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Abstract 

The functionality of many biological tissues relies on their highly sophisticated architecture. Recent 

advances have enabled in vitro generation of human organoid models through 3D stem cell culture in 

animal-derived protein hydrogels. However, these oversimplified materials often lack in vivo-like 

microarchitecture and mechanical stimuli to support in vitro tissue formation. As such, there is an imperative 

need to develop architected hydrogels that can be integrated with 3D cell culture and microfluidic 

technologies to provide native-like dynamic 3D environments promoting multicellular self-organization and 

tissue maturation. In this review article, we provide an overview of the design and properties of architected 

hydrogels and highlight their integration with other bioengineering tools for functional tissue engineering. 

Firstly, we discuss the structural and physical properties in natural nanofibrillar hydrogels and synthetic 

analogues with non-linear elasticity. We then provide a comparative summary of different methods to 

generate macroporous hydrogels that facilitate mass transport, cell-cell communication, and tissue 

maturation in 3D. Next, we investigate examples of 3D printed hydrogels with complex tissue-mimicking 

architectures and discuss emerging applications of architected hydrogels in tissue engineering, organ-on-

chip technology and mechanobiology. Lastly, existing challenges and future directions in developing 

architected hydrogels towards functional tissue engineering are highlighted.  
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1. Introduction  

Most human tissues consist of sophisticated architectures across several length scales. For instance, human 

cortical bone is an architected material consisting of thousands of structural units – the osteons (Figure 

1A).1 Within each osteon, bone vasculature travels through the Haversian canal that has a porosity in the 

range of 20 - 40 μm. Additionally, the canaliculi are nanoscale channels that enable embedded osteocytes 

to interconnect and sense fluid flow to regulate bone formation and resorption.2 Similarly, skeletal muscle3, 

tendon4, and ligament5 are complex tissues consisting of hierarchically structured fibrils that are essential 

for their adaptation to mechanical loads.6 The adaptation of human muscle to mechanical stimuli is a 

complex process spanning eight orders of magnitude in length (Figure 1B). Engineering living tissues7 that 

closely resemble these in vivo counterparts is not only a consideration of material choice, biocompatibility 

and matrix mechanics. In fact, tissue architecture has received increasing attention in the design of in vitro 

systems since biophysical cues8 can strongly affect cell fates (differentiation, proliferation), 3D self-

organization and in vitro tissue formation.  

 
Figure 1. (A) Human cortical bone consists of many structural units named ‘‘osteons’’ in which the vasculature travels 
through the Haversian canals (20 - 40 microns), whereas osteocytes are deeply buried in the lacuno-canalicular 
networks (ca. 310 nm in diameter) that are crucial for bone mechanotransduction. Created in BioRender.com. The 
confocal image is adapted from Ref.9, licensed under a Creative Commons Attribution License. Scale bar = 50 µm. (B) 
Human muscle adapts to mechanical stimuli from the molecular to the organ scale. Aligned myofibrils make up the 
muscle cell or muscle fiber. Adapted from Ref.3 with permission of Springer Nature. (C) Hydrogels with a nanofibrillar 
or macroporous architecture have shown great promise for emerging applications in 3D cell culture, microfluidics and 
functional tissue engineering.  

Despite immense efforts, recreating native-like tissue architectures in vitro remains a major challenge. 

Recent years have witnessed the use of hydrogels to cultivate cells in a 3D environment. However, synthetic 
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hydrogels lacking a fibrillar or microporous architecture show restricted cell viability due to the diffusion 

limit for nutrients and oxygen and inadequate mechanical cues. As such, it is important to consider porosity 

and biomechanical stimuli as essential aspects of the tissue engineering process. As the relevance of these 

properties has become evident for engineered tissue constructs in recent years, many researchers have 

attempted to use this knowledge to develop novel architected biomaterials, especially hydrogels, and to 

optimize their fabrication processes for functional tissue engineering applications. This allows for the 

fabrication of well-defined 3D environments that provide the basis for the application of further stimuli such 

as interstitial fluid flow. With the advance of these novel techniques, 3D engineered tissue constructs of 

bone and muscle,10-12 vascularized organoids13 or organ-on-chip systems14 with 3D architecture and 

controlled mechanical environments are realizable and will most likely become valuable tools, not only for 

fundamental research but also for translational science and clinical applications in the future.   

In this review, we seek to summarize recent developments in architected hydrogels for functional 

tissue engineering applications (Figure 1C). Firstly, we provide an overview of fibrillar hydrogels of natural 

and synthetic origin as well as their structure-function relationships. Since porosity plays a crucial role for 

3D cell growth and tissue maturation, we then provide a comparative summary of a variety of methods to 

generate macroporous hydrogels to facilitate mass transport, cell-cell communication, and network 

formation. Next, new techniques to sculpture architected hydrogels by means of light-assisted 3D printing 

are reviewed since well-established techniques such as electrospinning and extrusion-based bioprinting are 

limited by their resolution, and hierarchical architectures in many different tissues require nano- to 

micrometer scale features. We then present how such architected hydrogels have been used for emerging 

applications in tissue engineering, for instance, in combination with microfluidics to engineer organ-on-chip 

in vitro systems and how these devices have been utilized for mechanobiological studies. Lastly, we discuss 

challenges that remain with these novel research tools and provide an outlook summarizing future directions 

towards functional tissue engineering.  

2. Fibrillar Hydrogels  

Cells and their native environments are fascinating composites of biopolymers synergistically acting to 

enable many important functions such as cell division and motility. A common feature of the extracellular 

matrix (ECM) and the intracellular cytoskeleton are fibrillar structures (Figure 2). As those biopolymer 

networks are embedded in water, they can be considered hydrogels. It is appreciated that the physical 

properties of ECM are strongly related to its inherent filamentous architecture. Fibrillar hydrogels are thus 

promising scaffolds for tissue engineering, 3D cell culture and regenerative medicine. The following 

subsections will give an overview of natural and synthetic fibrillar hydrogels and discuss their structure-

function relationship such as the strain-stiffening effect.  
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Figure 2. (A) Schematic of the assembly of collagen triple helix into fibrils, collagen fibers and a collagen gel. Scale 
bar = 200 nm. (B) Schematic representation of the fibrillar structures supporting the cells in tissues. Cytoskeletal fibers 
are depicted in red (actin), blue (intermediate filaments) and green (microtubuli). Cells adhere to the extracellular 
matrix (ECM) by attaching to binding sites on macromolecules such as fibronectin using integrins. The ECM consists 
of several components, for example collagen (brown), elastin (yellow) or proteoglycans (blue-red-turquoise). (C) 
Assembly of synthetic polyisocyanopeptide (PIC) hydrogels. AFM image of isolated PIC chains (D) and bundled PIC 
fibers after gelation (E). (C), (D) and (E) adapted from Ref.15 with permission of Springer Nature. (F) Biopolymer gels 
exhibit stress-stiffening when exceeding a critical stress σc. Differential modulus, K’, as a function of stress, σ. G0 
denotes the equilibrium bulk stiffness. Adapted from Ref.16 with permission of Springer Nature. 

2.1 Natural Fibrillar Hydrogels  

Fibrous networks in the natural ECM consist of a variety of different macromolecules. Depending on tissue 

type and location they vary in composition. For example, the ECM of cartilage tissue is composed of type 

II collagen and elastic fibers.17 Other tissues such as the dermis include high amounts of aligned collagen 

fibers which are essential to withstand high tensile loads.18 Natural fibrillar hydrogels have been widely 

used in 3D cell culture and tissue engineering. For example, ECM-mimetic collagen and fibrin gels are the 

gold-standard materials for generating in vitro models of bone,19 skin,20 tendon and ligament.21  
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Collagen  

Type I collagen hydrogel has been frequently used as a 3D fibrillar matrix for cell culture given its 

proteolytic degradability, large mesh size and permissiveness for cell growth. The architecture of natural 

fibrillar gels is crucial for their performance. The fibril diameter in collagen is in the range of 70-150 nm, 

whereas the gel stiffness can be tuned from 10 Pa to 600 Pa depending on the protein concentration (Table 

1). While their bulk mechanical stiffness is crucial to consider for a specific application, increasing attention 

has been drawn to the role of fiber architecture in determining cell fate. Fiber alignment has been shown to 

induce structural anisotropy, which strongly affects cell function, differentiation, and the direction of cell 

migration. For instance, recent studies in cancer biology demonstrated that collagen fiber structure can guide 

3D motility of cytotoxic T lymphocytes or sarcoma cells.22-23 Pruitt et al. showed that human cluster of 

differentiation 8 positive (CD8+) T cells migrated faster and more persistently in aligned collagen fibers 

than nonaligned ones.23 Riching et al. found that matrix topography, rather than stiffness, is the dominant 

feature by which an aligned 3D collagen matrix enhances tumor cell invasion.24 Collagen architecture and 

the structural organization of the fibers was also studied to determine the functional relationship across 

different tissues like the pulmonary heart valve cusp or the posterior pole of the eye.25-26 

Table 1: Structural and physical properties of nanofibrillar hydrogels of natural and synthetic origins. 

Hydrogel 
type  

Fiber or fibril  
diameter (nm) 

Permeability 
(cm2) 

Stiffness 
(Pa) 

Mesh  
Size (µm) 

Notes Refs 

Collagen 70-150 1x10-8 10-600a 5-12 Properties are dependent on 
collagen concentration and 
gelation temperature. 

 
27-29 

Fibrin 40-150 0.11x10-9-
7.5x10-9 

90-1,050a 1-10 Measurements are based on 
fibrin gels from either animal 
fibrinogen or human plasma. 

 
30-32 

 

PIC 2-8  ̶ 100-1000a 0.03-
0.15b 

Properties are dependent on 
polymer concentration and 
gelation temperature. 

 
15-16, 

33 

Polyisocyanopeptide (PIC). a Shear storage modulus. b Determined by small angle X-ray scattering (SAXS).  

Fibrin 

As the fibrous material in blood clotting, fibrin gels have been widely used in 3D cell culture and tissue 

engineering. Fibrin gels are composed of self-assembled fibrils with a diameter in the range of 40 - 50 nm. 

Depending on the concentration of precursors (fibrinogen, thrombin, FXIII) and ionic strength, the stiffness 

of fibrin gels can be tuned in a wide range from 100 Pa to 1 kPa. Sasaki et al.34 demonstrated that cells 

aligned parallel to the strain direction in a fibrin gel due to the structural changes of fibrin fibers. The 

resulting cellular patterning resembled that of tendon tissue. In addition to the structural properties of natural 



   

7 

fibrillar gels, the strain-stiffening effect may influence the behavior of cells in the gels. Winer et al.35 showed 

that spreading of fibroblasts on soft fibrin hydrogels resembles the behavior observed on a much stiffer 

polyacrylamide gels. They hypothesized that this deviation is caused by the strain-stiffening behavior of 

fibrin. In addition, deformation of the matrix by the cells and the resulting stiffening of the gel increased 

cell elongation and alignment. Despite numerous advantages, natural fibrillar hydrogels also have obvious 

drawbacks, such as batch-to-batch variation, quick degradation, limited availability, and control over 

architectural and mechanical properties as well as their high price. Thus, the development of synthetic 

fibrillar hydrogels is highly desirable. 

2.2 Synthetic Fibrillar Hydrogels 

Most conventional synthetic hydrogels are covalently crosslinked polymer networks composed of flexible 

monomers (Lp<<L). The mesh size in these networks is typically in the range of 5 – 80 nm, which often 

limits cell outgrowth, migration, and 3D multicellular self-organization. Synthetic fibrillar hydrogels, 

however, similar to natural fibers, have a greater Lp, offering equivalent stiffness at much lower volume 

and larger mesh size resulting in more permissive matrices. Recently, researchers have attempted to replicate 

the formation of semi-flexible fibers and the strain-stiffening behavior in synthetic biomaterials. A 

prominent example of this class of materials are polyisocyanopeptide-based hydrogels (PIC gels) developed 

by Kouwer et al. (Figure 2C).36 They offer the unique ability to decouple the strain-stiffening behavior from 

the architecture, stiffness, and ligand density. This can be used to study the mechanical properties of cellular 

microenvironments separately. For example, Arg-Gly-Asp (RGD) peptide-modified PIC gels have been 

shown to direct stem cell commitment depending only on the onset of strain-stiffening.16 Despite the many 

advantages of PIC systems, the polymer comes along with important drawbacks such as poor degradability 

and limited permissiveness. Apart from PIC, synthetic fibrillar hydrogels were also obtained through the 

self-assembly of synthetic molecular gelators forming semi-flexible fibers.37 Strain-stiffening synthetic 

hydrogels were also reported to form via self-assembly of bolaamphiphiles which result in semi-flexible 

chains.38  

2.3 Synthetic Electrospun Fibrous Hydrogels 

A different approach to create fibrillar hydrogels, even though often referred to as a 2.5-dimensional scaffold, 

is electrospinning. Nanofibers produced with this method are typically stiffer and greater in size than self-

assembled semi-flexible chains. In contrast to semi-flexible chains, they do not show strain-stiffening 

behavior in the cell-accessible regime in most cases. Their advantage is the high porosity which can be used 

by cells to migrate and the high diffusivity of biochemical signals such as growth factors and nutrients. A 

seminal work by Burdick and co-workers used complementary chemical moieties in electrospun fibers 

which were shown to self-adhere, plastically deform, and stiffen upon mechanical strain (Figure 3) thus 
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recreating the strain-stiffening property of native fibrillar hydrogels. Other pioneering work has been 

accomplished by producing protease-sensitive electrospun fibrous hydrogels by Burdick and co-workers.39 

The authors demonstrated that these hydrogel matrices are susceptible to protease-induced degradation in 

vitro in a protease dose-dependent manner and in vivo in a subcutaneous mouse model. Significant 

advancements in the electrospinning design across numerous tissue engineering applications have been 

achieved and described in latest reviews.40-42 

 

Figure 3. Electrospun hyaluronic acid fibers modified with complementary chemical moieties i.e., hydrazides (red) 
and aldehydes (green) were shown to self-adhere, plastically deform, and stiffen upon mechanical strain. i) before, ii) 
during, and iii) after applying strain. Adapted from Ref43 with permission from WILEY. 

2.4 Structural and Physical Properties of Fibrillar Hydrogels  

Fibrillar hydrogels exhibit structural and physical properties distinct from molecular hydrogels due to their 

unique structure. These properties may impact cell survival and cell fate. Thus, a deeper understanding of 

the impact of the fibrillar structure on physical properties as well as the ability to tailor these properties is 

highly desirable. 

Structural properties 

During the formation of fibrillar hydrogels, individual building blocks firstly associate into fibrils or fibers 

through hydrogen bonding, hydrophobic interactions, ionic interactions and π-π stacking. The formed fibrils 

or fibers then assemble into a network by entanglement, branching or association. Depending on the initial 

building blocks, the aforementioned interactions contribute to the network formation to different extents 

which in turn influences the properties of the resulting fibrillar hydrogel.44 For example, Nagy-Smith et al.45 

found that fibrillar hydrogels formed from a racemic mixture of MAX1 and DMAX1 displayed increased 
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stiffness compared to hydrogels of either one of the peptides due to a higher number of hydrophobic 

interactions in the core of the fibrils.  

The mesh size of fibrillar hydrogels depends on the initial concentration of building blocks as well 

as the density of crosslink points.46 Overall, pore size tends to be larger for fibrillar than for molecular 
hydrogels44, 47 thus improving mass transport inside the hydrogels because diffusion of molecules smaller 

than the mesh size is only minimally affected by steric hinderance.46 Further, fiber alignment reduces the 

flow resistance parallel to the fibers.48 Increased transport of nutrients and waste inside fibrillar hydrogels 

support cell survival and growth, and larger pore sizes allow for cell migration.49 
In fibrillar hydrogels, clusters of cell adhesion ligands are present on the surface of the fibers similar 

to in vivo conditions.44 Such clusters of RGD peptides have been shown to increase fibroblast spreading and 

speed compared to unclustered RGD.50 The incorporation of ligands is facilitated by the modular nature of 

fibrillar hydrogels allowing the functionalization of individual building blocks prior to their assembly into 

hydrogels.50-52 Following the same approach, growth factors and signaling molecules can be incorporated 

into fibrillar hydrogels.50, 52 

Mechanical properties 

The elastic properties of hydrogels can generally be described by the storage modulus (G') of the material, 

which is influenced by the stiffness of individual fibers as well as the network mesh size in fibrillar 

hydrogels.45, 53 Stiffer fibers and denser, more-crosslinked networks increase G'.45 In synthetic fibrillar 

hydrogels, mesh size can be controlled through the polymer concentration of the hydrogel53-54, whereas fiber 

stiffness can be modulated by changing the physical interaction strength between fibrils53 or by the 

introduction of chemical crosslinks.55 Taufalele et al.56 found that at lower polymerization temperatures, the 

fiber diameter in collagen matrices increases and that this increase in diameter leads to enhanced stiffness 

of the fibers at the microscale. In addition, they found that the compliance of aligned collagen matrices is 

higher at the microscale than for random matrices, possibly due to a reduction in the interconnectivity of 

fibers. 

Strain-stiffening Effect 

Biopolymers, depending on the persistence length (Lp) and the contour length (L), can be categorized into 

flexible (Lp<<L), semi-flexible (Lp=L) or stiff (Lp>>L). A unique property of semi-flexible fibers is strain-

stiffening, observed in most of natural tissue fibers, for example in fibrin and collagen (Figure 2F).57-59 The 

ability to stiffen as the fibers are being stretched is used to withstand large mechanical loads which could 

threaten tissue integrity.60 Strain-stiffening fibrous networks enable long-range force sensing of up to 

hundreds of microns.61 Furthermore, strain-stiffening was shown to be crucial for stem cell differentiation, 

however the mechanism is not clearly understood.16 On one hand, the strain-stiffening behavior in networks 
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of semi-flexible filaments originates from entropic elasticity, which produces an opposing force when the 

filaments are being stretched.60 On the other hand, the non-linear behavior can be explained by the transition 

from soft bending modes into a stiffer stretching-dominated regime.62 Even though strain-stiffening is an 

invariable property of semi-flexible chains,60 it can be also induced by mechanically driven crosslinking.43  

3. Macroporous Hydrogels 

Most tissues are architected materials with elements such as the vascular porosity or the lacuno-canalicular 

porosity in bone.63 Inspired by these natural architectures, bioengineers started using porosity for in vitro 

tissue engineering. The main advantage of macroporous hydrogels is that they promote mass transport 

necessary for nutrient supply and waste disposal. Depending on the pore size, cell spreading or even cell 

migration may be facilitated. The nomenclature of different pore sizes has not always been consistent, but 

Elbert has proposed the following definitions: “Macroporous” for pore diameters larger than 1 μm, 

“microporous” between 100 nm and 1 μm, and “nanoporous” up to 100 nm.64 The same definitions will be 

used throughout this review. Most covalently crosslinked hydrogels are inherently nanoporous.65  

3.1 Design Considerations 

A permissive tissue culture environment must enable cells to access nutrients and remove waste via 

molecular transport mechanisms. Molecules flow into hydrated gels either by diffusion caused by a 

concentration gradient, or by convective fluid flow caused by a pressure gradient.66 Whereas diffusion-

driven flow is mostly determined by the intrinsic properties of solute molecules, the permeability of a 

hydrogel is a measure of resistance to convective fluid flow.67 Therefore, permeability is an important 

material property defining the inflow of nutrients into the gel. It is strongly influenced by the pore size of 

the material. Hydrogels with greater pore or mesh size have greater permeability values, indicating that they 

exert less resistance to fluid flow and allow for a better nutrient supply than other gels.67 This correlation 

was previously described by Moreno-Arotzena et al. and justifies the importance of precisely designed 

porous architectures within hydrogels.67 Moreover, delivering interstitial fluid flow within porous structures 

creates mechanical stimuli, namely fluid shear stress (FSS).66 The magnitude of FSS depends on the pore 

size in a 3D scaffold.68  

3.2 Preparative Methods and Applications 

With the design considerations in mind, techniques to create tailored micro- or macroporosity for specific 

tissue engineering applications are discussed in this section. Four main methodological categories are 

highlighted: porogen leaching, microgel annealing, phase separation and microstrand processing. An 

overview can be seen in Figure 4 and the advantages and disadvantages are listed in Table 2.  
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Figure 4. Schematic representation of the different methods used to create macroporous hydrogels. (A) Porogen 
leaching, (B) microgel annealing, (C) phase separation and (D) microstrand processing. Figures from primary 
literature: A’ adapted from Ref.69 with permission of Springer Nature, B’ adapted from Ref.70 with permission of 
Springer Nature, C’ adapted from Ref.71 with permission from Elsevier, D’ adapted from Ref.12, licensed under a 
Creative Commons Attribution License; Illustrations created with BioRender.com. Scale bars: 1 mm (A’), 100 μm 
(B’,D’), 5 μm (C’). 

Table 2: Summary of advantages and disadvantages of different methods for creating macroporous hydrogels. 

Methods Advantages Disadvantages References 
porogen leaching + higher mechanical stability  - harsh conditions (low pH/freeze-drying) 

during porogen extraction 
 

69, 72-73 

microgel 
annealing 

+ injectable 
+ scalable and high degree of 
control over microgel size 

- lower mechanical stability with pores 
- trade-off of dimension control and up-
scalability  
- closing of pores through gel refusion  

 
 

70, 74-78 

aqueous  
phase separation 

+ in situ gelling  
+ compatible with 3D culture 
+ injectable  

- complex composition  
- long and demanding mixing procedure 

 
71 

microstrand 
processing 

+ anisotropic structures 
+ compatible with extrusion 
printing  

- lower porosity  
- only suitable for soft hydrogels 

 
12, 79-80 
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Porogen Leaching 

Porosity can be generated by encapsulating degradable porogens into a hydrogel. For example, Huebsch et 

al. have included hydrolytically degradable oxidized alginate gels (~150 μm diameter) as porogens in a bulk 

alginate gel.69 This way, bulk gel stiffness and pore formation could be decoupled, and they showed optimal 

osteogenic lineage commitment of mesenchymal stem cells (MSCs) and bone formation in vivo. Colloidal-

crystal templating relies on a similar principle. A template of ordered microspheres (20-60 μm diameter) is 

created and perfused with the gel precursor solution. The microspheres are then removed by solvent 

extraction after polymerizing the hydrogel. With this method, Stachowiak et al. could produce scaffolds 

with a lower level of porosity of 65% ± 3% and less decrease in mechanical stability than most other porous 

hydrogels.72 The size of the pores connecting the voids created by the microspheres was around 5-15 μm 

depending on the diameter of the microsphere. Freeze-drying is a method where ice crystals can be 

considered as the porogens. Upon sublimation, interconnected voids are created across 3D space within the 

material.73 At this point, cells are seeded and the hydrogel swells when medium is added. The porosity and 

pore size decreased from around 93% to 30% and from 280 μm to 54 or 120 μm depending on the solvent 

with swelling. With this method, homogenous cell seeding into the dried scaffolds was achieved.  

Microgel Annealing 

Porous hydrogels can also be generated by annealing microgels. In porogen leaching, the porogens 

commonly leave behind spherical pores. In contrast, commonly spherical microgels are annealed to a 

scaffold and surrounded by a non-spherical void space in microgel annealing. Microgels can be created with 

a variety of methods, where there is often a trade-off between high degree of control over the microgel 

dimensions and simplicity of the method. Microgels of a controllable size could be fabricated for instance 

using microfluidic devices for generating a water-in-oil emulsions.70, 74 Other microfluidic fabrication 

techniques for microgels are summarized elsewhere.81 Before removing the oil, the microgels are 

crosslinked. Griffin et al. crosslinked poly(ethylene) glycol vinyl sulfone (PEG-VS) gels by Michael-type 

addition using a degradable crosslinker enabling cells to further remodel the matrix. The PEG-VS microgels 

were then enzymatically annealed, so that the microgels could also be injected before annealing. The pore 

diameter was in the range of 10 to 35 μm. They showed accelerated wound closure using these microgel 

annealed hydrogels.70  By injecting a very similar hydrogel with hyaluronic acid as the backbone, neural 

progenitor cells were promoted to migrate to a site affected by stroke in a mouse model.75 Later, Sheikhi et 

al. developed a more straightforward method, namely physical crosslinking of gelatin methacrylate (GelMA) 

by cooling it to 4°C.74 The GelMA gels were then annealed using ultraviolet light to form a macroporous 

hydrogel (~20 μm pore diameter). With this method, infiltration of human umbilical vein endothelial cells 

(HUVECs) could be accelerated compared to bulk GelMA hydrogels. Gehlen et al. developed an even 

simpler method. They created gel granules by pushing a cellulose nanofibril hydrogel through a nylon mesh 
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and annealed the granules by the addition of cell culture medium. They achieved increased fibroblast 

spreading but only minimal to incomplete cell infiltration, which they attribute to the fusion of the hydrogel 

after meshing.76  

Aqueous Phase Separation 

Aqueous polymer-polymer phase separation is another phenomenon that can be used to form pores. The 

most common materials for this are PEG with another polymer such as dextran or a salt. The reader is hereby 

referred to a review about phase separation for the creation of porous hydrogels.64 The advantage of this 

method is that pore formation can occur in situ, which allows for a more uniform cell distribution. Recently, 

Broguiere et al. used this technique to generate neural networks from a Michael-addition type hydrogel 

based on PEG-VS in combination with polysaccharides such as hyaluronan.71 They suspended dorsal root 

ganglia as well as rodent neurons in a hydrogel precursor mixture which phase separates upon 

polymerization to form pores in the micro- and macroporous range (0.5 – 50 μm). Increased axon growth 

was observed when implanting the porous gel in a mouse with a damaged sciatic nerve. However, the 

disadvantages of this method are the rather long gelation time, and the complexity of the phase-separating 

mixture. Gelation time could be reduced by using a more efficient crosslinking mechanism such as thiol-

ene photopolymerization. With such a mechanism, phase separation could be combined with light-based 3D 

printing, so that multiscale architected materials could be generated. To date, reports on photoinitiated 

PIPS82 are scarce. Nevertheless, future developments of photosensitive hydrogels for PIPS are extremely 

promising for 3D printing of porous scaffolds or medical devices 

Microstrand Processing 

The porous hydrogels discussed so far were all isotropic, and thus do not resemble most human tissues, 

especially musculoskeletal ones. Microstrands or high-aspect-ratio microgels have been explored for 

creating anisotropic porous hydrogels, which provide guidance cues for cells such as neurons.79-80 Recently, 

simple fabrication of microstrands by pushing a bulk gel through a grid had been developed and was shown 

to be suitable for extrusion-based bioprinting.12 In fact, the strands were aligned during printing allowing 

for further control of the structure of the hydrogel. This is especially promising for engineering larger 

scaffolds. The pore fraction was in the range of 5% while the pore size was not analyzed. 

4. Architected Hydrogels by 3D Printing  

Although fibrillar and macroporous hydrogels are advantageous for mass transport and cell migration inside 

a 3D environment compared to traditional non-structured hydrogels, a major drawback is that the exact 

arrangement and interconnectivity of the pores are not controllable. This is where digital 3D printing 

techniques can be used to fabricate tissues with a more user-defined internal architecture. For instance, the 
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fabrication of vasculature can be realized through biomimetic 3D printing in accordance with medical 

imaging data in the presence of living cells. This section provides an overview of approaches to create more 

user-defined architectural features within hydrogels by means of high-resolution light-based 3D-printing 

methods.83 Table 3 summarizes a list of these techniques that have shown promise for creating functional 

architected hydrogels. According to the manufacturing principle, these techniques can be classified into 

additive manufacturing (AM) and subtractive manufacturing.   

Table 3: Summary of the advantages and disadvantages of different 3D printing techniques for creating architected 
hydrogels. 

Techniques Wavelength 
(nm) 

Resolution 
(nm) 

Advantages Disadvantages References 

Stereolithography 405-500 2000 - 8000 
 

+ fabrication time of a 
few minutes 
+ compatibility with 
cell printing  

- resolution limit ca. 
50 μm 
- layer-by-layer 
process 
 

 
84-85 

Two-photon 
polymerization 

700-1000 200 - 2000 + submicron 
resolution 
+ user-defined 
architecture  

- lack of highly 
reactive and cell-
friendly gels 
- long fabrication 
time 

 
86-90 

Two-photon 
laser ablation 

700-1000 500 – 1000  + submicron 
resolution 
+ ability to create 
guidance 
microchannels 
 

- high laser dosage 
- potential cellular 
damage 
- long fabrication 
time 

 
91-92 

 

4.1 Additive Manufacturing  

AM techniques have expanded substantially in recent years for a variety of applications in the biomedical 

field. Among these techniques, extrusion-based 3D bioprinting remains the mainstream technique to create 

a centimetre-scale tissue construct. This technique generally requires a shear-thinning bioink that can be 

extruded as a filament through a nozzle. Although it is compatible with multiple materials and various cell 

types, the major drawback is the limited printing resolution (150-500 µm).93 Therefore, when it comes to 

printing anatomically shaped 3D structures, light-based 3D printing methods94-95 are highly desirable.  

Stereolithography 

Stereolithography (STL) is an AM technique that uses a photochemical process to cure the resin in a layer-

by-layer fashion. One main challenge in STL is the development of a hydrogel bio-resin that is 

photocrosslinkable and cell-compatible while exhibiting suitable light absorbance and viscosity. Grigoryan 

et al. recently developed a resin composed of PEG di-acrylates and food additives as the absorber for 
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printing functional tissues with complex network architectures (Figure 5A). The authors firstly 

demonstrated the fabrication of intertwined vascular networks and then proceeded with the fabrication of 

an alveoli model which could be perfused with red blood cells. Furthermore, this technique was used to 

print a vascularized hepatic hydrogel scaffold that could be perfused and seeded with endothelial cells after 

printing.84 The big advantage of STL is that hydrogels can be printed within minutes, showing an advantage 

for scaled fabrication.84 Using a GelMA resin, a dynamic optical projection STL technique was developed 

to fabricate vascular-like hydrogel constructs comprising living cells with a viability of 75%.96 Although 

the fabrication time is desirable, the resolution is still limited to a voxel size of 50 μm.84  

Two-Photon Polymerization 

To 3D print an architected hydrogel at submicron-scale resolution, two-photon polymerization (2PP) is one 

of the most promising methods. In 2PP, a femtosecond-pulsed near-infrared laser is used to locally solidify 

photopolymers, which enables the fabrication of structural features down to 65 nm.97 The underlying 

principle of 2PP is the simultaneous absorption of two photons by a photoinitiator that leads to the excitation 

of the initiator and the crosslinking only at the focal spot. Conventional resins developed for UV 

polymerization are not processable by 2PP due to poor photo-reactivity, whereas low MW acrylates are 

acutely cytotoxic. To address these limits, Liska and co-workers recently reported low toxic hydrogels based 

on vinyl ester derivatives of gelatin and hyaluronan.87-89 Qin et al. reported the first cell-instructive photo-

clickable hydrogel based on protease-sensitive polyvinyl alcohol (PVA) matrices that permit cell-matrix 

remodelling, cell invasion, multicellular self-organization and ultrafast 2PP fabrication at speeds up to 50 

mm/s.86 A 3D architected scaffold mimicking the liver lobule was fabricated by 2PP of PVA hydrogels 

(Figure 5B). Furthermore, it was demonstrated that a multiphoton laser could be used to attach extracellular 

cues to a specific site within the hydrogel, leading to light-guided cell migration (Figure 5C). The spatial 

resolution achieved was at micrometer-scale.86  

4.2 Subtractive Manufacturing  

While AM techniques are widely sought to fabricate architected hydrogels, subtractive manufacturing 

techniques have emerged as new tools to create functional hollow structures in a more efficient fashion. For 

instance, AM of a 3D hydrogel construct containing a vascular network by 2PP may take up to hours or 

days, which is 10 times longer than the time required for a subtractive process. For the fabrication of 

vasculature and other porous structures (e.g., the lacuno-canalicular network), subtractive manufacturing by 

means of light-induced material erosion or degradation holds the potential to revolutionize the field of tissue 

engineering.  
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Two-Photon Laser Ablation 

Two-photon-induced hydrogel degradation is extremely useful for the creation of defined channel 

architectures to guide cell outgrowth and tissue development. Since two-photon hydrogel patterning offers 

high spatial resolution, several research groups worldwide have employed two-photon laser ablation to 

control cell growth in a spatially and temporally controlled fashion.91, 98-100 A seminal study by Sarig-Nadir 

et al. demonstrated laser-guided outgrowth of dorsal root ganglia cells into photoablated channels, showing 

that the ablation process is compatible with 3D cell culture.91 Moreover, it allows for more detailed studies 

on the interaction of cells with architectural features in the printed niche. However, direct laser exposure to 

a cell and resultant damage remains a concern. Arakawa et al.92 used two-photon laser ablation to print 

perfusable capillary microchannels in a collagen hydrogel to guide the formation of robust 3D microvessels 

(Figure 5D). With this powerful approach, it is possible to design high-resolution capillary networks within 

hydrogels according to a predefined design. Moreover, it enables researchers to systematically investigate 

the effect of geometric and mechanical cues on cell activity during cell culture at high spatial resolution. 

Therefore, one application of this method could be to spatiotemporally guide the sprouting of vessels and 

assess the cellular guidance effect in close vicinity. The main advantage of laser ablation is the ease of 

integrating user-defined designs. Clinical imaging data as well as architectures illustrated in computer-aided 

design (CAD) software can be used to generate a mask for the ablation of the depicted pattern into the 

hydrogel.98-99 However, one drawback is the long fabrication time. So far, this technique needs 

approximately 1.4 hours to degrade structures within a 0.014 mm3 hydrogel.101 

 

Figure 5. Light-based 3D printing technologies and applications. (A) Stereolithography: Intricate and functional 
vascular architectures were printed within cell-compatible hydrogels. Photograph of a printed hydrogel containing the 
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distal lung subunit during red blood cell perfusion while the air sac was ventilated with O2.Scale bar = 1 mm). Adapted 
from Ref.84 with permission of Science. (B) Two-photon polymerization (2PP): 3D layered tissue-mimicking scaffold 
printed by ultrafast 2PP of polyvinyl alcohol (PVA) hydrogels. (C) Two-photon micropatterning: biochemical cues 
were site-specifically immobilized inside a 3D PVA matrix, allowing laser-guided cell growth. Scale bars = 100 μm. 
(B) and (C) adapted from Ref.86 with permission from WILEY. (D) Two-photon laser ablation: guided capillary 
outgrowth in lithography-based microvessel devices. Confocal image of a complete vessel network consisting of 33 
capillaries. Green: von Willebrand factor; blue: nuclei; red: VE-cadherin; purple: F-actin. Scale bar = 500 μm. Adapted 
from Ref.92 with permission of Science. 

5. Emerging applications for Architected Hydrogels 

Architected hydrogels have become a valuable tool not only for tissue engineering, but also to study the 

interaction of cells with their environment for both basic and translational research in biomedicine. The 

following section aims to review emerging applications of these materials for tissue engineering, for instance, 

in combination with microfluidics to engineer ‘organ-on-a-chip’ systems, and highlights how these 

materials have been utilized for functional tissue engineering and mechanobiological studies. 

5.1 Microfluidic 3D Culture 

In the last decade, microfluidic technology has found various applications in the biomedical field, especially 

in tissue engineering in the form of ‘organs-on-a-chip’. These tools provide control over environmental cues, 

mechanical stimuli, and cell-matrix interactions. In contrast to 3D cell culture in bioreactors, fewer cells and 

reagents are needed and they enable real-time analysis of biochemical markers as well as high-resolution 

image acquisition. Given these advantages, such microfluidic systems are especially valuable to model 

tissues and organs for drug discovery and development.102 The application of microfluidic chips for 3D cell 

culture has become valuable to provide more physiologically relevant mechanical cues to cells compared to 

static culture. The technique allows not only for the integration and specific spatial arrangement of various 

cell types into tissue models like in the lung-on-a-chip developed by Huh et al.103, but also for the application 

of FSS that can influence cell alignment and tissue maturation.104-107 Further, stable chemical gradients can 

be generated by diffusion due to the laminar flow regime inside the microchannels.108 Integration of 3D 

architected biomaterials in microfluidic devices offers great potential to obtain in vitro tissue and organ 

models that mimic such environmental cues that are presented to cells in vivo (Figure 6A).109 These cues 

include stiffness, porosity, chemical composition, adhesion sites, architecture and dynamic properties of the 

material such as swelling or degradation.110 These properties can be tailored according to the specific type 

of tissue or organ to be modeled. For instance, defined porosity influences the materials permeability and 

thereby the FSS acting on cells in 3D dynamic culture. Furthermore, transport of nutrient and waste products 

is facilitated by larger permeability. The combination of architected materials and microfluidic technology 

therefore provides many advantages over traditional 3D cell culture. Studies that exploited these benefits 

are highlighted in this section. 
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Natural fibrillar hydrogels are frequently incorporated in microfluidic cell culture. Park et al. 

developed an injection molded plastic array device with collagen as the ECM to culture lymphocytes and 

cancer cells for assessing the killing abilities of cytotoxic lymphocytes in a 3D environment.111 Others 

quantified 3D chemotaxis in microfluidic-based chips with gradients of collagen hydrogel concentrations.112 

Takehara et al.113 used fibrin in a microfluidic vascular-bed device for vascularized tissue engineering. 

Further, stable collagen microgels with aligned microstructure were achieved using flow-driven co-

deposition.114  

 
Figure 6. Application of architected biomaterials for microfluidic cell culture. (A) Properties of microfluidic culture 
and architected biomaterials that influence cell and tissue behavior. (B) Microfluidic culture of perfusable tubular gut 
organoids. Top: Schematic of 3D hydrogel containing microdevice and channel dimensions, bottom: confocal images 
of 5-day-old organoid perfused with fluorescein isothiocyanate (FITC)-dextran showing maintenance of gut 
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epithelium. Scale bar = 50 µm. Adapted from Ref.115 with permission of Spinger Nature. (C) Osteoblast maturation 
towards osteocytes on microfluidic device without flow. Top: setup and maturation of osteoblasts cultured at high cell 
density, bottom: secretion of DMP1 in cells cultured at high density. Scale bars = 30 µm. Adapted from Ref.116, licensed 
under a Creative Commons Attribution License. (D) Enhanced vascularization of kidney organoids upon application 
of fluid shear stress (FSS) during nephrogenesis. Top: schematic of millifluidic setup, bottom: confocal 3D renderings 
for vascular markers in whole-mount organoids cultured under static U-well, static engineered ECM, low-FSS, and 
high-FSS conditions. Scale bars = 100 μm. Adapted from Ref.117 with permission of Springer Nature. (E) Schematic 
depiction of fabrication and use of in situ biomicrofluidics using the ablative properties of focalized nano- or femto-
pulsed lasers. Top: illustration of the fabrication process, bottom: confocal 3D reconstruction of a hollow cell tube 
formed in collagen showing CD-31 markers. Adapted from Ref.98 with permission from WILEY. Created with 
Biorender.com. 

Another example for an architected biomaterial used in microfluidic 3D culture is microfluidic hydrogel. It 

can be fabricated by molding (either with microneedle or fiber templates), soft lithography, bioprinting or 

photopatterning and the obtained microchannels can be directly perfused using different types of pumps.118 

Hydrogels can also be casted into pre-made microfluidic devices fabricated by soft lithography. In this case, 

the flow is applied to the microfluidic channels on the chip. Moreover, electrospinning can be employed to 

obtain micro-architected biomaterials within microfluidic channels, either by directly spinning the 

polymeric fibers into the microchannels or by modular integration of fibers into the chip. This technology 

holds great potential for the application in organ-on-a-chip systems.119 

5.2 Intestinal Organoids-on-Chip 

Combinations of architected hydrogels with microfluidics can not only be used to apply physiologically 

relevant environmental cues to cultivated cells, but also to improve reproducibility and reduce heterogeneity 

of organoid culture and to allow for automated real-time analysis. For instance, Brandenberg et al.120 

developed molded hydrogel microcavity arrays to culture individual patient-derived colorectal cancer 

organoids to screen for anticancer drug candidates. In another study by Nikolaev et al.115, the authors induced 

intestinal stem cells to form perfusable tube-shaped epithelia on chip with similar spatial arrangement as in 

vivo using a collagen I and Matrigel matrix. Applying fluid flow to this system via an external pump 

prolonged tissue lifespan, enhanced regenerative capacity and allowed the authors to model tissue-

microorganism interactions (Figure 6B). These two examples highlight different ways how microfluidics 

and architected hydrogels can be integrated to improve throughput, reproducibility, and physiologically 

relevant culture conditions for intestinal organoids. 

5.3 Bone Tissue Engineering 

In bone tissue engineering, one important challenge is the creation of dynamic microfluidic 3D culture 

models of mature bone cells (osteocytes). Gu et al.121 sought to reconstruct a 3D osteocyte network in a 

dynamic culture. For this, they used a scaffold made of biphasic calcium phosphate microbeads in which 

murine early osteocytes were seeded and cultured in a microfluidic chamber. The porosity of the framework 
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enabled embedded cells to form a 3D cellular network and to produce mineralized extracellular matrix to 

fill up the interstitial space. A recent study by Nasello et al.116 reported the development of a functional unit 

to achieve osteoblast maturation toward osteocytes and matrix mineralization (Figure 6C). Primary human 

osteoblasts were suspended in a solution containing collagen I which was then casted into a microfluidic 

Polydimethylsiloxane (PDMS) chip fabricated by soft lithography. The authors could show that osteoblasts 

differentiated into osteocytes, expressing cell-type specific markers such as dentin matrix acidic 

phosphoprotein 1 (DMP1) and alkaline phosphatase (ALP) when cultured at a high cell density of 1 × 106 

ml−1 in this 3D environment without the application of flow. The combination of physiologically relevant 

FSS and architected microenvironment in such a device holds great potential to further facilitate 

differentiation of less mature osteocyte progenitors such as mesenchymal stem cells. Both studies indicate 

that not only spatial cues, but also the mechanical environment can promote cell and tissue maturation and 

thereby highlight the relevance of further investigation of integration of architected biomaterials and 

microfluidics.  

5.4 Neural/muscle Tissue Engineering 

Novel methods for the fabrication of architected hydrogels will allow for the preparation of even more in-

vivo-like tissue models. An example of models that have profited from the use of architected hydrogels are 

electro-excitable neural or muscle tissues. Nih et al. injected microgels into tissue sites where stroke 

occurred and were first to show migration of neural progenitor cells to the affected area. Inflammation and 

the scar size were decreased, while vascularization in the surrounding area was increased. Only little blood 

vessel infiltration into the hydrogel was observed.75 For muscle tissue engineering, Kessel et al. reported an 

elegant method for the alignment of myotubes using entangled hydrogel microstrands.12 In this study, 

myoblasts were embedded in a bulk hydrogel and subsequently sized into microstrands through extrusion. 

The void space between microstrands led to rapid tissue maturation.  

5.5 Engineered Vascular Networks 

Insufficient vascularization of 3D organoids is a limitation that many researchers face when using traditional 

static culture methods. The enhancement of this process during in vitro culture is therefore extensively 

pursued. It has been shown that the application of FSS using a millifluidic perfusion device enhances 

vascularization of kidney organoids cultured atop of a gelatin-fibrin matrix (Figure 6D).117 Recently, Zohar 

et al.122 used a similar approach to achieve vascularization, but translated the model into 3D by utilizing 

porogen leaching to obtain a porous scaffold made from poly-L-lactic acid (PLLA) and poly-L-glycolic acid 

(PLGA). Endothelial cells and fibroblasts were then cultured inside the construct under various flow 

conditions using a perfusion bioreactor. Enhanced vascular network morphogenesis and higher 
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colocalization of alpha-smooth muscle actin (α-SMA) with endothelial vessel networks were observed 

compared to a static control culture.  

A method to design a vascular network inside a hydrogel was described by Brandenberg et al.98 

They used laser-based photoablation to obtain a 3D system of channels inside a collagen I hydrogel that was 

subsequently seeded with endothelial cells by microfluidic perfusion to obtain a mature perfusable vascular 

network after five days of culture (Figure 6E). Baker et al.123 were further able to generate temporally and 

spatially defined gradients of diffusive molecules by patterning microfluidic channels in a 3D ECM using 

micromolding. They showed that cell populations can be cultured independently either within the channels 

or the surrounding ECM. When lining the generated microchannels with endothelial cells, the authors found 

that varying channel architecture and thereby diffusion patterns guides location and morphology of 

endothelial sprouting. These methods will become valuable tools to tackle the obstacle of insufficient or 

non-perfusable vasculature of organoids and tissue culture models.  

5.6 Mechanobiology  

It is appreciated that mechanical cues in a 3D culture environment have a strong impact on cell fate 

(differentiation, mechanotransduction, apoptosis).86, 124-126 Although non-architected hydrogels were used 

for 3D mechanobiological studies, they are not able to resemble physiological relevant microstructures in 

native tissues. The promise of architected hydrogels lies in the presentation of architectural cues and the 

compatibility to introduce fluid flow through either the pores or engineered channels to the hydrogel. This 

offers a simple but powerful tool for 3D mechanobiological studies and for understanding the mechanisms 

of flow-induced cellular mechanosensation and signal transduction.  

Increasing attention has been devoted to incorporating mechanical cues into a 3D cellular environment. For 

instance, the integration of perfusable network structures will allow one to deliver fluid flow to the cells 

embedded in a hydrogel. Mei et al. studied the effect of breast cancer extravasation on bone remodelling by 

creating a microfluidic bone model.127 It was shown that oscillatory fluid flow caused a 3.7-fold higher 

intracellular calcium response in osteocytes compared to non-stimulated control. Moreover, mechanical 

stimulation also resulted in an effective reduction of cancer cell extravasation into hydrogel-filled side 

channels. This highlights the important role of bone fluid flow in the mechano-regulation of osteocytes to 

prevent cancer metastasis, although the mechanism still needs to be elucidated. In another study using a 

microfluidic setup as a lymphatic in vitro model, Lee et al. showed that wall shear stress leads to nuclear 

localization of TAZ in prostate cancer cells.128 Moreover, it was found that this nuclear translocation 

increased proliferation of the prostate cells. These findings suggest that the fluid forces in lymphatic vessels 

are an important trigger for the proliferation of prostate cancer cells. 

The influence of architected hydrogels with a fibrillar structure on cellular morphology was studied by 

Baker et al.129 The group developed a fibrillar hydrogel made of methacrylated dextran, which allowed for 



   

22 

precise control of parameters like fiber thickness, alignment, density and stiffness. When cells were exposed 

to softer fibers, not only active recruitment of fibers but also more focal adhesion sites as well as increased 

phosphorylation of focal adhesion kinases were observed, highlighting the influence of fiber stiffness on 

cell behavior. Focal adhesion kinases are transducers of cellular adhesion via mechanobiological signaling 

pathways. Here, increased proliferation and spreading were observed in scaffolds with soft fibers compared 

to stiffer fibers. The influence of FSS on cell migration and focal adhesion proteins was also observed by 

Polacheck et al.130 By engineering a tumor-associated model of interstitial fluid flow within a microfluidic 

device, they showed that fluid flow can induce polarization in cells that are embedded in a collagen type I 

hydrogel. Both studies show that cell migration and proliferation are initiated not only intrinsically by the 

cells but are also extrinsically stimulated by their surrounding mechanical environment. 

The fabrication of internal architectures allows researchers to not only consider the mechanics of 

the scaffolding material but also multiple other biophysical cues such as fiber dimensions, curvature, and 

fluid flow on cellular mechanosensation and signal transduction. Combining architected hydrogels with 3D 

cell culture and biomechanical stimulation is a highly challenging but necessary step to fabricate more in 

vivo-like tissue models for a variety of cutting-edge applications in regenerative medicine.  

6. Summary and Future Outlooks 

When it comes to culturing cells in a 3D environment or engineering a functional tissue construct, 

researchers have been taking lessons from nature over the past years. Novel architected materials – of natural 

and synthetic origin - and techniques to fabricate them have been developed to better replicate native tissue 

structure which is directly linked to tissue function. Fibrillar hydrogels, for example, more closely resemble 

the architecture of the native ECM than traditional synthetic hydrogels, and mimic some of the tissue’s 

mechanical properties such as strain-stiffening. Capturing this cell-relevant feature in a synthetic system 

was achieved and studied in a couple of recent developments. However, the hydrogels still require further 

improvements in terms of permissiveness and biodegradability which are necessary in most of 3D cell 

culture and tissue engineering applications.  

One way to improve the permissiveness for cells within an engineered scaffold is to use 

macroporous hydrogels. We reviewed several methods to design and fabricate such architectures within 

hydrogels in this article. Despite important progress, several challenges remain to be addressed. Firstly, 

many methods are difficult to scale up, especially in the case of highly controlled porosity. This aspect has 

been partially addressed by Kessel et al. by using grids with a mesh size of 40–100 µm.12 The fast and easy 

process created entangled microstrands with interconnected void spaces that could facilitate the formation 

of aligned myotubes. This illustrated that macroporous hydrogels can be produced at greater scales by an 

easy process which is applicable to different types of hydrogels. Another challenge is the mechanical 

stability in macroporous hydrogels which is often reduced due to the high porosity needed for 
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interconnectivity. Two approaches to reduce the porosity are highly ordered porogens or phase separation 

producing elongated instead of spherical pores.71-72 The use of one of these methods possibly in combination 

with mechanically stable bulk hydrogel is recommended in applications which require high mechanical 

stability. For clinical use, a variety of methods would be suitable for injection so that minimally invasive 

deployment of the hydrogel in vivo is foreseeable.69-71, 74-75, 79-80 To control the macroscopic shape of porous 

tissue engineered constructs, 3D printing could be employed, for example by combining microstrands and 

extrusion biopriting12 or light-based 3D printing with phase separation.    

Recent years have witnessed encouraging progress in 3D printing of architected hydrogels across 

scales. Technological developments in STL, 2PP and two-photon laser ablation have made up a multiscale 

engineering toolbox in dealing with the interdisciplinary challenge for scaled fabrication at high spatial 

resolution when compared to extrusion-based printing or electrospinning. Future research will most likely 

focus on improving the throughput of these techniques by increasing the printing speed with the help of 

more efficient photopolymers. This is crucial to future developments towards precision organ-on-chip 

models and intelligent biosystems, which combine a resolution down to micron-size, ease of fabrication, 

online monitoring and biocompatibility. 

In this review article, we highlighted a variety of emerging applications for architected hydrogels, for 

example in microfluidic 3D culture, functional tissue engineering and mechanobiology. Among them, a 

very promising approach to replicate native tissue environments is to combine these designer materials with 

mechanical stimulation to provide further essential cues to cultured cells. The integration of architected 

biomaterials with microfluidics is already implemented in various fields of research as we reviewed in this 

article. Additionally, these tools have been implemented in stem cell engineering, drug screening, 

replicating tissue-tissue interfaces, reproducing parenchymal tissues and various other organ-on-a-chip 

systems as well as tumor cell mechanobiology and will most likely become even more important in the 

future.109, 131-133 However, there are challenges that remain to be addressed. For instance, PDMS is known 

to absorb small molecules which limits the application of microfluidic 3D cultures, especially in the 

pharmaceutical area.132 Furthermore, in most cases, expensive equipment and expertise in techniques like 

lithography are required for the fabrication of such on-chip systems. To make this technology more 

accessible for various research applications, it is therefore necessary to find methods to either simplify the 

fabrication process or to make microfluidic 3D cultures commercially available. Standardization of 

protocols for hydrogel preparation and flow control could, moreover, lead to highly reproducible cell culture 

conditions within this microfluidic 3D environment. 

Altogether, recent advances in biomaterials science and 3D printing described in this article have enabled 

researchers to design and fabricate complex hydrogel scaffolds with well-defined architectures for growing 

multicellular structures within static and dynamic 3D environments. Since they better mimic spatial cues 

presented in natural tissue architectures compared to unstructured scaffolds, these novel materials impact 
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cell fate such as proliferation, differentiation, or migration – and thereby tissue function. Despite remaining 

challenges, these architected hydrogels therefore represent a promising tool for future applications in 

functional tissue engineering and 3D cell culture. 
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TOC  

The review provides an overview of state-of-the-art research on architected hydrogels, including their 
synthesis, characterization, and fabrication. Emerging applications that leverage architected hydrogels with 
3D cell culture and microfluidic technologies towards functional tissue engineering are highlighted.  
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