particularly when competing sets of properties are required 

before/during and after delivery. Gels must adequately flow through a syringe or catheter, 

whereas upon reaching the target site the structures should possess mechanical integrity that 

allows sustained functionality in the new environment. Likewise, bioprinting technologies 

typically relies on free-flowing precursors as bioinks for high resolution structures to be 

attained. However, after printing, the structures should be transformed into high-strength 

structures capable of withstanding various deformation forces while simultaneously facilitating 

anatomically accurate tissue formation.  

The field has witnessed some important breakthroughs within the context of attaining 

such complex behavior. Employing multiple networks carries the advantage of imparting a 

range of properties, while typically enhancing the mechanical properties. Many crosslinking 

strategies exist to adapt to various on-demand transitions is physical properties required in 

injection and printing. Hurdles still exist. For example, few papers address both 

biocompatibility and mechanical properties; fewer are able to take forward these novel 

materials towards complex tissue formation. This makes comparisons between different 

publications and systems difficult and suggests that finding the right balance is not 

straightforward. However, there are some inspiring examples presented here that provide 

valuable guiding principles to further develop the field.  

We predict that multicomponent (dual network, IPN, double network, etc.) hydrogels 

will play an important role in the tissue engineering field moving forward. The native ECM of 

cells is inherently complex and consists of multiple macromolecular networks interacting in a 

dynamic fashion for a responsive and instructive environment around tissues and cell. 

Replacing this complexity with a single component or single network hydrogel remains highly 

unlikely. As we move forward towards creating better synthetic ECM mimics, rational design 

of hydrogel formulation via complex (not complicated) macromolecular systems and design is 

an attractive way forward. As with any field, increases in complexity come with new hurdles, 

yet also new potential for innovation and understanding. 

While not only more biomimetic, multi-network hydrogels also have many practical 

advantages. Combining both dynamic bonding and irreversible/covalent bonding offers 

advantages in terms of impressive mechanics and self-healing attributes. Likewise, 

functionality is readily incorporated into dual networks bearing receptors for proteins, for 

example. Many networks used in the examples here are also biocompatible. One of the keys 

in applying DN hydrogels in printing and injection applications lies in endowing the materials 
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with shear-thinning behavior. A deeper understanding of network topology, chemical 

functionality, and cell viability in shear-thinning systems are providing momentum in the field. 

Many of the 3D printing examples shown within this review are based upon 

straightforward extrusion of these multicomponent double network hydrogels. Recently, 

significant advances in biofabrication and bioprinting methodologies have led to the ability to 

create more complex, multi-material, high-resolution, and gradient type structures with greater 

accuracy and speed. Straightforward approaches like gel-in-gel or bath bioprinting allows 

enhanced resolution and allows for broader materials properties in extrusion-based 

approaches. Furthermore, when it comes to multi-network printing, the baths could be 

leveraged for triggering the formation of the second network (e.g. the addition of Ca2+ as with 

alginate). These more advanced extrusion set-ups are well poised for use with double network 

hydrogels. Light-based techniques like digital light processing (DLP), volumetric, and 

holographic (bio) printing of hydrogels allows rapid construction of complex 3D objects via 

light-initiated cross-linking. These new techniques have mostly employed single component 

hydrogels (e.g. PEGDA, GelMA) in early studies, yet should find use with more complex 

materials in years to come. With double network hydrogels, a significant hurdle is always the 

practicalities in forming two separate networks. Conceptually, yet challenging, would be to 

initiate both networks via different wavelengths of light; practically, the second network could 

be formed post printing. As an intermediate approach, marrying a light-initiated network with 

a thermoreversible (near 37 °C) or a dynamically cross-linked network may provide an 

uncomplicated approach in the near future. 

Furthermore, extending the trajectory beyond printing and injection of dual network 

systems is important to make headway. For example, moving from cell-viability studies to 

investigating tissue regeneration capabilities and ultimately degradation and expulsion from 

the body are critical points in the process, yet do take time and advanced studies. Dual 

network systems provide a great deal of flexibility in design. Incorporating all of these aspects 

into a single system, while challenging, is coming well within reach. Based on the collective 

results from the research summarized in this review, there is tremendous promise for this field 

and we are looking eagerly forward to see what the coming years have in store. 
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