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A B S T R A C T

The use of bioequivalent hydrogels in tissue engineering (TE) is enabling 3D tissue-like scaffolds capable of 
reproducing the sophistication of natural cell–matrix interactions. Alongside the common concerns of chemical 
function, it is crucial that hydrogels have suitable mechanical properties, particularly stiffness, to create a 
complete biomimetic environment for cell development. Non-covalent biocompatible hydrogels are often too 
soft, while stiffer, covalently crosslinked materials may have challenging microenvironments in which porosity 
and residual chemicals can be problematic. If the potential of hydrogel-based TE to be realised, design strategies 
need to be carefully considered to achieve desirable end-use biomechanical properties. This review is intended 
for a cross-disciplinary readership; we discuss recent successes in bioengineering hydrogel stiffness, where 
materials that are responsive to cell inputs are used to explore the relationship between substrate stiffness and 
cellular fate commitment. We discuss the most popular measurements for mechanical studies, and outline 
optimal substrate stiffness for different cells. We summarise recent advanced studies on tuning stiffness and 
highlight future challenges challenges to address.

1. Introduction

The extracellular matrix (ECM) is a naturally produced, three- 
dimensional (3D) scaffold with biochemical (e.g., ligands, immobilized 
soluble factors, charge) and biophysical (e.g., viscoelasticity, degrad-
ability, dimensionality surface topography) signals that are constantly 
remodelled to modulate cell activity, tissue homeostasis, and disease 
pathogenesis [1–3]. Restoring the damaged and disordered ECM to 

ensure cell-mediated regeneration in human tissues after injury is a 
significant obstacle. To overcome this challenge, TE uses stem cells or 
differentiated cells embedded within bioscaffolds to generate specific 
tissues, which are often functionalized with growth factors to improve 
lineage commitment and integration. Furthermore, truly ECM 
mimicking scaffolds must contain microporous interconnected networks 
that maintain structural integrity and mechanical strength while 
permitting cell migration and tissue rejuvenation [4,5].
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Stiffness is a key mechanical property of biomaterials that influences 
cellular response to TE scaffolds [6]. The traditional understanding of TE 
was that the bioscaffolds should have consistent mechanical properties, 
shape and structure to match the host tissue. Recent research, however, 
has highlighted cells are able to effectively sense and respond to 
biomechanical stimuli, regardless of the shape and composition of the 
substrate [7,8]. While matching the stiffness of the interstitial matrix in 
which the cells reside is critically valued for its role in both biophysical 
support and mechanobiology, it is important to recognise that, in certain 
contexts, softer or stiffer matrices may outperform those attempting to 
precisely replicate in vivo matrix mechanics. This nuanced understand-
ing highlights the complex influence of matrix stiffness on cellular 
behaviour.

Increasingly, it is becoming apparent that the surface properties of 
the tissues are key in the presentation of viscosity and elasticity expe-
rienced by the cell [9]. These mechanical cues such as stiffness, surface 
topographies, and the viscoelasticity of the interstitial biofluids are 
translated into biochemical signals by mechanotransduction [10]. These 
biophysical cues are tightly correlated to affect cell fate. In this review, 
we have somewhat simplified the complexity of the viscoelastic spec-
trum; we have identified substrate stiffness for emphasis, since it is 
amongst the most commonly reported values, has been effectively 
controlled by distinctive manufacturing methods, and is utilized to 
manipulate the differentiation of cells into new tissue types.

Increasing attention for bioscaffolds is via the design and optimisa-
tion of Hydrogels, as they generally consist of polymeric chains with 
hydrophilic components that can stock vast volumes of water and 
possess the ability to imitate the 3D biophysical and biochemical 
structure of ECM [11]. Hydrogels support cell survival by retaining 
substantial amounts of water, have a macro-, micro, and nanoporous 
structure, enable the diffusion soluble factors and dissolved gases, and 
tend to be held within a material that has a ‘soft’ consistency [11]. They 
can also be designed to be biodegradable, enabling the natural ECM 
deposition. Hydrogels are considered one of the most suitable and 
promising biomaterials for wide applications in TE, cell encapsulation, 
organ-on-a-chip, drug delivery and wound dressing [12–14]. The design 
strategies need to be carefully considered to ensure desirable biome-
chanical properties are achieved for the potential of hydrogel-based TE 
to be realised. One consideration of adopting hydrogels is their low 
mechanical strength; whilst it enables biomaterials that are simulta-
neously degradable, injectable and printable, it also results in an easily 
compromised structure and integrity, and inadequate support to cells or 
the capacity for retained drugs, placing application dependant limita-
tions on their widespread adoption [15].

Consequently, defining the hydrogels’ mechanical properties whilst 
maintaining their designed biofunctionality and fabricating them into a 
robust construct can be a huge hurdle, and this review aims to provide a 
helpful reference for further exploration. Firstly, we introduce the 
concept of stiffness and summarize the most popular measurements for 
mechanical studies, whilst considering how hydrogel stiffness controls 
and affects cellular functions. We then outline optimal substrate stiffness 
for different cells and summarize the stiffness of commonly used 
hydrogels. Finally, we systematically categorize recent advanced studies 
on tuning stiffness and identify future challenges that are urgently 
needed.

2. Why do we talk in terms of ‘stiffness’?

The natural ECM is an inherently viscoelastic structure, presenting 
time-dependant mechanical behaviours such as creep and stress relax-
ation, and synthetic analogues can be limited to undergo permanent, 
unrecoverable deformation, in the form of viscoplasticity. The interplay 
between two factors is the function of the mechanisms used to form the 
hydrogels; as we will discuss later, parameters such as the choice of 
polymer network and composition, and crosslinking strategy (with co-
valent bonds or divalent cations) have a significant role here, creating a 

rigid or brittle system.
As such a discussion on mechanical properties of synthetic materials 

that reproduce the ECM, factors such as stiffness, viscoelasticity, and the 
structure and topography of hydrogels are extensively deliberated. 
Notably, there is a predominant emphasis on hydrogel stiffness 
compared to viscoelasticity and topography in current published re-
ports, particularly with regards to mechanotransduction of transcrip-
tional cellular pathways [16–23]. This propensity for a single metric 
may arise from the fact that most techniques used to measure mechan-
ical properties are typically limited to testing elastic modulus (E) or 
shear modulus (G), and a lack of assessing viscosity, viscoelasticity, 
viscoplasticity or strength.

Our understanding of the intertwined relationship between these 
mechanical parameters extends from mathematical models. Stiffness is 
measured as distinctive modulus (E or G) based on Neo-Hookean model, 
which restricts the material description to be elastic, isotropic and 
incompressible [24]. Viscoelasticity describes the ability of hydrogels to 
exhibit characteristics of both viscosity and elasticity, typically assessed 
using rheological methods to measure stored energy (shear storage 
modulus, G’) and dissipated energy (loss modulus, G’’). Additionally, 
the topography or structure of hydrogel significantly influences stiffness, 
where mathematical frameworks such as rubber-like elasticity theory 
[25] and the Mooney-Rivilin model [26] connect hydrogel structural 
parameters to stiffness properties. Swelling in hydrogels, due to their 
elastic and hydrophilic attribute, typically absorbs the solvent, expands 
the polymer network, then alters their structure and mechanical prop-
erties. This swelling process generates elastic tension within the polymer 
network, preventing the material from fully dissolving. Theoretical 
frameworks, such as those developed by Peppas and Merrill [27,28], 
Flory and Rehner [29], Treloar [30], Tanaka [31], and Richbourg and 
Peppas [25,32], provide insights into how swelling affects the stiffness 
of hydrogels by modifying the structure of the polymer network. 
Therefore, as the inherent parameters that determine the overall me-
chanical properties, these factors are closely interrelated.

In this review therefore, our primary focus is on tuning stiffness to 
manipulate the mechanical behaviour and hence affecting cell fate.

3. The concept of stiffness

Stiffness is measured as elastic modulus, which is the resistance to a 
certain deformation while returning to its original shape. Elastic 
modulus is characterized as the stress (applied force per unit area) 
divided by the strain (deformation induced by stress). Elastic modulus 
and stiffness are often considered to be synonymous. However, stiffness 
is an intrinsic characteristic of structure, while moduli are used to define 
a property of the material that the structure is comprised of [7].

Young’s modulus (E) defines the relationship between normal stress 
and strain under uniaxial loading, such as tension or compression, while 
the shear modulus (G) quantifies the material’s resistance to deforma-
tion under shear stress. Elastic stress and strain are both perpendicular to 
the cross-sectional surface, whereas shear stress and strain are parallel to 
the surface, resulting in an angular motion (Fig. 1). However, E and G 
are correlated through the following equation in isotropic materials. 

E = 2G(1+ ν)

Poisson’s ratio (υ) describes how much lateral deformation responds to 
axial loading. The Poisson’s ratios of most common solids including 
glass, concrete, iron, and sand are within the range of 0.2 to 0.3. For 
highly elastic materials such as rubber or incompressible solids, υ is 
deemed as 0.5, which means the volume remains the same by possessing 
proportionally increased length and decreased width when stretched. In 
most cases, researchers assume that hydrogels and cells have a Poisson’s 
ratio of 0.5, even though it hardly occurs in nature. As such, E is roughly 
estimated as 3G [7,33].

However, in the real world, hydrogels and tissues are viscoelastic, 
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meaning they are elastic and viscous at the same time, and gradually 
respond to applied forces due to the temporal connections among 
adjacent long polymers [34]. Time-dependent tests such as stress 
relaxation, creep tests or oscillatory tests are often used to dynamically 
analyse this behaviour. Storage and loss modulus derived from the dy-
namic mechanical analysis under uniaxial forces (expressed as E’ and 
E’’) or shear stress (expressed as G’ and G“) are two significant param-
eters relevant to biological tissues which mostly have viscoelastic fea-
tures (Table 1). Storage modulus refers to the stored energy in materials, 
characterizing the elastic responses. The loss modulus is regarded as the 
dissipated energy, indicating the viscous components. Gelation point 
refers to the critical condition (frequency or strain) at which the storage 
modulus and loss modulus become equal, marking a pivotal transition in 
the hydrogel’s rheological behaviour. This crossover point is significant 
because it indicates the shift from a predominantly liquid-like state (sol) 
to a solid-like state (gel) during the gelation process. It is commonly used 
to identify the onset of gelation, where the material begins to form a 3D 
network structure, transitioning from fluidity to elasticity.

Therefore, multiple moduli associated with the inherent elastic 
characters of materials are manifested in the stiffness of the eventual 
form [35].

4. Stiffness measuring Tools

Stiffness is measured by analysing the resulting deformation under 
applied force. There are several commonly used systems to quantify 
stiffness in hydrogels or hydrogels-encapsulated cells based on the 
different type, size and location of the applied force (Table 2). Other 
testing systems such as optical coherence elastography, ultrasonic shear 
weave elastography, optical stretching have been deeply discussed in 

other reviews [36–38].
Stiffness results from different measuring systems can vary greatly. 

Wu et al. [36] compared seven strategies to measure the elastic/storage 
modulus of MCF-7 human breast cancer cells in the consistent culture 
medium and discovered that the reported E values differed substantially 
between different techniques. For example, when measured by AFM, the 
E values ranged from 0.53 ± 0.52 kPa to 13.5 ± 7.0 kPa depending on 
the probe (cantilever tip) size, testing temperature and indentation 
speed; while when analysed by a parallel-plates rheometer, the E’ was 
0.95 ± 0.15 kPa and E’’ was 0.34 ± 0.04 kPa at a frequency of 1 Hz. 
Similar observations have been found by researchers studying the 
human cornea, with the reported elastic modulus values varying from 
2.9 kPa to 19 MPa when measured by different methods including AFM, 
tonometry, or inflation testing [49]. In addition to tissue and cells, the 
different testing systems result in different values for the mechanical 
properties of hydrogels. For instance, Megone et al. [50] demonstrated 
that the shear modulus of the elastomer polydimethylsiloxane (PDMS) 
was 270 Pa when tested by rheology, while AFM provided much higher 
G values up to 13 kPa.

The results of these rheological experiments should primarily be 
correlative, although variations of up to three orders of magnitude may 
exist among different techniques. These discrepancies are likely caused 
by different contact methods, force application, sample loading princi-
ples, and configuration setup (i.e., different rheology geometry sizes, 
and AFM probes), etc. A significant study by Richbourg et al. [24]
conducted a cross-evaluation of the accuracy and precision of stiffness 
measurements for PVA hydrogels using five different instruments: ten-
sile testing, compression testing, rheometer, macro-indentation, and 
nano-indentation. Their findings indicated that tensile testing and 
macro-indentation yielded consistent results across the entire range of 

Fig. 1. Different types of stress act on tissues, including tension, compression, shear and indentation.

Table 1 
Different modulus related with stiffness and their internal relationship.

Moduli Definition Application Assumption Relationship to other moduli

Shear modulus 
(G)

Ratio of shear stress (τ) to shear strain (γ) Elastic hydrogel, i.e. 
covalently 
crosslinked hydrogel

Neo-Hookean model: the behaviour of 
incompressible hyperelastic materials undergoing 
large deformations, with the stress–strain 
relationship derived from a simple strain energy 
function based on the deformation gradient.

For most hydrogels in TE 
applications, G serves as a more 
accurate and fundamental 
descriptor of stiffness 
τ = G(γ 2-1/ γ) 

Young’s modulus/ 
Elastic modulus 
(E)

Ratio of normal stress (σ) to normal strain 
(ε)

Linear tension or 
compression 
experiments

Hooke’s law: the stress applied to a material is 
directly proportional to the strain produced, within 
the material’s elastic limit.

E = 2G(1 + v)

Shear storage 
modulus (G’) 
and loss 
modulus (G’’)

Frequency and strain dependent elastic 
response to shear deformations

Viscoelastic hydrogel Linear viscoelastic range (LVE): the stress and 
strain are proportional at which a material behaves 
in a linearly viscoelastic manner, or G’ remains 
relatively constant over a specific frequency range 
at a fixed shear strain.

G’ could be estimated as G when 
hydrogels are effectively elastic 
(G”< 0.05* G’)

Complex modulus 
(E* or G*)

Combine the elastic and viscous 
components under cyclic loading. 
Its magnitude represents the overall 
stiffness of the hydrogel, and its phase 
angle (δ) indicates the relative 
contributions of elasticity and viscosity.

Viscoelastic hydrogel Linear viscoelastic range (LVE): the stress and 
strain are proportional at which a material behaves 
in a linearly viscoelastic manner, or G’ remains 
relatively constant over a specific frequency range 
at a fixed shear strain.

E*=E’+iE” 
G*=G’+iG” 

Tan(δ)=
G˝

Gʹ
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stiffness values, while stiffness measurements from tensile and 
compression tests showed a high correlation (with a high R2 value). 
Expanding the applicability of this model to other hydrogel systems in 
future research would greatly enhance our understanding of hydrogel 
stiffness.

The selection of an optimal strategy for measuring a sample’s stiff-
ness must take into account the material’s properties (such as cells, 
tissues, or hydrogels), the required resolution (nano, micro, or macro), 
and the specific experimental questions being addressed.

5. The biological importance of stiffness

In 1942, Thompson first proposed the idea that mechanical signals 
could stimulate cells and tissues to behave differently in response to 
their surroundings [51]. Since then, numerous observations have 

confirmed various types of cells adapt themselves to being on soft or firm 
culture surfaces with an observable change in their activities [52]. The 
publication by Pelham and Wang in 1997 is considered a significant 
milestone in mechanobiology [53]. They developed a tenable poly-
acrylamide (PA) hydrogel system, where the ratio of acrylamide to bis- 
acrylamide crosslinker could be adjusted to create hydrogels of variable 
stiffness. This enabled researchers to consistently analyse cellular re-
actions to different substrate stiffnesses. This simple regulative system 
has assisted researchers in proving the correlations between substrate 
stiffness and cellular regulations, including adhesion, migration, dif-
ferentiation, etc [54–56].

Integrins are major adhesion receptors that regulate cellular pro-
cesses from probing substrate stiffness to signalling [55]. Integrins can 
connect internally to the cell’s cytoskeleton and simultaneously anchor 
cells to the ECM by binding to certain ligands, such as the ubiquitous 

Table 2 
Common mechanical testing methods (modified from ref [39]).

Mechanical 
technique

Applied force Principle Targeted sample Resolution Measured 
modulus

Limitations Ref

Compression and 
tensile test

Compression 
and tension

Record the displacement response 
by a controlled uniaxial force

Metal and polymers Centimetres to 
millimetres

E in Pascals (Pa) 
or gigapascals 
(GPa); 
Ultimate tensile 
strength in 
megapascals 
(MPa)

Sample must be prepared 
into specific shape. 
Strain rate sensitivity. 
Challenge to do with soft 
hydrogel.

[40]

Rheology Shear The small torque applied to 
geometry leads to the sample shear 
deformation response that is 
translated and analysed by a digital 
system.

Hydrogels and soft 
tissue, especially 
with viscoelastic 
properties

Millimetres to 
micrometres

G’ and G’’ in Pa; 
Viscosity (η) in 
Pa⋅s

Low resolution. [41]

Magnetic 
resonance 
elastography 
(MRE)

Shear The displacement propagation of 
the sample from the non-invasive 
shear waves with the set frequency 
is measured by analysing the MR 
picture.

In vivo organisms Millimetres     G in Pa High skill required. 
Expensive. 
In vivo only.

[42]

Magnetic 
twisting 
cytometry 
(MTC) 

Shear Magnetic microbeads apply the 
known twisting forces to living cells 
and the resulting bead rotation will 
be measured by a magnetometer 
and quantified as mechanical 
responses.

Living cells Micrometres 
to nanometres

G* in Pa High skill required. 
Expensive. 
Modulated magnetic 
signal, but the limited 
methods to 
demodulation.

[43]

Micro- 
indentation

Indentation The sample is indented with a 
certain-forced probe and the 
change of depth and hardness of the 
sample will be evaluated.

Ex vivo tissues Micrometres E in Pa; 
Hardness in MPa

Only solid tissues. Low 
sensitivity.

[44]

Nano-indentation Indentation Same principle as micro- 
indentation but at a much smaller 
scale

Thin films and 
coatings, single 
phases in 
heterogeneous 
materials

Nanometres E in Pa; 
Hardness in GPa

Highly sensitive to noise, 
complex sample 
preparation

[45]

Atomic force 
microscopy 
(AFM)

Indentation Utilizes a nanoscale tip on a 
cantilever controlled by a 
piezoelectric element, that when it 
contacts with the sample causes a 
deflection in the photodetector, 
enabling measurement of the force

Live cells and 
hydrogels

Nanometres E in Pa or GPa High skill required. 
Expensive. 
E must be > 100 Pa.

[46]

Microrheology Thermal 
fluctuation or 
active force

Tracks the motion of embedded 
tracer particles to probe local 
environments in an active or 
passive manner.

Soft materials 
(hydrogel and tissue) 
in small quantity

Micrometres G’ and G’’ in Pa; 
η in mPa⋅s

Expensive and high skill 
required. The tracer 
particles might alter the 
local rheological 
properties.

[47]

Brillouin 
Microscopy

Acoustic force The shift in the light’s frequence 
due to the interaction between 
thermal acoustic phonons and light 
fraction introduced by a laser 
beam. This shift is related to the 
speed of sound that could be 
detected by spectrometer. Then the 
stiffness in the spatial and temporal 
modulation could be inferred by 
the sound speed.

Living cell, tissue, 
hydrogel with homo- 
or heterogenous 
properties

Micrometres 
to nanometres

Longitudinal 
modulus (M) in 
Pa

High mathematical skill 
required. Expensive. M of 
highly hydrated 
hydrogels does not 
correlate with E

[48]
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Arg-Gly-Asp (RGD) motif [57,58]. Clustered integrins dynamically 
stimulate the secretion of multiprotein complexes to form focal adhe-
sions (FAs). The FA complex is able to mechanically bind the cell and the 
ECM, while simultaneously acting as an indicator, assembling actin fil-
aments into stress fibres that affect cytoskeleton tension, as well as a 
regulatory signalling hub directing and transducing external signals that 
trigger a variety of cellular responses [59–61].

Compared to matrices with low stiffness, stiffer matrices typically 
encourage the maturation, turnover, and stabilization of FAs, leading to 
the formation of stress fibres and the recruitment of more signalling 
molecules (e.g., vinculin and talin), which promote cell adhesion, 
enhance mechano-signalling, and influence cellular functions such as 
motility and differentiation [55]. To elucidate the process, one view in 
mechanotransduction explicitly explains that actin can work with 
myosin by forming the molecular clutch system to probe the stiffness 
change in surrounding environment (Fig. 2) [62]. In this system, actin 
filaments, driven by polymerization at the cell’s leading edge and 
myosin II-induced contractions, generate retrograde flow towards the 
cell’s rear. This flow is resisted by integrins and linking proteins (i.e., 
vinculin and talin) between actin bundles and the ECM, transmitting 
forces and slowing down actin flow via a ‘friction’ mechanism. ECM 
stiffness is thought to be primary parameter to affect this mechanism: On 
rigid substrates, integrins resist displacement due to the high resistance 
of the ECM, thereby enhancing force transmission and stabilizing ad-
hesions; in contrast, on compliant substrates, integrins move in response 
to ECM deformation, which reduces the effectiveness of the clutch sys-
tem [63]. Gong et al. [64] pointed that beyond stiffness, viscoelasticity 
also affects the cell spreading especially where substrate relaxation time 
matches the clutch binding timescale on the soft substrates; however, it 
does not influence cell spreading for stiffer substrates, as the increased 
stiffness already saturates the bound clutches.

Substrate stiffness also plays an important role in the Rho signalling 
pathway, leading to active Rho GTPases (e.g., RhoA, Rac1, Cdc42) and 
Rho-associated kinase (ROCK), trigger actomyosin contractility, which 
in turn enhances focal adhesion (FA) formation and stress fibre assembly 
[65–67]. If the matrix is soft, the cells will detect less resistance, reduce 
Rho/ROCK activity, and release signals with different phenotypical re-
sults [68]. Moreover, YAP/TAZ, as transcriptional co-activators, can 
respond to physical cues and regulate mechanotransduction through 
their translocation from the cytoplasm to the nucleus, thereby activating 

transcriptional programs [69]. However, while YAP/TAZ strongly 
correlate with substrate stiffness in 2D cultures, this relationship re-
mains unclear in 3D cultures [70,71].

Thus, at the molecular and genetic scale, substrate stiffness plays a 
pivotal role in regulating cellular functions via integrins-mediated FAs, 
Rho/ROCK and YAP/TAZ signalling pathways.

Increasingly, it is becoming clear that varying substrate stiffness af-
fects the effectiveness and control of cell reprogramming. In one such 
example, Gerardo et al. [72] found that reprogramming efficiency 
significantly increases when somatic cells are cultured on substrates 
with a stiffness of approximately 100 kPa, compared to softer substrates 
(around 1 kPa) or stiffer ones (around 1.3 MPa). It could be that sub-
strates that match the terminal differentiation goal improve the effi-
ciency of attainment. Tissue homeostasis and disease progression are 
profoundly affected by cellular responses to substrate stiffness. Tissue 
homeostasis, a process of continual tissue renewal involving cellular 
growth and differentiation, is influenced by the physical, chemical, and 
biological stimuli from the ECM [55]. For example, bone can balance the 
ongoing process of resorption and formation and modify its structure to 
withstand mechanical forces, indicating that the behaviours of bone 
cells are regulated by the release of cytokines induced by substrate 
stiffness [73–75]. The Osteocyte system, the primary sensor detecting 
deformation caused by the matrix stiffness, relays signals to other bone 
cells and initiates remodelling in response to the amplitude of substrate 
stiffness [75,76]. If substrate stiffness is lower than the threshold, this 
will result in the apoptosis of osteocytes related to resorption triggered 
by a lack of repressive signals [77,78]. In contrast, the presence of 
deformation recognized by osteocytes could prevent their death and 
stimulate signals to inhibit the formation of osteoclasts which is 
responsible for bone erosion [79–81]. Hence, the substrate with me-
chanical properties, in particular stiffness, which resembles the local 
ECM is vital for tissues to maintain normal activities and homeostasis via 
induced signals to the cells.

Imbalanced tissue homeostasis often occurs after acute trauma. 
Abrupt fluctuations in mechanical loadings perceived by cells can cause 
tissue function impairment due to the absence of mechanical regulation 
required to modulate cell reformation [39,55,82,83]. In severe diseases, 
prolonged instability of homeostasis will have physical consequences on 
cells and tissues. For instance, traumatic brain injury interrupts the 
distribution of ECM and leads to the degradation of hyaluronic acid, 

Fig. 2. The stiffer matrix induces the generation of focal adhesions and activation of the Rho pathway, thereby regulating cellular activities. The increase in ECM 
stiffness could stimulate the activation of integrins and growth factors. Activated integrins connect to the actin cytoskeleton and facilitate the recruitment of focal 
adhesion kinase (FAK) to form the FA complex. Concurrently, growth factors such as transforming growth factor-β (TGF-β) and vascular endothelial growth factor 
(VEGF) undergo activation, binding with their receptors and clustering with integrins to augment biochemical signals. The synergy between activated integrins and 
growth factors plays a vital role in regulating Rho pathways. Additionally, FAK activation can also indirectly influence Rho/ROCK signalling. YAP/TAZ can be 
activated and translocated to the nucleus, thereby influencing the activation and transcription of ECM-related genes, as well as proliferation and migration genes. 
Created with BioRender.com.
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followed by the breakdown of proteoglycans and various fibrous pro-
teins [83,84]. Research has been conducted on the cerebral cortex of 
mice with a controllably injured brain, which has shown a considerable 
reduction in stiffness of the impaired tissues right after the trauma and 
this reduction continued for 28 days [85]. During the wound healing 
process, the injured extracellular matrix (ECM) is replaced by fibrous 
tissue, forming scar tissue. The increased stiffness of scar tissue 
compared to the original ECM is attributed to disruptions in normal ECM 
regeneration/degradation and an excess of ECM protein crosslinking 
[86]. Similarly, scarring in other parts of the body, such as the skin, 
would not significantly affect patient health, assuming that the other 
aspects of recovery are intact [55]. However, the scar tissue formation in 
the central nervous system can severely perturb normal function. Glial 
scar growth in the brain forms a physical barrier that restrains signal 
transmission and healing [87]. Along with mechanical damage, aging 
also disturbs the original homeostasis state [55,83,88–90]. A biological 
phenomenon is that muscle stiffness greatly increases in older people 
because of a higher degree of collagen crosslinking [89].

A long-term stiffness imbalance may compromise tissue and organ 
balance, leading to progressive diseases, such as fibrosis. Tumour 
development is a typical fibrotic progression with a continuously 
remodelled microenvironment, resulting in the dramatic excess in 
stiffness that is a distinguishing feature in diagnosing a tumour state 
[55]. Scientists have ascertained that cancerous breast tissue (1.5–9.3 
kPa) is much firmer than healthy breast tissue (0.15–0.53 kPa) [91–93]. 
As a result of excessive fibronectin and collagen type I accumulation, the 
stiffness is almost ten times greater, resulting in a firm malignant growth 
adjacent to the local site of the lesions [94].

Stiffness is also one of the critical mediators to trigger the healing 
process that repairs damaged tissue and recovers impaired function. 
Angiogenesis and vascularisation are primary functions of endothelial 
progenitor cells (EPCs), which are triggered by matrix stiffness by the 
Rho signal pathway to secrete matrix metalloproteinases (MMPs) that 
help degrade the original ECM and form new tissues [95–97]. Therefore, 
mechanical cue, in terms of stiffness, regulates cell activity, thus 
affecting tissue homeostasis and disease progression. Hence, from an 
engineer’s perspective, it is important to mimic local stiffness to ensure 
cellular behaviour matches the targeted purpose.

6. Optimal substrate stiffness

There are 11 major organ systems in the human body, presenting a 
wide range of stiffnesses. The elastic moduli spectrum spans from the 
minimum value of 11 Pa of intestinal mucus to the maximum value of 25 
GPa of bone in the human body (Fig. 3) [98]. Nervous tissues are among 
the most flexible, followed by a majority of abdominal organs (such as 
kidneys and livers) and muscles, and then cartilage, ligaments, tendons, 
and bones. Cells adapt to varying stiffness with E ranging from near 50 
Pa in the brain to over 2 GPa in the bone [92], but also varying visco-
elasticity in the body, with G’ and G” values up to kPa in the brain 
compared to ~ 102 GPa for G’ and ~ 1 GPa for G” in the bone [22].

Physiological functions and mechanisms determine the stiffness of 
each organ, tissue and cells. For instance, despite the fact that muscle 
and bone are anatomically and mechanically linked, the muscle is much 
more compliant than the bone. Physiologically, muscle is required to 
respond to mechanical loading and modulative signals by contraction 
and relaxation activities to mechanically move the body and secure bone 
in place, while bone provides stability to assist muscular functions and 
organ protection thus needing a stiffer structure.

The local ECM regulates cellular responses in functionally dynamic 
or static tissue through mechanical loadings and signalling communi-
cations between adjacent cells. Moreover, specific cells are particularly 
tailored to the distinct tissue at resident sites (Table 3). For example, 
neural and muscle cell behaviours such as growth, proliferation, dif-
ferentiation, and death are favoured in more compliant substrates, while 
bone cells require a rigid matrix to maintain normal activities [92]. 

While some cell types can benefit from variable stiffnesses dependent on 
the desired tissue design, for instance, endothelial cells seeded in stiffer 
gels develop into vessels with larger lumens, conversely soft matrices 
promote the formation of branched capillary-like structures [92,99]. 
This further highlights modulating matrix stiffness as an important tool 
for engineers to customise cellular responses.

It has been generally accepted that mimicking the intrinsic stiffness 
of local tissue could provide suitable mechanical stimulus and cues for 
cells from this tissue and regulate cellular activities. However, the 
stiffness of human tissue is usually quantified in a range instead of a 
fixed value, i.e., human skin (60 to 850 kPa) and skeletal muscle (5–170 
kPa) [7]. Further, a discrepancy is found between in vivo stiffness value 
and in vitro matrix stiffness for maximum biological responses. 
Compared to the elastic modulus for in vivo normal vascular smooth 
muscle cells (over 400 kPa), Nagayama et al. [100,101] reported that 
optimal substrate stiffness for vascular smooth muscle cells (VSMCs) 
differentiation (40 kPa) might be more dependent on VSMCs in con-
tractile activation stage (90 kPa). Therefore, optimal substrate stiffness 
should always be carefully considered when designing scaffolds for 
different cells (Table 3).

7. Commonly used hydrogels

A hydrogel is a 3D network of interlinked polymers with hydrophilic 
properties that are capable of retaining large amounts of water. In 
healthcare and biomedical engineering, hydrogels are widely utilised in 
wound dressings, biosensors, TE, and drug delivery due to their 
biocompatibility and functionality [12,125–130]. The physical and 
mechanical properties of the gels can be customized to mimic the role of 
the local ECM and provide a congenial scaffold for cells (Fig. 4). The 
final gelation network is formed by combining monomers via physical, 
chemical, or enzymatic crosslinking methods (Fig. 5). In TE, hydrogels 
are categorized into two main groups, referred to as natural and syn-
thetic hydrogels [11], each containing their own limitations. Natural 

Fig. 3. Stiffness of human tissues. The stiffness of human tissue is usually 
quantified in a range. The elastic moduli (E) of these living tissues are presented 
in the figure as reported in the literature, in comparison with some common 
materials in our daily lives. Tissues are arranged in the ascending order of E 
values, spanning from the softest mucus (0.05 kPa) to the stiffest bone (30 
mPa). Created with BioRender.com.
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Table 3 
Reported substrate stiffness for targeted cellular responses across different tissues.

Organ/ 
tissue

Cells Cell Culture Conditons Measuring 
Technique

Modulus Reported 
stiffness for 
target response 
(kPa)

Behaviour Change 
with Low Stiffness

Behaviour Change 
with High Stiffness

Ref

Brain and 
nerve

Patient-derived 
glioblastoma 
xenograft cells

3D in PEG gel Compression test Elastic 
modulus

0.24 Cancer cell 
proliferation and 
spreading 
enhancement.

Increase drug 
resistance.

[102]

 Adult neural stem 
cell

2D on peptide-modified 
interpenetrating polymer 
network

Rheometer Elastic 
modulus

0.5 Neuron formation 
(self-renewal).

Glial cultures 
(differentiation).

[103]

 Human iPSCs 2D on tilapia collagen gel Rheometer Shear 
storage 
modulus

1.5 Not clear. The development of 
dorsal cortical neurons 
at an early stage.

[104]

 Schwann cell 2D on polyacrylamide gel Compression test Elastic 
modulus

7.45 Cell clustered. Cell elongated. More 
random motility. 
Higher expression on 
adhesion proteins.

[105]

Blood 
and 
vessels

individual bovine 
aortic endothelial 
cells and spheroids

3D in glycated collagen 
gel

Compression test Elastic 
modulus

0.515 Spheroids had fewer 
extension.

Enhance spheroid 
extension outgrowth 
and cellular spreading.

[106]

 Rat vascular 
smooth muscle 
cells

2D on polyacrylamide gel AFM Elastic 
modulus

40 Low cell spreading 
area and weak 
adhesion.

The elongated shape 
and thick actin stress 
fibres.

[100]

 Human umbilical 
cord-derived 
endothelial cells 
and mesenchymal 
stem cells

2D on Materigel coated 
hydrogel

Unknown Unknown 17 Form the larger 
clusters and 
maximize 
condensation.

Smaller clusters and 
less condensation.

[107]

Skeletal 
muscle

Human muscle 
stem cells

3D in collagen hydrogel AFM Elastic 
modulus

1–2 Most cells maintained 
quiescent and proned 
to apoptosis.

Less cells were 
quiescent. Cells tended 
to activate and 
differentiate.

[108]

 Dental-derived 
gingival 
mesenchymal stem 
cells

3D in peptide coupled 
alginate

Compression test Elastic 
modulus

10–16 Less capacity for 
myogenic 
differentiation.

10–16 kPa of stiffness 
range was the best for 
myogenic 
differentiation 
capacity.

[109]

 C2C12 myoblasts 2D on polyacrylamide gel 
with collagen coat

AFM Elastic 
modulus

12 No striation. Less differentiation 
when substrate 
stiffness over 12 kPa.

[110]

Kidney Human renal 
progenitor cells

2D on polyacrylamide gel 
with collagen coating

Unknown Elastic 
modulus

4 Isolated cells 
exhibited thin sheet- 
like morphology. 
High and stable 
circularity and cell 
spreading area. Stay 
quiescence.

Clustered cod-like 
morphology. Low 
circularity and cell 
spreading area. 
Proliferation.

[111]

 Murine inner 
medullary 
collecting duct

3D in micropatterned 
polydimethylsiloxane or 
alginate molds

Nanoindentation Elastic 
modulus

439.9 Failed to form tubular 
structure.

Promoted tubular 
formation.

[112]

Immune 
system

Jurkat E6 T 
lymphocytes

2D on glass coverslip 
with 
polydimethylsiloxane 
coating

AFM Elastic 
modulus

5 Less spreading More spreading [113]

 Bone marrow- 
derived 
mesenchymal stem 
cells and 
macrophages 
coculture

3D in transglutaminase 
cross-linked 
gelatin

Compression test Elastic 
modulus

60.5 MSC proliferation. 
Positive effect on 
osteogenesis with cell 
coculture.

MSC osteogenic 
differentiation. 
M1-type macrophages. 
Negative effect on 
osteogenesis with cell 
coculture.

[114]

Heart Rat cardiac 
fibroblasts

3D in hybrid collagen- 
alginate gel with 
dynamic stiffness 
modulation

Rheometer Elastic 
modulus

5–30 
(dynamically 
changed with 
time) 

(5 kPa: normal 
condition) 
Potentially reverse 
the differentiation 
state, and slow the 
fibrotic process

(30 kPa: disease 
condition) 
Accelerate the fibrosis. 
Form mature FA 
complexes.

[115]

 Rat neonatal 
cardiomyocytes

2D on polyacrylamide gel 
with collagen coati

Compression test Elastic 
modulus

22–50 Low excitation, fewer 
cells, reduced 
contraction force and 
cell elongation.

Higher fibroblast 
density and poor 
electrical excitability.

[116]

Skin NIH-3 T3 mouse 
fibroblasts

2D on polyacrylamide gel Rheometer Shear 
storage 
modulus

10 Round shape. Large spread cells. 
Actin fibres formation.

[117]

(continued on next page)
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hydrogels such as collagen, chitosan, fibrin, elastin, etc., usually have 
weak mechanical characteristics, whereas synthetic polymers such as 
Pluronics, poly(ethylene glycol) (PEG), gelatine methacryloyl (GelMA), 
etc., provide stronger mechanical properties at the expense of biological 

function. Synthetic polymers’ absence of major biological molecules, 
such as growth factors, anchorage sites, and bioactive cryptic peptides, 
leads to a delay or absence of cell adhesion or migration [131]. We will 
discuss the mechanical properties of representative hydrogels by 

Table 3 (continued )

Organ/ 
tissue 

Cells Cell Culture Conditons Measuring 
Technique 

Modulus Reported 
stiffness for 
target response 
(kPa) 

Behaviour Change 
with Low Stiffness 

Behaviour Change 
with High Stiffness 

Ref

 Human epithelial 
cells

2D on PEGDA gel with 
protein coat

AFM Elastic 
modulus

40 Maintain a rounded 
shape. Low YAP 
expression.

More actin stress fibres 
and vinculin clusters 
formation. Initially 
high YAP in nucleus 
and decreased 
gradually.

[118]

 Primary human 
dermal neonatal 
fibroblasts

3D in stiffness-gradient 
decellularized ECM 
hydrogel from porcine 
skin

Compression test Elastic 
modulus

120 Randomly spread. 
After 5 days, cells 
aligned with 45◦ in 
regions.

Oriented elongation. 
After 5 days, cells 
decreased stiffness 
before the alignment.

[119]

Cartilage Canine 
chondrocytes

2D and 3D on chitosan 
gel

Compression test Elastic 
modulus

19.9 Flattered and spread 
morphology.

Round shape. 
Growth and 
proliferation 
promotion.

[120]

 Human 
mesenchymal stem 
cells

3D in peptide hydrogel Rheometer Shear 
storage 
modulus

21 Less chondrogenic 
differentiation.

Promote chondrogenic 
differentiation.

[121]

Bone Human 
mesenchymal stem 
cells

3D in peptides-alginate- 
agarose hybrid gel

Compression Elastic 
modulus

22 Inhibite osteogenesis 
and enhanced 
adipogenesis.

Osteogenic 
commitment and 
osteogenesis 
enhancement.

[122]

 Bone marrow 
mesenchymal stem 
cells

3D in GelMA Compression Elastic 
modulus

39–45 Enhance adipogenic/ 
chondrogenic 
differentiation

Promote osteogenesis. [123]

 Rat calvarial 
osteoblasts

2D on 
polydimethylsiloxane

Compression Elastic 
modulus

134 Small and round 
shape. Less actin 
fibres.

Polygonal shape. 
Osteoblastic 
differentiation.

[124]

       

Fig. 4. The main characteristics of hydrogels in TE. To achieve practical implementation in TE, it is imperative for natural hydrogels involving protein-based, 
polysaccharide, synthetic or decellularized hydrogels, to meet essential criteria. These criteria include adequate mechanical strength, appropriate biodegrad-
ability, enhanced printability, and optimal preservation of cell viability. Created with Biorender.com.
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category (Table 4).

7.1. Natural hydrogels

Natural hydrogels are mostly derived from protein polymers, poly-
saccharide polymers, and decellularised tissues [131]. They preserve 
biologically active molecules such as growth factors and glycans that can 
promote vital cellular functions like cell growth, differentiation and 
death thus tuning or maintaining physiological or psychological func-
tions of body systems, nonetheless they are generally biocompatible and 
biodegradable [140]. To counteract the inferior mechanical properties 
of naturally derived hydrogels, composite natural-synthetic or natural- 
natural hydrogels may be incorporated [131,141,142], in which the 
degree of crosslinking may be optimised. However, due to high batch-to- 
batch variations, manipulating and altering the sequence distribution of 
natural hydrogels is difficult since slight modifications can radically 
change the responses and fate of the embedded cells [141,143,144].

7.2. Protein-based hydrogels

Most protein hydrogels for TE utilise fibrous proteins that are already 
constituents of the ECM structure, such as collagen, elastin, and fibrin, 
which are employed as bioscaffolds to encapsulate cells. The source of 
these hydrogels is usually from animal extraction or biosynthetic routes 
[140]. For example, collagen is primarily derived from porcine, bovine, 
and fish skin tissues, whereas fibrin comes from autologous blood and 
from allogeneic or recombinant sources. Proteins can be treated under 
mild biocompatible conditions to fabricate hydrogels, and these 
hydrogels are biodegradable in the human body by proteolytic enzymes 
[145]. Therefore, protein-based hydrogels have versatile applications in 
the field of TE.

7.3. Collagen

In mammalian animals, collagen constitutes around one-third of the 
total protein and is mostly found in skin, bone, and connective tissues 

[146]. The structure of collagen is comprised of a triple helix including a 
duplicate set of amino acid sequences of − Glycine-X-Y-, where X stands 
for proline and Y refers to hydroxyproline. Collagen I is the most widely 
investigated and employed among 29 types of collagens [131]. In spite 
of the fact that this type of hydrogel has the ability to resist applied force 
and prevent plastic deformation, the lack of covalent bonding results in 
poor mechanical strength. To improve mechanical performance, 
different crosslinking methods have been employed [131]. The general 
preparation of collagen I hydrogel requires adding NaCl into the solution 
to strengthen mechanical characteristics, then raising the pH to the 
isoelectric point of collagen as the relatively weak ionic strength enables 
better linear viscoelastic behaviours and transparency [147]. Trans-
parent hydrogels in TE could offer visualisation of encapsulated cells’ 
behaviours and facilitate oxygen and nutrient exchange due to their 
microscale porous structure.

Yang et al. [148] tested the shear modulus of dry fibrils of collagen I 
(G = 33 ± 2 MPa) via AFM. They also found that the hydration of these 
fibrils will decrease G by a factor of 10 (2.9 ± 0.3 MPa), which confirms 
the anisotropic performances of collagen fibrils. Moreover, 
carbodiimide-mediated chemical crosslinking of the collagen fibrils 
significantly raised G (74 ± 7 MPa at dehydrated state). Nevertheless, 
moderate crosslinking reinforcement is preferred to form mechanically 
supported collagen fibrils. Too high of a crosslink density can result in 
brittle structures that cannot dissipate excessive energy [149].

The disadvantage of using collagen as a hydrogel in the human body 
is that collagen degrades into amino acids, which can lead to throm-
boembolism and coagulation [131]. Moreover, collagen’s high cost 
makes it unsuitable for mass production and widespread biomedical use 
[150].

7.4. Fibrin

Another representative of protein-based hydrogels is fibrin. Fibrin, 
procured from the blood, consists of two parts, fibrinogen and thrombin. 
When activated, fibrinogen transforms into fibrin and forms a fibrous 
network, which is a key step in tissue recovery and the coagulation 

Fig. 5. Crosslinking mechanisms in hydrogels: physical, chemical, and stimulus-driven effects. Physical crosslinking involves non-covalent interactions, such as 
hydrogen bonds, hydrophobic association or ionic interactions, which stabilize the hydrogel network. Chemical crosslinking relies on covalent bonds formed through 
chemical reactions, enhancing the gel’s structural integrity. External stimuli such as pH, temperature, light, enzyme and other environmental factors can modulate 
both physical and chemical crosslinking processes, affecting the gel’s properties and functionality. Created with BioRender.com.
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cascade [131]. Due to its easy access from the blood, fibrin-based gels 
have been proposed as a collagen replacement [151]. Moreover, these 
hydrogels are primarily used in cardiac TE; however, poor mechanical 
properties and rapid degradation are major obstacles [152].

The mechanical behaviours of fibrin are controlled by the density of 
fibrinogen and thrombin. Fibrinogen is soluble; however, in the pres-
ence of thrombin, it can be converted into fibrin gel or a blood clot 
[153]. Kniazeva et al. [154] proved that fibrinogen concentration 

control can alter substrate mechanical cues, thus affecting angiogenesis 
and implanted endothelial cell viability. Additionally, fibrin is a “self- 
restoring” biomaterial [155]. When fibrin clots are continuously 
stretched during creep tests, their stiffness does not change, which is 
most likely due to reversible interactions between the N-terminal Gly- 
Pro-Arg sequence and complementary binding pockets, which hold the 
structure together and resist stress deformation [156–158].

7.5. Elastin

Elastin, a key ECM protein in connective tissue, confers resilience, 
strength and elasticity to different organs and tissues. In stretchable 
tissues, such as the skin, lungs, and aorta, elastin dominates due to its 
strength and flexibility [131,159]. This has made elastin a versatile 
hydrogel component when building a matrix for skin and vascular im-
plants. Elastin must be purified before grafting into the body, but this 
process does not remove all immunogenic contaminants [160]. More-
over, elastin is not often chosen as a scaffold material due to its exten-
sively crosslinked structure and insolubility [159,160]. Other soluble 
forms of elastin are therefore developed, such as tropoelastin, elastin- 
like peptides (ELPs), elastin-like recombinant (ELRs), and elastin- 
mimetic hybrid polymer (EMHP) [161–164].

By cleaving some signal peptides, tropoelastin can be converted to 
elastin, but the yield is extremely low [159]. According to the final 
application, amino acid sequences or peptide concentrations can be 
adjusted to control the tuneable mechanical properties. Stiffness can 
range from 1.6 to 1200 kPa and their extensibility (strain at failure) is up 
to 150 %, which emphasizes the versatility of elastin-based polymers 
[165].

7.6. Polysaccharide based polymers

Polysaccharides consist of repeating units of monosaccharides, such 
as glucose, mannose, and galactose, linked by glycosidic bonds, and 
exhibit superior water absorption and retention due to their abundant 
hydroxyl groups.

7.7. Glycosaminoglycans

In all mammalian tissues, glycosaminoglycans (GAGs) are long 
chains of negatively charged polysaccharides [166]. Four categories of 
GAGs are heparan sulfates (HS)/heparin, chondroitin sulphate (CS), 
keratan sulphate (KS), and hyaluronic acid (HA) [167]. Since HA is the 
only non-sulfated GAG, it interacts with other GAGs and proteoglycans 
(PGs) physically rather than through covalent bonds with core proteins 
[167]. In the ECM, GAGs are able to interact with functional bio-
molecules such as growth factors, core proteins, and proteases, depen-
dently on their structure and compounds [167–169]. Additionally, GAGs 
are greatly polar and hydrophilic, allowing them to increase water 
retention, further making a partial contribution to mechanical stability 
of tissue by resisting extensive loading [167]. GAG/PG interactions with 
other matrix proteins, notably collagen, are also supportive of a me-
chanically stable ECM [170–172].

There is a remarkable number of applications for HA, as opposed to 
other GAGs, in TE, including wound healing, cartilage development and 
neural tissue regeneration [131,173,174]. HA plays a significant role in 
the development of early embryos and cell matrix with tuneable phys-
ical and rheological properties, despite its slow gel formation and fragile 
structure [175]. The crosslinking density and molecular weight deter-
mine how HA behaves mechanically. For example, Ren et al. [176]
adjusted the molecular weight of HA from 4 kDA to 90 kDA to control 
the storage modulus of an HA hydrogel from 0.2 to over 1 kPa. HA with 
lower molecular weight (4 kDA) displayed a stress-relaxing tendency, 
indicating the way of deformation and stress change under constant 
strain. As a result of stress relaxation behaviour, a hydrogel’s mechan-
ical strength is also crucial for cellular spreading and proliferation 

Table 4 
The influence of selected hydrogel’s stiffness on cellular response.

Hydrogels Measuring 
Technique

Stiffness 
(E, kPa)

Biological Response Ref

Collagen   Rheometer 15.4–31.8 Stiffer collagen gels 
support greater cell 
viability and cardiac 
lineage 
differentiation.

[132]

Fibrin Compression 
test

3.4–10.9 Stiffer fibrin 
hydrogels support 
neural cell growth 
and differentiation. 
Softer gels support 
capillary-like 
structure formation 
from endothelial 
cells. 

[133,134]

HA Compression 
test

1.5–8 Crosslinked HA 
improves cell 
viability and the 
chondrogenesis 
potential of human 
adipose-derived stem 
cells. 

[135]

Chitosan Compression 
test

Below 1 
− greater 30

Soft gels (E < 10 kPa) 
support neural stem 
progenitor cell 
proliferation and 
maximum 
proliferation was 
achieved on surfaces 
with a stiffness of 3.5 
kPa. Stiffer gels (E >
7 kPa) improve 
oligodendrocyte 
differentiation, while 
gels with E < 1 kPa 
promote greater 
oligodendrocyte 
maturation and 
myelination. 

[136]

dECM Compression 
test

3.233–6.998 Regulate TGF-β1 
induced 
differentiation and 
vascular network 
formation.

[137]

PEG Compression 
test

129–3170 The stiffer matrix 
supports osteogenic 
and adipogenic 
differentiation (at a 
high cell density) 
with the assistance of 
cell adhesive RGD. 

[138]

GelMA Tensile test 49.9–139.1 The viabilities of 
human dermal 
fibroblasts are not 
affected by GelMA’s 
stiffness. Cell 
proliferation and 
differentiation are 
inversely related to 
GelMA’s stiffness.

[139]
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[176–178]. The improvements of mechanics of HA can also be carried 
out via crosslinking modifications, including physical (temperature 
control and ionic crosslinking), chemical (thiol-modification, Schiff- 
base strategy, Diels-Alder click reaction, photo-crosslinking) and enzy-
matic reactions [179].

7.8. Chitosan

Chitin, as the second most abundant polysaccharide, is insoluble and 
rigid with high amounts of acetylated groups [180]. After partial 
deacetylation, chitosan (CS) can be obtained with more amino groups 
and enhanced solubility. Since CS can form films, it shares structural 
similarities with GAGs and is capable of covalent immobilization, 
making it suitable for many TE applications [181,182]. However, the 
serious limitation of CS is its weak mechanical stability [180]. Me-
chanics of CS are directly regulated by molecular weight and deacety-
lation degree [183,184]. The Young’s modulus of nanostructured CS 
films with different molecular weights has been found to differ in wet or 
dry conditions from 1.8 ± 0.4 to 2782 ± 500 MPa [185]. Aryaei et al. 
[186] compared the average elastic modulus of uncrosslinked and 
crosslinked CS films which were approximately 1.5 GPa and 4.7 GPa, 
respectively.

7.9. Agarose

A naturally derived polysaccharide from algae, agarose gels at 32 ◦C 
and melts at 40 ◦C, making it suitable for in vitro and in vivo applications 
[187,188]. Due to its thermosensitive properties, agarose can form a gel 
without crosslinking [187]. The gelation process of agarose consists of 
three steps: initiation, nucleation and pseudoequilibrium [189,190]. 
Despite its brittle characteristics in the solid state, agarose has the ability 
to maintain its structure at a wide spectrum of temperatures for an 
extended time period. The primary purpose of agarose is to function as a 
sacrificial bioink, supporting printing structures, as it is poor at sup-
porting cell proliferation and synthesis[191]. It can be blended with 
other hydrogels (i.e., collagen) to ameliorate biocompatibility and cell 
viability [192,193]. It is also noteworthy that agarose can combine with 
synthetic hydrogels to build interconnecting mechanisms to covalently 
immobilize some biomolecules such as RGD or aggrecan [194]. In order 
to discover the viscoelastic and mechanical properties of the agarose 
hydrogel, Ed-Daoui et al. [195] adjusted the mass concentration of 
agarose from 25 to 50 g/l, and found that the corresponding elastic 
modulus increased from 274.6 to 869.5 kPa. They exploited Voigt’s 
analogue model to prove the delayed elasticity behaviour of agarose 
hydrogel.

7.10. Decellularization

During decellularization, the process strives to preserve the archi-
tecture and bioactive functions of the ECM to create a bioscaffold that 
mimics native tissue by removing cells while maintaining the sur-
rounding ECM [196]. However, in practice, achieving a perfect balance 
between effective cell removal and ECM preservation is challenging due 
to inherent trade-offs. In the process of decellularizing ECM (dECM) 
hydrogels, several critical factors must be considered, such as host tis-
sue, matrix preparation, crosslinking systems, sterilization, and decel-
lularization efficiency [131,197]. For instance, some sterilization 
processes, such as ethylene oxide or radiation (gamma or electron beam) 
and homogenization process may jeopardize the structure of dECM 
hydrogels and degrade their mechanical integrity [11,198]. Yao et al. 
[199] showed that the tensile strength of the dECM hydrogel from rabbit 
uterine tissue is almost two-fold lower than the host tissue (110.1 kPa 
and 225 kPa, respectively), which demonstrated that the decellulariza-
tion process was detrimental to mechanical stability. The key parame-
ters of local tissue including thickness, density and shape affect the 
results of decellularization. For example, thicker tissues with denser 

cells, such as the dermis will escalate the complexity of cell removal and 
may aggravate the damage from decellularization agents due to 
extended exposure time [197].

Concentration, time, and temperature significantly influence the 
mechanical properties of dECM hydrogels [200]. Massensini et al. [200]
indicated that the maximum storage modulus and loss modulus of the 
dECM hydrogel derived from porcine urinary bladder increased eight 
times higher and six times higher respectively when the concentration 
was doubled from 4 mg/ml (G’ 76.6 ± 10.4 Pa and G’’ 11.0 ± 1.5 Pa) to 
8 mg/ml (G’ 460.4 ± 62.5 Pa and G’’ 66.4 ± 9.3 Pa), which also 
confirmed that the storage modulus dominates the viscoelastic behav-
iour and that the hydrogels were in a solid state. They emphasized that 
the high concentration of dECM (larger than 3 mg/ml) is favored to offer 
a robust and feasible hydrogel. Since dECM hydrogels’ weak mechanical 
properties and fast degradation rate hinder their use in regenerative 
engineering, further improvements must be made before they can be 
clinically applied.

7.11. Synthetic hydrogels

Although natural polymers may offer a better environment for the 
growth and recovery of cells and tissues, synthetic hydrogels can be 
modified according to the requirements of practical applications with 
reinforced mechanical and structural properties. Since Wichterle and 
Lím [201] introduced the first synthetic hydrogels, synthetic hydrogels 
now can be engineered with a variety of functional domains to achieve 
anticipated biological activities, such as crosslinkable blocks, cell ad-
hesive groups, or external stimulus (e.g., light or electric) responsive 
domains.

7.12. Pluronics

Poloxamers, also known by their commercial name Pluronics, 
comprise hydrophobic polypropylene oxide (PPO) and hydrophilic 
polyethylene oxide (PEO) blocks arranged in triblock PEO-PPO-PEO 
sequence, which are thermo-responsive synthetic bioinks. There is a 
wide range of Pluronics with different molecular weights and PEO/PPO 
ratios, such as commercially available Pluronic F68, F108, and F127. 
When Pluronics are below critical micellar temperature and critical 
micellar concentration, they behave as unimers in the solution. When 
the critical micellar temperature and critical micellar concentration are 
exceeded, they form micelles. Apart from employing higher molar mass 
polymers with long PPO blocks to increase the mechanical strength, 
‘reverse’ structured Pluronics PPO-PEO-PPO can also alleviate insuffi-
cient mechanical robustness [202]. Markus et al. [203] inferred that a 
reverse composition with high molecular weight enables Pluronics with 
a tenfold enhanced storage modulus (25–30 kPa) than ’normal’ Pluronic 
F127 (3.5 kPa).

7.13. Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) hydrogels have been widely used in TE 
due to their superior biocompatibility under proper polymerization 
conditions and tuneable physicochemical properties, including rheo-
logical properties, swelling rate, water content, permeability, etc. 
Physical, ionic, and covalent interactions are all possible ways in which 
PEG can generate stable covalently crosslinked gels [204]. Common 
fabrication methods of PEG gels are categorized into three polymeriza-
tion mechanisms: step-growth, chain-growth and mixed-growth. 
Anseth’s group [204,205] compared various polymerization mecha-
nisms in their review paper and also highlighted that the mechanical 
properties of PEG hydrogels are primarily influenced by the molecular 
weight and concentration of PEG monomers, which in turn affect the 
morphology of chondrocytes. Nguyen et al. [206] concluded that as 
molecular weight increased from 508 Da to 10 kDa, stiffness and tensile 
modulus were also enhanced from 0.055 to 42.9 MPa and 0.02 to 3.5 
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MPa, respectively. This indicated that PEG hydrogels can be applied to 
mimic both soft tissue and hard tissue by adjusting the PEG molecular 
weight and concentration. A co-polymerization of RGD peptides with 
PEG can enhance PEG’s bioactivity and promote the survival of cells 
[207,208]. Although PEG hydrogels are highly permeable to allow nu-
trients to diffuse, excellent permeability also hinders the controlled 
delivery of bioactive molecules, which is a huge obstacle in the design of 
PEG delivery systems.

7.14. Gelatin-methacryloyl (GelMA)

Since Van Den Bulcke et al. [209] modified gelatin with meth-
acrylamide (MA), gelatin methacryloyl (GelMA) has been recognized as 
a versatile hydrogel for TE applications because of its tunable mechan-
ical and biochemical properties. GelMA was designed to maintain stable 
structures without support from additional materials due to its low 
gelation temperature (below 30 ◦C) [210,211]. The introduction of MA 
groups does not affect the cell binding RGD motifs and matrix metal-
loproteinase (MMP) degradable motifs in gelatin. This implies that 
GelMA preserves the gelatin’s biofunctions to support cellular attach-
ment and growth functions and manipulates cell enzymatic degradation, 
concurrently possesses the advantages stemming from MA groups to 
form a 3D structure [212]. The side MA groups can be crosslinked using 
a photoinitiator and UV radiation to give a rigid gel. Anseth et al. [213]
were the first to use GelMA to encapsulate cells and induced the dif-
ferentiation of fibroblasts into myofibroblasts with the assistance of 
growth factors. The most outstanding advantage of GelMA is its tuneable 
mechanical properties, which could be controlled by several factors, i.e., 
concentration, UV crosslinking conditions, and degree of methacrylation 
[212,214–218].

8. Methods of tuning the stiffness

Researchers have studied the role of stiffness in modulating cellular 
and tissue functions or achieving a certain stiffness for specific 
biomedical applications by altering the concentration of hydrogel ma-
trix, changing polymer structure and distribution, designing the mo-
lecular weight, controlling the swelling or adjusting the crosslinking 
density, in order to achieve the desired stiffness (Table 5).

8.1. Polymer concentration

Adjusting the density or concentration of hydrogels is a facile 
approach to modifying gel stiffness, but it is also detrimental to naturally 
fundamental structures [106]. To be specific, the polymer concentration 
strongly affects the porosity and topography of hydrogels, proven by 
variations in pore sizes and pore wall thickness [230]. Moreover, the 
higher concentration of polymers also increases the number of binding 
sites in close proximity to the cells and regulates the capability of mol-
ecules, oxygen and other biofunctional signals to diffuse through the 
hydrogel [231,232].

8.2. Macroscopic polymer architecture

Many hydrogels are amorphous, meaning they lack a long-range 
ordered structure. These hydrogels have a random network of polymer 
chains that are highly flexible and can swell significantly when they 
absorb water. The amorphous nature allows for a uniform distribution of 
water within the gel. Creating a hierarchical and fibrous network can 
increase stiffness by providing additional structural support. Modern 
techniques such as 3D printing and lithography can fabricate a hydrogel 
with a layered or patterned structures to realise a more precise control of 
designed mechanics [233–235]. In the microscale or nanoscale level, 
mechanical behaviours of hydrogel could be influenced by fibre size, 
fibre alignment, and distribution of individual polymer chain. These 
parameters could be tuned by fabrication techniques such as 

electrospinning to achieve a fibrous and mechanically controllable 
network through adjusting voltage, flow rate, distance between needle 
and collector, as well as the mechanics of employed polymer precursors 
[236]. Shin et al. [237], Sun et al. [238], and Wang et al. [239] all re-
ported that the reduction in diameter of electrospun fibres significantly 
amplifies their stiffness exponentially. Tonsomboon et al. [240] rein-
forced elastic modulus by two orders of magnitude through infiltrating 
electrospinning gelatin nanofiber into alginate hydrogel. Especially, 
aligned fibres in those reinforced gels were three times mechanically 
stronger (tensile strength) than hydrogels with more random-oriented 
fibres due to the compliance by the isotropic nature. Main obstacles in 
current electrospinning to obtain 3D structure hydrogel is the limitation 
on materials, which is restricted into specific polymer precursors (such 
as uncrosslinked GelMA [241–243], HA variants [244,245], PVA 
[246–248]) with the right viscoelastic properties when in solution.

Acoustic holography is a novel noncontact technique that enables the 
creation of complex cell patterns and controlled stiffness in hydrogels, 
effectively mimicking biological tissues. This method generates intricate 
acoustic fields to spatially arrange cells, manipulating them along the 
nodes or antinodes of the acoustic field. As a result, it allows for the 
formation of arbitrary shapes rather than just regular patterns, with 
physiological stiffness that aligns with the properties of the cell patterns 
[249].

Microfluidics is another promising alternative method to obtain 
hydrogel with hierarchical structure into a desired final construct with 
the assistance of 3D bioprinting [250]. Burdick group [251] recently 
proposed to employ microfluidics to form a microgel bioink via packing 
the densely “jammed” microparticles which are compacted by physical 
interactions. They added crosslinker and photoinitiator to further 
enhance the mechanical properties of jammed material without 
decreasing the cell viability and maintained the inherent shear-thinning 
property from interparticle adhesion, highlighting the possibility of 
microfluids for hierarchical materials formation in 3D printing.

8.3. Nanoscale polymer engineering

Engineering the physical structure of polymers in nanoscale di-
mensions is a feasible approach to tuning the mechanical properties of 
hydrogels while maintaining their biofunctionality and biocompatibility 
[252].

Godbe et al. [253] reported the fabrication of supramolecular pep-
tide hydrogels formed from the co-assembly of oligo-lysine compounds 
(K4, K10, K15, and K120–140) and an anionic peptide amphiphile. 
Changing the oligo-L-lysine gelator length linearly increased the storage 
modulus by 10.5 Pa for each individually added lysine on the nanofibers. 
They also found that decreasing stiffness on the order of 70 Pa notably 
improved cell (dopaminergic neurons derived from induced pluripotent 
stem cells) viability, neuronal growth and differentiation. Rodriguez 
et al. [254] used a self-assembling hydrogel with a laminin peptide 
sequence (Fmoc-DDIKVAV) and fabricated a counterpart with lysine (K) 
at the C terminal. The mechanical study showed that the Fmoc- 
DDIKVAVK (G’ = 10 500 Pa) was almost 1.6 times stiffer than Fmoc- 
DDIKVAV (G’ = 6500 Pa) due to the strengthened ionic interactions.

In addition to applying the strategy of engineering the chain length 
of single polymers, Boothroyd et al. [255] designed a multicomponent 
system to tune the stiffness by mixing the self-assembling peptide 
FEFEFKFK with its double length derivatives FEFEFKFK-GG-FEFFKFK, 
showing that the addition of double length peptides could intensify 30 
times of storage modulus than pure short peptide (80 ± 5 Pa). Inspired 
by this work, Scelsi et al. [256] used another pair of peptides (SFFSF- 
NH2 and its counterpart) to achieve the tuneable stiffness with a higher 
magnitude of up to 105 Pa for hard tissue scaffolds. The system with two 
homologous peptides exhibited the same extent of biocompatibility and 
low cytotoxicity as single peptides but with a mechanically reinforced 
strength to support cellular activities.
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Table 5 
Current Literature on Hydrogels with Tuned Stiffness Impacting Cell Fate.

Factor Relationship with 
stiffness

How it affects stiffness Recent reports on tuned stiffness impacting cell fate

Polymer 
concentration

Generally positive Increase chain entanglement and crosslink density, 
leading to greater resistance to deformation; however, 
affecting the porosity and topography 

Alshehri et al. [219] achieved a 2.5-fold increase in matrix stiffness 
by doubling the concentration of self-assembling tetrapeptides. Their 
results demonstrated that a low-stiffness matrix (20 kPa) supported 
greater bone cell differentiation compared to a high-stiffness matrix 
(50 kPa).

Macroscopic 
polymer 
architecture

Fibre diameter: 
generally negative

The denser and ordered structures by offering additional 
structural support and impact on water absorption.

Yi et al. [220] developed a highly aligned fibres hydrogel in the 
shell-core structure using stable jet coaxial electrospinning 
technique with the achievement of remarkably broad stiffness 
spectrum from 90 kPa to 13.18 MPa but maintaining the unchanged 
topographical properties. Stiffer electrospun fibres had less cells 
attachment (human vascular smooth muscle cells) at early stage but 
enhanced proliferation and migration and improved F-actin fibre 
assembly compared to compliant fibres. Their gene expression 
results implied that the increasing stiffness of hydrogel would shift 
cells toward proliferative and pathological state, which subsequently 
had an adverse effect on the proliferation and migration ability of 
human umbilical vein endothelial cells (hUVECs). 

Fibre density/ordered 
structure: positive

Nanoscale polymer 
engineering

Depends Altering the nano-composition of polymers can change the 
packing and intermolecular interactions (van der Waals 
force, hydrogen bonds and π-π interaction) 

He et al. [221] fabricated low molecular weight gels by using the 
different length of the alkyl chain (n-heptadecyl, n-undecyl and 
nonyl) to obtain moduli from 33 kPa to 6 kPa. Low stiffness gel 
tended to stimulate the mesenchymal stem cells into the 
chondrocytic differentiation, while higher stiffness gel motivated 
osteogenic differentiation.

Molecular weight Generally positive Longer polymer chains lead to more entanglement, and 
molecular weight distribution affects the physical 
properties as well 

Park et al. [222] regulated the hydrolysis duration of silk fibroin to 
modulate the molecular weight of the hybrid silk fibroin/gellan gum 
hydrogel, with negligible impact on cell (human bone marrow 
mesenchymal stem cells) viability. It was observed that prolonged 
hydrolysis weakens the bonds between polymer chains, leading to a 
reduction in molecular weight. This decrease in molecular weight 
through hydrolysis tended to lead to larger pore sizes, a lower elastic 
modulus, and extended relaxation times.

Water diffusion Generally negative The water in the hydrogel system affects the 
intermolecular hydrogel bonds and entropic variation

Navarro et al. [223] tuned stiffness of the elastin-like protein 
hydrogel (100–1000 Pa) by modulating its hydrophilicity, achieved 
by elevating its transition temperature due to its LCST properties. 
Increased hydrophilicity resulted in higher storage moduli, which 
promoted the spreading of human mesenchymal stromal cells 
(hMSCs) and hUVECs, while inhibiting the spreading and neurite 
outgrowth of human neural progenitor cells. 

Crosslinking 
conditions

crosslinker 
concentration: 
positive

Increase crosslink density leading to greater resistance to 
deformation 

Lavrentieva et al. [224] fabricated stiffness gradients (1–1500 Pa) in 
GelMA hydrogel by varying the crosslinker concentration. Their 
results showed decreased cellular spreading and migration of human 
adipose tissue-derived MSCs and hUVECs with increased stiffness, 
displaying an opposite trend compared to Navarro et al. [223].

Crosslinker structure: 
depends

Change the crosslink density and hierarchical structure Morton et al. [225] compared three conformations of a peptoid 
crosslinker, all with the same length and sequence: random (0.6 kPa 
of G’), non-helical (3.2 kPa of G’), and helical (8.0 kPa of G’). The 
helical structure of the crosslinker likely enhances stiffness by 
altering chirality and helicity which increases molecular rigidity, 
and shortening the polymer’s end-to-end distances due to its spiral 
configuration. They found that the softer gel enhanced hMSC 
proliferation, while the stiffer gel promoted cell spreading and 
differentiation.

Physical/chemical 
crosslinking: 
depends

Chemical bonds are usually strong, permanent and 
irreversible compared with physical bonds; while physical 
bonds

Dodero et al. [226] evaluated chitosan nanofibrous membranes via 
both physical and chemical crosslinking methods. Physical 
crosslinking (phosphate ions) yielded smooth and highly 
homogeneous nanofibers, while chemical crosslinking (PEO) 
produced rougher and thicker fibres, likely due to the slower 
chemical reaction in the latter process that causes the fibres to swell. 
Their results unexpectedly showed that physical crosslinking method 
nearly doubled the E and tensile strength compared to chemical 
crosslinking. This may be due to the enhanced homogeneity and 
more ordered 3D conformation achieved through physical 
crosslinking, which provides superior mechanical support. 
Additionally, the physically crosslinked hydrogel demonstrated 
excellent biological compatibility, promoting cell adhesion and 
exhibiting low toxicity for L929 fibroblasts, HaCaT human 
keratinocytes, and Saos-2 osteoblasts. 

External stimuli 
(Temperature, light, 
pH, enzyme)

Affect the physical or chemical crosslinking of hydrogels 
with specific functional groups

Li et al. [227] designed a dynamic hydrogel platform using gelatin 
functionalized with hydroxyphenyl propionic acid (hpa) and 
glycidyl methacrylate, which underwent sequential enzyme and 

(continued on next page)
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8.4. Molecular weight

Generally, increasing the molecular weight (MW) of the polymer in a 
hydrogel system often leads to increased stiffness. For instance, Browne 
et al. [257] investigated the mechanical properties of HA based mate-
rials with three different MW (60kDA, 500kDA, and 1MDA) and re-
ported that an increase in MW of the HA macromer resulted in a 
reduction of crosslinking time from 11 to 3 min, with the significant 
elevation of viscosity (by three orders of magnitude) and G’ (from 287 
Pa to 1450 Pa). This can be attributed to the formation of longer chain 
lengths resulting from higher MW, which creates a more extensive 
network upon crosslinking, which typically enhances the mechanical 
strength (tensile strength and stiffness) of the hydrogel. However, the 
physical properties of polymers are influenced not only by MW, but also 
the overall MW distribution of chain lengths. Increase the dispersity of 
high and low MW while maintaining the overall MW constant has been 
demonstrated to increase the viscosity of polymers at low shear fre-
quencies and improve the shear thinning behaviour at high frequencies 
[258]. Kong et al. [259] used γ-irradiation and oxidation methods to 
obtain low MW alginate from high MW alginate, then mix the various 
ratio between low and high molecules to modify stiffness and degra-
dation. They demonstrated that increasing the fraction of low molecular 
weight (MW) alginate molecules dramatically reduced viscosity. Addi-
tionally, the elastic modulus (E) initially rose with the addition of low 
MW alginate up to a certain value (50 % low MW), after which it fell. 
Their results with alginate hydrogel in accordance with the literature in 
polyethylenes bimodal polymers models, the combination of low MW 
fraction would lead to a higher young’s modulus and yield strength with 
the increase in crystallinity. When the more dominance rising from low 
MW, the overall reduction of MW started to impact the network 
[260–262]. This implied creating a bimodal hydrogel network should be 
able to enhance the mechanical properties.

8.5. Water diffusion

The water diffusion in the hydrogel system contributes to the stiff-
ness of hydrogel in three consequences, the compliance of polymer 
network due to the reduction of intermolecular hydrogel bonds density 
by absorbing additional liquid with negligible stiffness, the compliance 
due to the increase in entropy with extra water molecules in the inter-
molecular hydrogen bonds, and entropic stiffening caused by the 
stretching of polymer chain for water molecules [263,264]. The 

interplay among these three mechanisms dictates the total stiffness of 
the hydrogel during swelling. Many present studies have established and 
advanced the mathematic predictions (rubberlike elasticity theory and 
equilibrium swelling model) for this phenomenon based on foundational 
works of Flory [265], Treloar [30] and Nissan [264].

Lately, Brighenti et al. [263] derived a microstructurally motivated 
model to understand hydrogel’s stiffness that accounts for water diffu-
sion, dissociation among hydrogen bonds and entropic stiffening. Due to 
the important relationship between stiffness and water content in the 
mechanism, adjusting the water content in the system by dehydration or 
swelling could tune the mechanical properties. Meijer et al. [266]
developed hydrophobic moieties (phenyltriazine groups) into hydro-
philic system (ureidopyrimidinone) to concurrently maintain the 
hydrogen bonds and offer hydrophobic associations. Zhang et al. [267]
used the similar principle to synthesise the hydrogels with hydrophobic 
motif (methyl) to achieve the tunability on water content (60–50 %) and 
mechanical properties (40–160 MPa of E and 1.8–3.7 MPa of tensile 
stress). Recently, owing to imitate the nature of epidermis with low 
water content and sufficient mechanic strength, Shen et al. [268] engi-
neered a composite hydrogel network by controlling the ratio of hy-
drophobic/hydrophilic components to achieve water content below 12 
% water and up to 1 MPa of modulus (not specified E or G). These works 
indicate that adjusting the swelling ratio by introducing the hydrophilic 
system could effective the mechanical properties.

8.6. Crosslinking

Crosslink density is a critical parameter related to hydrogels’ me-
chanical properties. Lin & Gu [269] utilized computational models of 
randomly distributed fibres to examine the role of crosslink on Type 1 
collagen stiffness. They demonstrated that as the inter-spacing halved 
and crosslink density doubled, the gel stiffness was improved around 40 
times with the same gel concentration. Thus, the modulation of mate-
rial’s mechanical properties could be achieved by controlling cross-
linking density. In general, there are two ways to adjust crosslink 
density, including controlling crosslinking conditions or mixing a second 
hydrogel. Crosslinking conditions, including different kinds of cross-
linker, crosslinker concentration, or external stimulation intensity, etc., 
affect the kinetics of hydrogel crosslinking. However, some hydrogels 
are inert to the change of crosslinking conditions, or the maximum 
stiffness they can achieve is too low to support tissue regeneration. 
Incorporating another hydrogel that is sensitive to external conditions 

Table 5 (continued )

Factor Relationship with 
stiffness 

How it affects stiffness Recent reports on tuned stiffness impacting cell fate

light crosslinking modifications to achieve further stiffening 
(threefold increase in G’ and compressive modulus). The dynamic 
hydrogels enhanced cell proliferation, spreading, and volume 
expansion in long-term culture compared to static, stiff hydrogels. 
This highlights the importance of an initially soft microenvironment 
for cell spreading, while the later stiffening of the scaffold is more 
favourable for MSC osteogenesis. 

Incorporation of 
other hydrogels

Physically crosslinked 
hybrid hydrogel

Add extra physical bond between different polymers Dromel et al. [228] reported an in situ IPN hydrogel consisting of 
hpa-functionalized gelatin and tyramine-modified HA, with tenable 
stiffness (resulting in a 2–5 fold change in G). This hydrogel was 
designed to support the viability of human retinal ganglion cells 
(hRGCs) both in vitro and in vivo. Notably, hRGCs encapsulated in the 
stiffer hydrogels demonstrated improved attachment to the inner 
limiting membrane of the retina, potentially promoting optic nerve 
regeneration. 

Chemical 
crosslinked hybrid 
hydrogel

Add extra chemical bond between different polymers Delplace group [229] proposed utilizing the alkyne-azide SPAAC 
method to mechanically strengthen HA, increasing its stiffness from 
0.5 to 45 kPa with negligible swelling, while achieving rapid gelation 
within 15 min. The SPAAC-HA promoted L929 fibroblasts viability 
over 7 days and can be easily modified with polymer or adhesive 
peptides to meet specific cellular requirements.
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and able to provide sufficient mechanical strength, can enable the 
scaffold to more closely mimic the ECM, in terms of mechanical prop-
erties independently of concentration.

8.7. Crosslinker concentration/density

An increase in crosslinker concentration will increase the number of 
monomers that covalently bind to each other and subsequently reduce 
pore size [270]. Polyacrylamide provides a versatile platform to tune 
stiffness by controlling acrylamide content and crosslinker concentra-
tion. With constant acrylamide concentration, an increased crosslinker 
concentration corresponds to a higher crosslinking density. Denisin and 
Pruitt [271] reported that the stiffness was enhanced with increasing 
crosslinker density up to an inflection point after which the stiffness 
started to decrease; this trend was observed in all polyacrylamide gels 
with constant acrylamide concentration. Other studies [272,273] also 
reported a functional relationship between polyacrylamide stiffness and 
crosslinker density. Schoenmakers et al. [274] discovered that this trend 
is also applicable to fibrous hydrogels. The occurrence of the inflection 
point can be explained by the transition from an ideal polyacrylamide 
gelation network to a clustered gel with heterogeneities [271,272].

8.8. Crosslinker structure

As previously mentioned, since the structural conformation of the 
polymer backbone influences stiffness, it is also possible for changes in 
the crosslinker structure of a hydrogel to affect crosslinking density and 
thereby alter hydrogel’s stiffness. For instance, the hydroxyl groups on 
PEG allow for easy functionalization, enabling the creation of cross-
linkers with different architectures. De Miguel-Jiménez et al. [275]
compared the gelation kinetics of PEG crosslinkers in star (− 4SH) or 
linear (− dithiols) structures with the same thiol density. They demon-
strated that the star shape of crosslinking bonds accelerated the poly-
merization and enhanced the stiffness compared to linear connections 
since precisely specified conformation provides less dispersities and a 
more homogeneous structure. Additionally, the Hammond group 
[276,277] designed N-carboxyanhydride polymerized polypeptides, 
specifically poly(γ-propargyl L-glutamate) (PPLG) macromonomers, 
which were crosslinked with 4-arm PEG to form a tuneable 3D hydrogel. 
The mechanical behaviour of this hydrogel could be controlled by 
modulating the structure of PPLG, transitioning from a helical to a 
random coil conformation. Recent work by Morton et al. [225] showed 
that another crosslinker peptoid in the random, non-helical conforma-
tions significantly reduced the stiffness (0.6 kPa and 3.2 kPa of G’ 
respectively) compared to helical conformations (8.0 kPa) under the 
same length, which agrees the Miguel-Jimenez’s results that a hierar-
chical structure could contribute to hydrogel mechanics. Followed up by 
Castilla-Casadiego et al. [278] who compared peptoid crosslinkers with 
helical, non-helical, and unstructured conformations to control stiffness, 
it was found that soft substrates, when using unstructured crosslinkers, 
reduced YAP/TAZ activity in hMSCs. This, in turn, led to an increased 
secretion of immune-modulating factors through the activation of the 
NF-κB pathway, which may be important for understanding how me-
chanical cues, such as substrate stiffness, influence immune responses in 
stem cells.

Stimuli-responsive crosslinkers used in hydrogel formation also can 
change their conformation in response to external cues. For example, Liu 
et al. [279] designed a PEG derivates hydrogel using a “click” reaction 
by incorporating a phototuneable azide-functionalised light, oxygen and 
voltage-sensitive domain 2 (LOV2) protein crosslinker, enabling a dy-
namic modulation of hydrogel’s stiffness in a spatiotemporal manner. 
Upon exposure to blue light (470 nm), the LOV2 induced a structural 
displacement of the Jα domain, resulting in a shortened length and 
reduced hydrogel’s stiffness. Conversely, when returned back to a dark 
environment, the crosslinker restored its original compact 
conformation.

8.9. Spatial crosslinking presentation

The spatial presentation of mechanical information is a key param-
eter for regulating cell behaviours. Gradient hydrogels offer a powerful 
platform to investigate the effects of spatially varying stiffness 
[280,281]. For example, Hadden et al. [282] developed a new approach 
for creating stiffness gradients in hydrogels, by controlling the diffusion 
of cross-linkers and monomers in pre-polymerized hydrogels. The 
research achieved a range of hydrogel stiffness gradients from 0.5 to 8.2 
kPa/mm, mirroring both physiological and pathological conditions. The 
significance of this work lies in its potential to enhance the study of 
mechanobiology, providing a straightforward, cost-effective approach 
for creating control stiffness gradients in hydrogels.

8.10. Physical crosslinking

The formation of physically crosslinked hydrogels involves molecu-
lar entanglements, and/or hydrophobic, electrostatic or hydrogen forces 
between polymer chains (Fig. 6). The sol–gel state could be reversed 
because all of these interactions are purely physical, weak and less 
stable. Although physical crosslinking bonds are fragile and easy to 
break under deformation and stress, they can dissipate strain energy and 
achieve a higher toughness than their covalent counterparts [283]. 
Physically reversible crosslinking also has been proven to induce a self- 
healing process and possess stimuli-responsive abilities [284]. For 
instance, gels that use hydrogen bonding between 2-ureido-4-primidone 
moieties to form a 3-D scaffold also have improved self-healing and 
shape memory capabilities [285].

8.11. Chemical crosslinking

Hydrogels that rely on chemical crosslinking are polymerized by 
covalent linkages (Fig. 7). Covalent crosslinks are typically strong, 
permanent and irreversible, thus leading to high stiffness and elasticity 
[286]. The formation of covalent bonds could be incorporated with 
small-crosslinker particles, polymer–polymer conjugation, light- 
sensitive constituents or by an enzymatic reaction as shown in 
Table 6. However, based on Lake Thomas theory, a higher chemical 
crosslinking density will reduce the partial chain length between 
crosslinks, ultimately weakening the hydrogel’s mechanical toughness 
[287,288].

8.12. External stimuli

External stimuli such as temperature, light or pH can affect the either 
physical or chemical crosslinking of hydrogels with specific functional 
groups, eventually resulting in different mechanical behaviours [289].

8.13. Temperature

When exposed to temperature alterations, the solubility of the 
crosslinked thermos-sensitive network would be affected by the inter-
action shift between their hydrophilic and hydrophobic components. 
The resultant sol–gel transition would lead to different mechanical 
output.

The stiffness of certain polymers, namely low critical solution tem-
perature (LCST) polymers, can be tuned by changes in temperature 
[290]. Common bioinks that can respond to temperature include Plur-
onic and its derivatives, PEO or PEG, and polyacrylamide [291,292]. For 
example, Pluronic F127 will be in the form of single chains at room 
temperature, while escalating temperature to 37 ◦C, the micelles inside 
Pluronic F127 will be packed together to reach sol to gel state and the 
stiffness will be increased. Another one of the most important thermos- 
responsive hydrogels is poly(N-isopropylacrylamide) (PNIPAM), due to 
its well-defined and sharp LCST and biocompatibility. Akimoto et al. 
[293] applied thermal stimulation (cycling between 33 ◦C and 37 ◦C) to 

P. Yang et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 505 (2025) 159295 

15 



Fig. 6. Physical crosslinking approaches to enhance the stiffness in hybrid hydrogel synthesis. Schematic of physical crosslinking methods including (a) IPN, (b) dual- 
crosslinked networks, (c) slide-ring, (d) nanocomposite incorporation, (e) hydrophobic modification, and (f) MMC. Created with Biorender.com. DN hydrogels is 
listed here as a special example of IPN hydrogels as shown in (g1) stress–strain curves for hydrogels under uniaxial compression. DN gel could sustain up to 22 times 
higher stress (17.2 MPa) than single network gels [315] and (g2) DN structure of PAMPS − PAAm gel can support the integrity and sustain high compression [315].

Fig. 7. Chemical crosslinking approaches to enhance the stiffness in hybrid hydrogel synthesis. Schematic of chemical crosslinking methods including (a) Schiff-base, 
(b) DA, (c) thiol-Michael addition, and (d) SPAAC. Examples of stiff hybrid HA-based hydrogels from(g) Schiff-base bonds and (e) SPAAC reactions. In (e), Visualised 
comparison of self-healing ability of different HA hybrid gel formed via 13% and 50% degree of substitution (DS) aldehyde-functionalized HA (HA-13 and HA-50), 
and crosslinked with adipic acid dihydrazide (ADH), and propanediylbishydroxylamine dihydrochloride (PDO) respectively. HA-ADH gels self-recovered in 15 min 
with better mechanical stability under the compression from the tweezer, conversely HA-PDO gels were not observed self-recovery capacity [414]. In (f), gelation 
time and stiffness were measured for SPAAC HA-based hydrogels with varying conditions involving molecular weight, DS, concentration and functional group 
ratio [229].
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modulate the stiffness of a PNIPAM hydrogel from 500 Pa to 580 Pa. 
They observed that this well-controlled stiffness modulation induced 
elongation and pseudopodia formation in human bone marrow-derived 
MSCs in PNIPAM hydrogel, an effect not seen in the control poly(N,N- 
dimethylacrylamide) hydrogel. In contrast, some other polymers, such 
as PVA, will be at the gelation state as a result of the formation of 
hydrogen bonds while the temperature decreases below the boundary 
upper critical solution temperature (UCST) [294]. These thermo- 
responsive characteristics allow control over material stiffness by 
adjusting temperature.

8.14. Light

Light (ultraviolet radiation (UV) or visible) in combination with a 
photoinitiator is also a promising method of modulating the stiffness of 
photoreactive polymers with chromophore moieties such as methacry-
late or acrylate groups. Annabi et al. [295] developed an in vivo sealant 
by utilising modified human tropoelastin and methacrylic anhydride, 
which, in conjunction with photoinitiators, can form an elastic hydrogel 
under UV light. Compared to traditional and commercial sealants, the 
advancement of controllable mechanical and biodegradable properties 
from the light-sensitive hydrogel presents promising opportunities for 
clinical applications.

A higher photoinitiator concentration has been determined to 
generate numerous shorter polymer chains leading to a material with 
lower stiffness, while decreasing photoinitiator concentration contrib-
utes to forming longer polymer chains with greater molecular weight 
polymers resulting in a higher stiffness [296,297]. For example, Sheth 
et al. [297] found that there was a 1.3-fold increase in Young’s modulus 
when the photoinitiator concentration was dropped from 0.5 % to 0.1 % 
and an additional 1.2-fold rise in Young’s modulus when the concen-
tration continued to decline from 0.1 % to 0.01 % under UV light. 
Interestingly, both Sheth et al. [297] and O’Connell et al. [214] did not 
report a statistically significant relationship between UV intensity and 
stiffness, while they both found that extending exposure time under a 
light source will initially increase stiffness, before reaching a threshold 
value. Although photocrosslinking is a common method to stiffen 

hydrogels, exposure to UV light can cause destructive damage to pro-
teins and cell apoptosis, which is an essential consideration for appli-
cations for TE [298].

8.15. pH

Hydrogels with ionizable functional groups (i.e. carboxylic acid 
–COOH, amino –NH2, and sulfonic acid (− SO3H) groups) on the poly-
mer backbone can gain or lose protons in accordance with the variation 
in environmental pH [299]. This process often comes with the swelling 
or shrinking of hydrogel via the electrostatic repulsion or attraction 
between ionized groups. Yoshikawa et al. [300] achieved 40-fold 
enhancement of E by adjusting the pH from 7 to 8 via binding the pH- 
responsive moieties poly-(2-(diisopropylamino)ethyl methacrylate to 
the hydrogel, and the mechanical properties could be easily reversed by 
reducing the pH back to 7. The stiffening of hydrogel due to the alter-
ation of pH affected the mouse myoblasts (C2C12 cells) to form more 
stress fibres and flattened morphology. However, the endogenous tissues 
are far more sensitive, reacting to even minor changes in pH with a 
similar level of biological reactions [301]. Wang et al. [302] tailored the 
phenyl acrylate hydrogel with a weak acid group (acrylic acid) to endow 
it with pH-tuneable properties. Their results revealed that a marginal 
variation in pH of 0.06 could trigger a profound change in E, leading to a 
50-fold softening. This is because a subtle rise in pH could induce more 
ionization and weaken the hydrogen bonds, ultimately resulting in an 
exceptionally significant softening effect. Wang’s work may inspire the 
future development of stimuli-responsive hydrogel with a more ECM- 
level sensitivity.

8.16. Enzyme

Enzymatic crosslinked hydrogels utilize specific enzymes to catalyze 
covalent crosslinking reactions to rapidly create the 3D structure. This 
process is highly compatible with cells as it uses endogenous enzymes in 
the human body and occurs under physiological conditions such as pH 
7.4, temperature 37◦C, etc., without inducing toxicity [303–305]. The 
catalytic enzymes that facilitate fast gelling in hydrogel systems with 

Table 6 
The summary of crosslinking methods.

Crosslinking 
methods

Interactions between polymers Applicable hydrogels Benefits Limitations Ref

Physical 
(non-covalent 
interaction)

Polymeric interactions involve ionic, 
hydrophobic, and hydrogen bonds.

Agarose, alginate, chitosan, 
collagen, gelatin, Matrigel, 
Pluronic, and self- 
assembling peptides. 

Self-healing and reversibility. 
Avoid chemical contamination or 
toxicity. 
A more liveable microenvironment 
for biological targets. 

Weak mechanical stability. [310]

Chemical 
(covalent 
bonding)

Reactions without external stimulus 
include condensation reactions, Schiff base 
formations, Michael addition reactions, 
azide-alkyne cycloadditions, and Diels- 
Alder bonding.

Gelatin, collagen, chitosan, 
and fibrin

Better mechanical 
stability. 
The range of modulus can be from 
MPa to GPa.

Unwanted side-reactions. 
High possibility of cytotoxicity. 

[311]

The photoinitiators induce the curing of 
monomers or oligomers when exposed to 
radiation.      

Methacrylated gelatin 
(GelMA) and PEG 

The speed and extent of photo- 
crosslinking are controllable. 
The rate and degree of crosslinking 
by photocrosslinking can be used to 
modulate the mechanical properties 
of hydrogels.

DNA damage by long-term UV 
exposure. 
Most photoinitiators are toxic 
and decrease biocompatibility. 
Strict condition requirements 
such as UV exposure duration, 
water solubility and choice of 
different radiation. 
Some photoinitiators (especially 
aromatic compounds) cause 
yellowing. 

[312]

 The transamidation-mediated reaction to 
form isopeptide bonds is catalysed by 
Ca2+-dependent enzymes, such as 
transglutaminase and thrombin.

Fibrin Mild physiological conditions 
Self-healing. 
Water retention. 

Low yield. 
Unproductive side reactions. 
Highly restricted applications.

[313]
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controlled mechanical properties achieved by adjusting enzymatic ac-
tivities and concentration, make them promising for generating inject-
able hydrogels and bioinks [306–308]. However, the use of enzymes 
also imposes limitations on environmental conditions (including pH, 
temperature, external forces, and chemical denaturants) to prevent 
enzyme denaturation, which poses a hurdle to manufacture and leads to 
high production costs [303,309].

8.17. Incorporation of other hydrogels

Synthetic hydrogels possess controllable mechanical properties for 
facile synthesis of bioscaffolds [106,314]. However, synthetic hydrogels 
can struggle to promote intrinsic cellular activities due to inert biolog-
ical properties and the lack of native fibre structures to adhere to cells. 
Thus, the hybridization of hydrogels with other polymers, nanoparticles 
or nanofibers has been developed to overcome the limitations of stiffness 
and the lack of biofunctionality.

8.18. Physically crosslinked hybrid hydrogels

There are several ways to incorporate mechanically enhanced second 
hydrogel/hydrogels via physically crosslinking methods, such as inter-
penetrating polymer networks (IPN), double networks (DN), dual- 
crosslinked networks, the slide-ring (SR) method, nanocomposite 
incorporation, hydrophobic modification, and macromolecular micro-
sphere composite (MMC) hydrogels.

8.19. Interpenetrating polymer network (IPN)

Interpenetrating polymer networks (IPNs) contain two or more 
hydrogels with similar kinetics, at least one of them being crosslinked in 
the immediate existence of the other without the formation of covalent 
bonds. IPNs are often regarded as ’alloys’ of crosslinked polymers with 
no apparent layer separation between different polymers, which are 
stable and irreversible until chemical bonds are disrupted [316,317]. 
IPN strategy can also generate relatively dense hydrogel networks with 
enhanced mechanical properties and more controllable physical struc-
tures. IPNs can either exist as a fully crosslinked network of polymers or 
as a semi-network (semi-IPN or pseudo-IPN) where linear polymers are 
embedded non-covalently within a covalent network.

Da Silva et al. [318] designed a fully crosslinked GelMA, collagen 
and elastin IPN (full GCE-IPN, the presence of Irgacure 2959 and Gen-
inpin as the photoinitiators) and a semi-GCE-IPN hydrogel (the presence 
of Irgacure 2959 only). The semi-GCE-IPN reached the highest shear 
storage modulus G’ (ca. 9.20 kPa), which was approximately 1.18 times 
and 1.46 times higher than the single network GelMA polymer (ca. 7.80 
kPa) and the full GCE-IPN (ca. 6.32 kPa), respectively. This result 
indicated that the semi-IPN structures would form native networks with 
the combination of proteins and develop a more intricate scaffold to 
mimic the ECM, while the lower G’ value for the full IPN hydrogel might 
be caused by the higher crosslinking density, thus increasing the brit-
tleness and lowering elasticity. In addition to providing a platform to 
build stiff hydrogels, IPN systems could also be modulated to meet the 
requirements for some soft tissues. Aprile and Kelly [319] produced two 
collagen-alginate IPN systems to tune matrix stiffness to achieve the 
regulation of the chondrogenesis of mesenchymal stem/marrow stromal 
cells. They controlled crosslinking time from 40 min to 150 min to 
obtain a soft IPN (5.2 ± 0.7 kPa) and a stiff IPN (17.5 ± 1.8 kPa), which 
also demonstrated that the soft IPN would be more supportive of the 
differentiation of marrow stromal cells. In recent years, IPN hydrogels 
with viscoelastic behaviours have been developed. For example, Sinha 
et al. [320] combined collagen I with hydrazone-bonded PEG to create 
an IPN with a tuneable stress relaxation response independently of the 
change of other conditions such as stiffness. They also demonstrated that 
the increased viscoelasticity promoted glioblastoma multiforme cell 
adhesion, proliferation, and migration.

A special type of mechanical improved IPN system, also known as 
“double networks” (DN), proposed by Gong et al. [315], has been of 
great interest to researchers due to their tuneable mechanical behav-
iours in biomaterials application, mainly as implanting materials for 
injured cartilage. DN hydrogels consist of two networks with contrasting 
structural properties: the first densely crosslinked polyelectrolyte 
network and the second neutral and loosely network (see Fig. 6) 
[321,321]. The first network as a minor component in DN aims to 
disperse the stress and raise fracture strength, while the second hydrogel 
plays a major role in hidden length, which could undergo large defor-
mation. There are two key parameters, including the molar ratio of the 
first to the second network and their crosslinking density, that tune the 
mechanical properties of the DN hydrogel [321]. Despite that the DN 
hydrogels comprising of 90 % water under the optimal structure, it is 
considerably stiff and can serve as a replacement for cartilage, bone and 
tendon tissue due to their appreciable stiffness (elastic modulus of 
0.1–1.0 MPa) and high fracture strength (failure tensile stress 1–10 MPa) 
[321–324].

Gong et al. [315] initially designed DN hydrogels by a two-step 
continuous free-radical polymerization to crosslink poly-2-acrylamide- 
2-methylpropanesulfonic acid (PAMPS) (the first network) and poly-
acrylamide (PAAm) (the second network). They prepared PAMPS and 
then soaked PAMPS into the second monomer (acrylamide) solution to 
crosslink the two networks. Although the conventional method could 
produce mechanically strong and stiff DN hydrogels, this method re-
quires the first network to be a rigid polyelectrolyte with excellent 
swelling ability, which restricts the application of general hydrogels that 
are known for their soft mechanical properties [325]. The “molecular 
stent” method inserted ionic micelles or linear polyelectrolytes into a 
neutral DN system, thus maintaining the mechanical properties of DN 
hydrogels and broadening the possibilities of involving more kinds of 
gels [326]. Other DN synthesis methods including the void-DN method 
[327], liquid crystalline method [328], lamellar bilayers method [329]
and soaking method [330] have been developed, while these methods 
still confront the challenges caused by the time-consuming process. 
Another noticeable DN fabrication method is the one-pot method which 
can significantly shorten the processing time and enhance DN hydrogels’ 
mechanical behaviours [325,331,332]. Chen et al. [333] synthesized 
substantially stiff and reversible agar/polyacrylamide (Agar/PAM) DN 
hydrogels via a one-pot method which achieved a maximum compres-
sion stress of 38 MPa (633 times and 10 times mechanically exceed 
single network agar (0.06 MPa) and PAM (3.8 MPa), respectively). The 
elastic modulus for Agar/PAM DN gels was 123 kPa (1.46 times and 3.62 
times higher than agar (84 kPa) and PAM (34 kPa) gels, respectively), 
which evidently emphasized that DN structures would far augment the 
mechanical properties of hydrogels than single network hydrogel.

8.20. Dual-crosslinked network

Although the traditional DN structure endows hydrogels with ul-
trahigh mechanical strength, they usually do not possess self-recovery 
and shape memory properties. The coordinate bonds via the attach-
ment of metal ions and the specific ligands are used to prepare hydrogels 
with high strength, toughness, self-healing and shape memory due to 
their easy energy dissipation ability and reversible network [334–338]. 
Ca2+ crosslinked hydrogels with recovery abilities can have an elastic 
modulus of up to 29 kPa and a tensile strength of ca. 160 kPa, but they 
require one day to recover [339]. A dual-crosslinked hydrogel was re-
ported by Lin et al. [340] composed of poly(acrylamide-co-acrylic acid) 
with Fe3+ coordination bonds acting as the secondary crosslink. The 
elastic modulus of this dual-crosslinked hydrogel can reach around 17 
MPa when the molar ratio increases to 25 %, which is almost 300-fold 
larger than a single chemical crosslinked network (57.47 ± 4.1 kPa). 
Other mechanical properties, such as recovery time (4 h at room tem-
perature to 87.6 %) and tensile strength (10 MPa), also indicated the 
feasibility of this novel method to obtain excellent mechanical 
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properties, which is achieved as the covalent bonds maintain unbroken 
under loading to support the hydrogel’s integrity, while the ionic Fe3+

crosslinking network among the polymer chains fracture to dissipate 
energy and then reform.

There are many studies that report on the applicability of dual- 
crosslinking methods to other hydrogel systems [340–343]. Zhong 
et al. [344] proposed to use the one-pot free radical polymerisation 
method to rapidly fabricate a poly(acrylic acid) based gel with Fe3+

coordination crosslinking, which maintained the superior mechanical 
properties (fracture stress 0.3–1.38 MPa, storage modulus ca 10 kPa, 
stretchability above 2000 %) and concurrently alleviate the limitations 
from traditional Zhou’s method to obtain excellent swelling capacity 
(swelling ratio up to 1800 g g− 1) and preserve reasonable water content 
(70–90 %). Debertrand et al. [345] compared two common fabrication 
methods to produce dual-crosslink gels with two kinds of metals (Ni2+

and Zn2+) ligand coordination bonds. One method is the one-pot syn-
thesis as used in Zhong’s study [344], which is facile and time-saving. 
Another method involves first fabricating the chemically covalent 
hydrogel network in water and subsequently diffusing the secondary 
crosslinkers into the system. The storage moduli and loss moduli of two 
poly(acrylamide-co-1-vinylimidazole) P(AAm-co-VIm)-Ni2+ and P 
(AAm-co-VIm)-Zn2+ dual-crosslink gels could arrive at the level of 10 
MPa, due to the existence of the dually crosslinking system. At the same 
frequency, P(AAm-co-VIm)-Ni2+ gels had slightly larger G’ and G’’ than 
P(AAm-co-VIm)-Zn2+ gels, while the difference in the values of the gels 
moduli in the same metal incorporated dual-crosslinked gels was small, 
indicating that the stiffness could be tuned via the incorporation of 
different metals, rather than fabrication method.

Apart from ionic coordination bonding, other noncovalent in-
teractions can also be applied as a secondary crosslinking network in 
preparing mechanically reinforced hydrogels. For example, Chang et al. 
[346] reported poly(ureidopyrimidone methacrylate-co-stearyl acry-
late-co-acrylic acid) [P(UPyMA-co-SA-co-AA)] hydrogels with the hy-
drophobic interactions between alkyl chains of SA and the quadruple 
hydrogen bonds between UPy motifs as a dually crosslinked network. 
The Young’s modulus of this gel with different compositions ranged 
from 0.14 ± 0.01 to 10.01 ± 0.50 MPa, which increased with the molar 
ratio of UPyMA and SA responding to the increase of crosslinking den-
sity. Potiwiput et al. [347] introduced carboxymethyl chitosan (CMC) 
into the alginate-Ca2+ system to develop dual crosslinked alginate/CMC- 
based gels by ionic coordination bonding between alginate and Ca2+

ions and electrostatic crosslinking between the amine groups on CMC 
and the carboxyl group on alginate. The dual-crosslinked gels with 
different concentrations (0.5 %, 1 % and 2 % w/v) of CMC had a higher 
storage modulus than alginate-based hydrogels at the same angular 
frequency. The 1 % dual-crosslinked alginate/CMC had the maximum 
storage modulus above 5 kPa, larger than the values (both ca. 3 kPa) of 
0.5 % and 2 % gels. The rheological results confirmed that instead of the 
maximum level, the equilibrium level of crosslinking density in the 
hydrogel system was more crucial to gaining optimal and peak 
viscoelasticity.

8.21. Slide-ring (SR)

Slide-ring (SR) crosslinked hydrogels are characterized by mobile 
polymer chains capable of sliding relative to one another within the 
network. Ito et al. [348,349] initially created SR gels by crosslinking 
polyrotaxane (PR) which consisted of multiple α-cyclodextrin (α-CD) 
molecules on the linear PEG. The crosslinking junctions can flexibly 
travel along the polymer chains between neighbouring CDs, while some 
uncrosslinked CD molecules still exist in the network. This specific 
structure contributes to distinctive mechanical properties, including 
weak stiffness and superior toughness, which is due to the molecular 
network of entropic elasticity [350,351]. Liu et al. [352] synthesized 1) 
three types of SR gels from polyrotaxane which comprises CD and 
different molecular weights of axial PEG (35 k, 60 k, and 100 k), and 2) 

fixed crosslinked (FC) gels consisting of pullulan with similar molecular 
weight as SR 35 k gel. Their rheological results showed that different 
molecular weights did not change the elastic modulus of SR gels (~15 
kPa), while crosslinking density governed the stiffness of both SR gels 
and FC gels. Additionally, SR gels have a higher toughness but lower 
stiffness than FC gels, which is caused by the flexible movement of SR 
gels.

Preliminary SR gels were very soft (from 20 pa to few tens of kPa) 
compared to some hydrogels used for cartilage and bone replacement 
(MPa) [283,351–354]. Jiang et al. [355] innovated a way of fabricating 
SR gels with low CDs (2 % coverage) via a one-pot strategy which could 
stimulate the enzymatic end-capping reaction and then offer SR gels 
with high stretchability (strain 110 %-1600 % with the stress of ca. 1 
MPa), improved stiffness (elastic modulus 20–50 kPa) and excellent 
toughness. Ito group [356] attempted to mechanically strengthen the SR 
gels by crosslinking divinyl sulfone (DVS) with CDs to reinforce their 
stiffness up to 130 kPa, which was higher than referenced fixed gels 
(110 kPa). Zheng et al. [357] were inspired by the dual-crosslink method 
and combined SR polymers with a rigid carboxyl-Fe3+ coordination 
polymer to construct a dually crosslinked SR gel with tuneable stiffness. 
This advanced SR gel achieved a broad elastic modulus range from 9.5 
kPa to 8.3 MPa due to the synergistic effect of two crosslinks and 
maintained remarkable recovery properties. However, the process of 
increasing stiffness was accompanied by the water content loss from 
82.7 % to 55.4 %. Although Zheng et al. did not test cell compatibility 
test on this SR gel, the discovery of the water content loss from 82.7 % to 
55.4 % due to the increased stiffness may affect encapsulated cells’ 
health since animal cells prefer to stay in an isotonic environment.

8.22. Nanocomposite hydrogels

Nanocomposite hydrogels are a particular class of hybrid hydrogels 
that modify the hydrogel with specific reinforced properties at the 
nanoscale (<100 nm). The nanoparticles with high surface-to-volume 
scattered within the crosslinked networks of the hydrogel can intro-
duce specific properties such as electronic conductivity and magnetic 
sensitiveness and more importantly, provide pure hydrogels with rein-
forced mechanical performance [358–362]. The nanocomposite hydro-
gels can be modified to acquire exceptional properties due to synergistic 
effects from nanofillers and develop biofunctional tissue implants. The 
four most common types of nanofillers are organic nanoparticles (car-
bon nanotubes or CNTs, graphene oxide or GO, reduced graphene oxide 
or rGO, and nanodiamonds), inorganic nanoparticles (ceramic, hy-
droxyapatite, clay, calcium phosphate, silicates, metal and metal oxide), 
and polymeric nanoparticles (liposomes, dendrimers, polylactic- 
coglycolic acid and polycaprolactone) [363–365]. For instance, Liu 
et al. [366] reported that the cofacial alignment of negatively charged 
unilamellar titanate nanosheets could maximize the electrostatic 
repulsion and result in a structured ordering of the sheets, which gives 
rise to the anisotropic mechanical properties of the hydrogel system. The 
nanosheets within the hydrogel could act as a reinforced structure to 
resist compressive forces applied orthogonally, while enhancing flexi-
bility when shear forces are applied parallel to the nanosheet alignment.

Additionally, graphene groups as the nanofiller have been compel-
ling due to their superior stiffness (2.4 ± 0.4 TPa Young’s modulus for 
single graphene and 2.0 ± 0.5 TPa Young’s modulus for bilayer gra-
phene), fracture strength (ca. 125 GPa for single graphene), thermal 
conductivity (ca. 5 kW/(m⋅k) for single graphene) and specific surface 
area (ca. 2630 m2/g for single graphene sheet) [367,368]. Instead of 
graphene, GO is favoured due to its lower agglomeration tendency and 
better solubility [363]. Pereira et al. [369] loaded different concentra-
tions of GO into poly(2-hydroxyethyl methacrylate) (pHEMA) to obtain 
the 8.3-fold and 3.1-fold increase in the stiffness (Young’s modulus 6.5 
MPa for 5 % GO, 2.1 MPa for 0.1 % GO, respectively) compared to pure 
pHEMA hydrogels (0.74 MPa). The tensile strength was also enhanced to 
1.14 MPa, 7.4-fold higher than pure pHEMA.
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Two basic principles to fabricate nanocomposite hydrogels include 
1) the physical mixture method, in which nanoparticles are simply 
dispersed in the gel before gelation; and 2) the conjugated composite 
method, in which the nanoparticles serve as a crosslinker to covalently 
bind with the polymeric matrix and straight adjust the mechanical 
properties [370–374]. Kouwer group [375,376] demonstrated that the 
physically crosslinked method had negligible effects on the hydrogel 
stiffness, especially for fibrous hydrogels, due to unstable physical in-
teractions. Thus, a recent trend is to discover a feasible method to tune 
the mechanical properties of nanocomposite hydrogels independently of 
the polymer concentration.

Chen and Kouwer [377] demonstrated that the incorporation of iron 
oxide nanoparticles in the poly-isocyanide (PIC)-based hydrogel could 
increase stiffness (shear storage modulus) from 20 pa to 200 pa when 
changing the state of nanocomposite from physical mixture to covalent 
crosslinking. The maximum stiffness could achieve 1 kPa when tuning 
the crosslinking density corresponded by adjusting the linker concen-
tration on the nanoparticles and meanwhile, the nanoparticles and 
polymers at the minimal concentration (both 1 % wt). Additionally, 
Jaiswal et al. [378] also reported that with the constant concentration of 
collagen-based polymers and nanoparticles (5 μg/mL), controlling the 
size of Fe3O4 nanoparticles (4, 8, 12 nm) could be an effective approach 
to tuning the stiffness from 0.2 to 200 kPa. Another uniquely inorganic 
nanoparticle, namely hydroxyapatite (HAp), would enhance the me-
chanical properties of the hydrogels via constructing the secondary 
hydrogen bonds without altering the polymeric matrix structural 
integrity, the swelling ratio, and more importantly, sustain high cell 
viability and growth [363,379,380]. Sadat-Shojai et al. [381] showed 
that increasing the concentration of HAp from 0.1 to 0.5 mg/mL causes 
the increase in stiffness of nanocomposite hydrogels from ~ 20 to 28 
kPa, which is higher than bare hydrogel (gelatin, 14 kPa). Meanwhile, 
their SEM results showed that the higher concentration only decreased 
average pore size marginally from 50 ± 15 μm for pure gelatin to 41 ± 8 
μm and 42 ± 10 μm for 0.1 mg/mL HAp and 0.5 mg/mL HAp respec-
tively, which also proved that HAp particles cause no influence on the 
structural integrity.

8.23. Hydrophobic modification

Hydrophobic interactions are one of the most critical noncovalent 
gelation techniques and have been exploited to tune the mechanical 
properties of synthetic hydrogels via manipulating the configuration, 
interaction site or density of the hydrophobic group [382]. The hydro-
phobic side chains within the hydrophilic polymeric matrix can aggre-
gate together to form a hydrophobic micro-domain, and a bunch of these 
micro-domains function as physical crosslinking points in the network to 
efficiently dissipate energy and consequently ameliorate the mechanical 
properties [383–385]. Sufficient surfactants are required to solubilize 
the hydrophobic monomers in aqueous media (sodium dodecyl sulfate 
or SDS solution) during the process of polymerization [386,387]. These 
surfactants would cause undesirable impacts, such as toxicity, chain 
transfer reactions and complicated post-treatment procedures, however 
the lack of surfactants will result in disrupting the structure of the 
hydrogels and making them soft and brittle [387].

A surfactant monomer (surfmer) has been designed to resolve the 
issues, such as associative properties and solubility caused by the con-
ventional surfactant [386]. Surfmers were improved to maintain the 
original function as surfactants and form a micelle to copolymerize with 
hydrophobic monomers with covalent interactions. Gao et al. [386] first 
prepared sodium 2-acrylamido-dodecane sulfonate (NaAMC12S) as a 
surfmer to a hydrophobic monomer N-dodecylacrylamide and the hy-
drophilic backbone polyacrylamide to form a more stable hydrogel. 
Later, other surfmers such as alkylphenol polyoxyethylene ethers (OP-4 
or OP-10) and 9 or 10-acrylamidostearic acid (NaAAS) were also 
introduced [387]. Jiang et al. [388] manifested that the mechanical 
properties of hydrophobic association hydrogels including elastic 

modulus (1.34–6.55 kPa), tensile strength (62.00–212.79 kPa), fracture 
strain (982.01–1828.36 %) responded to the change of composition of 
hydrophilic acrylamide, hydrophobic octylphenol polyoxyethylene 
acrylate and the SDS.

Despite that the incorporation of hydrophobic association into the 
polymeric network improves the mechanical behaviours, the improve-
ment cannot satisfy the need for specific hard TE. Thus, hydrophobic 
association hydrogels are usually combined with latex particles 
[389–391], nanoparticles [392,393], electrostatic interactions [394], 
double network structure [395–397] or hybrid crosslinking 
[310,398,399] to achieve the targeted mechanical properties. For 
example, Qin et al. [400] fabricated an acrylamide-acrylic acid-octa-
decyl methacrylate hybrid hydrogel through the conventional micelle 
copolymerization processes and meantime introduced the second 
crosslinking network by adding Fe3+ to form a coordination bond with 
the carbonyl group. They evaluated this double crosslinked hydrogel 
was observed to have an elastic modulus of 8.0 MPa, and mechanic 
strength up to 6.8 MPa. Zhang et al. [401] proposed semi-crystalline 
poly(ε-caprolactone) hydrogels with hydrophobically associative in-
teractions (N,N-dimethylacrylamide and 2-methoxyethyl acrylate) and 
heterogeneously thermoresponsive polymer network, which exhibited 
an excellent compressive elastic modulus of 1.76 MPa and mechanic 
strength of 7.57 MPa.

8.24. Macromolecular microsphere composite (MMC) hydrogels

The macromolecular microsphere composite (MMC) technique has 
become a novel hydrogel synthesis method to construct a well-defined 
polymeric structure with superior mechanical strength [402]. The 
MMC hydrogels are also named microgels (sizes from 100 µm to 100 nm) 
or nanogels (sizes below 100 nm). Wang’s group [403–405] first 
developed MMC hydrogels by using a peroxidized microsphere (MMS) 
that serves as a multifunctional initiator and a crosslinker. In the 
fabrication process, 60Co γ-rays irradiated MSSs induce peroxidization 
which distributes peroxy groups onto the MMS surface and then a per-
oxidized MMS can serve as a multifunctional initiator and a crosslinker. 
The subsequent step is the grafting polymerization in which the initiated 
MMSs covalently interact with grafted polymer chains. The evenly 
distributed uniform polymer chains could efficiently dissipate the en-
ergy from the applied stress, resulting in reinforced mechanical prop-
erties of the MMC gels. The MMC hydrogel with Poly(N- 
isopropylacrylamide) (PNIPAAm) made by Wang’s group [404]
exhibited excellent tensile stress (2.0–8.0 MPa) and elastic modulus (0.2 
to 1.0 MPa) which are controlled by compositions and temperature. 
Huang et al. [403] prepared poly(acrylic acid)-MMC hydrogels and 
compared them with normally structured poly(acrylic acid). Their study 
showed that the normal hydrogel (water content 87. 5 wt%) fractured at 
a stress of 0.08 MPa and tensile strain of 45.5 %. In contrast, the MMC 
hydrogel (water content 89 %) kept the structure integrity even at high 
compression stress up to 10.2 MPa and a corresponding strain of 97.9 %, 
thus manifesting that the MMC structure could contribute to enhancing 
the mechanical strength compared to the normal structure.

Unlike most other reinforcement methods, MMC could also employ 
natural hydrogels to enhance their mechanical properties and biocom-
patibility. Duan et al. [406] developed a novel electronic skin bioma-
terial with self-wrinkled surface properties using chitosan microspheres 
in situ polymerized with aniline and acrylamide. The microsphere- 
structured hydrogels showed above 30-fold higher tensile strength 
compared to pure chitosan or polyacrylamide and the maximum frac-
ture stress and strain of 0.879 MPa and 626 % for tensile test, and 10.02 
MPa and 90 % for the compression test, respectively. More detailed 
rheological and mechanical measurements on chitosan microspheres 
functionalized with poly(acrylamideco-1-benzyl-3-vinylimidazolium 
bromide) were recently conducted by Zhang et al. [407]. They fabri-
cated the MMC hydrogels through in situ copolymerisations of acryl-
amide and cucurbit-uril (CB) monomers. The results indicated that the 
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storage modulus of the microsphere was approximately 3.10 kPa, which 
was almost five times higher than that of any previously published CB- 
based hydrogels. Moreover, it was noted that multiplying the content of 
chitosan microspheres (0–1.9 g) in the hydrogel increased the elastic 
modulus (no exact data provided), tensile fracture strain (720 % to 1300 
%) and fracture stress (90 to 490 kPa). Other MMC hydrogels such as 
starch-based [408–410] and gelatin-based [411–413] also showed 
outstanding mechanical properties compared to normally structured 
hydrogels, mainly because the microspheres served as the physical 
crosslinkers to fast dissipate the energy caused by tensile stress.

8.25. Chemical crosslinking modification

The introduction of additional crosslinking in the hydrogel system 
through the formation of chemical linkages via Schiff-base, Diels-Alder 
(DA), Thiol-based Michael addition, strain-promoted azide-alkyne 
cycloaddition (SPAAC) reactions can help regulate the mechanical 
properties of hydrogel.

8.26. Schiff-base crosslinking

The basic principle of incorporating Schiff-base linkages into 
hydrogels is to modify hydrogels with functional amine (–NH2) and 
carbonyl (–CO-) groups and then covalently crosslink hydrogels via 
forming the dynamic imine bonds (–C=N–) which is biodegradable 
through control of pH and hydrolysis [179]. Aldehyde groups can be 
formed using NaIO4-mediated oxidative cleavage of vicinal diols; the 
aldehyde groups can then be reacted with amino groups on another 
polymer to form the Schiff base linkages [415]. Due to the mild condi-
tions, short reaction time, low cytotoxicity and biodegradability, the 
Schiff base reactions are one of the most commonly applied approaches 
to chemically crosslink hydrogels [416–419]. Wei et al. [420] bonded 
carboxyethyl-modified chitosan via using acrylic acid and periodate- 
oxidized sodium alginate together via the Schiff base reaction. The 
crosslinked chitosan-alginate had a storage modulus from 77.9 ± 3.9 Pa 
to 1961 ± 178 Pa with the increased concentration of modified chitosan 
from 0.01 to 0.03 g/ml, which met the stiffness of brain tissues (0.1–1 
kPa). Another study accomplished by Liu et al. [421] showed that the 
dynamic imine groups formed by oxidized debranched starch and chi-
tosan could reinforce the stiffness (storage modulus) to arrive the 
maximum value of 4.9 kPa at 50 ◦C at the amino-to-aldehyde molar ratio 
of 1.4, which is much higher than that of other chitosan-based hydro-
gels, especially another Schiff base chitosan-cellulose (maximum 0.5 
kPa) [422].

Additionally, aromatic Schiff base bondings are ideal because of their 
ability to sustain the dynamic functions and boost the mechanical 
properties of hydrogels, thus being preferred over aliphatic Schiff base 
bondings [423,424]. For instance, Zhang et al. [425] demonstrated that 
the stiffness of the aromatic Schiff base crosslinked chitosan-PEG 
(benzaldehyde groups modified) was tuneable via controlling the ratio 
of functional groups CHO/NH2 and the maximum stiffness (storage 
modulus) was around 20 kPa when CHO/NH2 was 0.72 even the mass 
content was comparatively low (5.8 %). Meanwhile, the gelation time in 
this study was within 1 min, which indicates that the Schiff base 
modification is a facile and fast crosslinking approach to refine the 
mechanical properties. However, the largest barrier against the devel-
opment of Schiff modification hydrogels is that the Schiff base bonds are 
prone to hydrolyse under acidic conditions, while the inflamed tissues 
are usually mildly acidic during wound healing process which restricts 
the use of Schiff gels for in vivo studies and clinical applications 
[179,426,427].

8.27. Diels-Alder (DA) crosslinking

The Diels-Alder (DA) reaction is a common ‘click’ chemistry method 
to fabricate chemically crosslinked hydrogels via the [4 + 2] 

cycloaddition between conjugated dienes and dienophiles with 
outstanding characteristics including high yields and near-zero by- 
products [428–433]. The DA system can arrive at a chemical equilib-
rium due to its dynamically thermoresponsive properties, where the DA 
linkages can occur under 90 ◦C while being cleaved with a higher 
temperature [434,435]. Recently, the most commonly used diene/ 
dienophile linkages in hydrogels are produced through furan (and its 
derivatives, i.e., furfural)/maleimide modifications. A remarkably tough 
polymeric platform was fabricated by using neopentyl glycol diglycidyl 
ether (NGDE) and furfurylamine (FA) based on DA reactions [436]. The 
rheological study demonstrated the superior tunability of stiffness 
(elastic modulus) from 8.4 MPa to 1.2 Gpa with roughly three orders of 
magnitude increase and excellent tensile strength from 3 to 30 Mpa by 
controlling the mole ratio of maleimide/furan groups.

González et al. [437] developed another dual-crosslinking hydrogel 
system consisting of DA-crosslinked furan-starch derivative/maleimide- 
PEG with reinforced nanoparticles (cellulose nanocrystals). Due to the 
stable DA linkages, the storage moduli for all hydrogels were over 1 kPa. 
It is also worth noting that the integration of nanoparticles enhanced the 
G’ from 1.38 kPa (0 wt% cellulose nanocrystals) to 2.01 kPa (5 wt% 
cellulose nanocrystals), as the nanoparticles formed hydrogen bonding 
with macromolecules into the polymeric matrix. One of the limitations 
that restricts normal DA based hydrogels in the field of cytobiology is the 
over-extended gelation time [415].

To accelerate the reaction rate of Diels-Alder (DA) cycloaddition, 
catalyst-independent inverse electron-demand DA (IEEDA) reactions 
were developed using an electron-deficient diene (tetrazine, Tz) and an 
electron-rich dienophile (norbornene, Nb). Koshy et al. [438] combined 
gelatin with Tz and Nb groups to create IEEDA-crosslinked gelatin 
within a few minutes. They demonstrated that the mechanical properties 
of IEEDA-crosslinked gelatin could be adjusted by varying the polymer 
concentration and the Tz:Nb ratio in the system. The maximum storage 
modulus (G’) was observed at a Tz:Nb ratio of 1, reaching over 4 kPa for 
a 10 % w/v polymer concentration and below 400 Pa for a 5 % w/v 
polymer concentration. No significant difference in 3 T3 cell prolifera-
tion was observed between the 5 % and 10 % gels; however, cell viability 
was notably higher compared to GelMA at the same concentration. 
Despite these advancements, the traditional Tz group in IEDDA re-
actions unexpectedly degrades under physiological conditions, affecting 
the swelling and stiffness of the hydrogel [439]. To address this issue, 
Delplace et al. [440] substituted methylphenyltetrazine (MeTz) into the 
system. The phenyl group in MeTz allows MeTz-Nb HA to form a stable 
gel with minimal swelling within minutes, supporting cell viability for 
over 7 days. To control the degradation in IEDDA reactions, Dimmitt 
et al. [441] restructured the Nb group using carbic anhydride, resulting 
in accelerated and easily adjustable IEDDA PEG gels. These gels achieve 
a higher elastic modulus with a lower macromer concentration 
compared to thiol-Nb crosslinking gels.

8.28. Thiol-based Michael addition crosslinking

The Michael addition reactions are a facile system to crosslink 
hydrogels via the conjugate (1,4) addition that forms the linkages be-
tween a nucleophile (mostly a thiol group) and an electron withdrawing 
functional group (commonly acrylate, methacrylate, vinyl sulfone, or 
maleimide groups) [442,443]. The tuneable stiffness of thiol-related 
hydrogels could be achieved by manipulating the gelling conditions 
such as temperature, pH or concentration. Liu et al. [444] adjusted the 
stiffness (elastic modulus) of methacrylate modified dextran crosslinked 
with dithiothreitol from 10.9 ± 1.8 kPa to 29.6 ± 3.7 kPa by increasing 
the pH from 7.0 to 7.8, indicating that higher pH could boost the reac-
tion rate between thiol functional pairs and form a more tightly com-
bined polymeric matrix. Another study demonstrated that controlling 
the concentration of hyaluronic acid (3–5 %) and crosslinking densities 
(0.25–0.5) could adjust the stiffness of thiol-crosslinked hydrogels from 
177.1 ± 0.5 to the maximum value of 1920.0 ± 12.1 Pa [445]. Godesky 
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and Shreiber [446] investigated the mechanical properties of thiol- 
modified hyaluronic acid (HA) crosslinked diacrylate PEG (PEGDA). In 
this work, the rheological results exhibited that the first gelation could 
be finished in one day and the stiffness is statistically significant linear to 
PEGDA concentration, as a result of the level of thiol-acrylate poly-
merization. However, the remaining thiol groups on hyaluronic acid 
could be oxidized over time and form disulfide bonds that stiffen the 
hydrogels [443,447,448]. Their results [446] showed that the storage 
modulus reached the maximum value of approximately 1200 Pa, 1000 
Pa, and 700 Pa for 1.0 % HA + 0.2 %PEGDA, 0.8 % HA + 0.6 %PEGDA, 
and 0.8 % HA + 0.2 %PEGDA, respectively after 30 days, which also 
suggests that the disulfide oxidation of thiol groups on hyaluronic acid 
plays a critical role in the level of stiffness over a more extended period.

As one of the common Michael addition reactions, Thiol-maleimide 
linkage possesses the highest crosslinking efficiency, resulting in 
hydrogels with a wide range of stiffness [443,449,450]. Jansen et al. 
[451] investigated the elevated content of maleimide-PEG (3–20 wt%) 
which changed the elastic modulus of thiol-maleimide PEG hydrogels 
from around 1 to 4 kPa. Thiol-ene crosslinking causes rapid gelation 
however, these polymeric systems can also be heterogeneous since there 
is less polymerization time to form a homogenous gel than individually 
mixed components [452]. There are several methods to increase the 
homogeneity of thiol-maleimide gels, including managing the reaction 
temperature, pH, and polymer content to decelerate the reaction speed/ 
kinetics. Guo et al. [453] proposed adding short peptides into the 
hydrogel system was less cytotoxic for cell encapsulation. They 

crosslinked maleimide-PEG and thiol-PEG with different peptides and 
found that the existence of phenylalanine-arginine-glycine (FRG) could 
most greatly raise the stiffness from 95.1 kPa (pure thiol-maleimide PEG 
hydrogels) to 108.9 kPa because of the effective crosslinking of thiol and 
maleimide and the mechanical homogeneity.

8.29. Strain-promoted azide-alkyne cycloaddition (SPAAC)

Modifying hydrogels with azide-alkynes click reactions is a current 
trend in chemical biology due to its bioorthogonal and cytocompatible 
reactivity. Sharpless et al. [454,455] addressed the temperature and 
pressure limitations of the original Huisgen [3 + 2] azid-alkyne cyclo-
addition [456] by introducing the copper(I) catalyst into the reaction, 
yet this catalyst is cytotoxic. Bertozzi and colleagues [457] then devel-
oped an alternative catalyst-free approach known as strain-promoted 
azide-alkyne cycloaddition (SPAAC). SPAAC was inspired by Wittig 
and Krebs’ work [458] on cyclooctyne and phenyl azide which accel-
erates the reaction through the ring strain with 18 kcal/mol energy 
stored from bond angle deformation under physiological conditions. In 
addition to the aforementioned application of SPAAC in PEG hydrogel 
with an excellent spatiotemporal controlled mechanics described by 
DeForest et al. [279], Anseth et al. [459] also designed a PEG hydrogel 
incorporating azide groups and dibenzocyclooctyne (DBCO) instead of 
simple alkynes. The excess DBCO groups in their hydrogel construct 
enable photocrosslinking, allowing the stiffness to be adjusted in situ 
from 2 to 32 kPa of E’. The stiffening mechanics spectrum of DBCO- 

Box 1
. The methods to tune other mechanical properties.

Viscosity

Various cell responses to alteration in hydrogel viscosity, such as adhesion, spreading and differentiation have been investigated [461–464]. 
Shear thinning, the reduction of viscosity under elevated shear stress, is a key characteristic of hydrogels used in bioprinting and in vivo in-
jections. Shear-thinning hydrogels typically rely on physical bonds or dynamic covalent interactions, which can be broken under shear stress, 
allowing the gels to be extruded. Once shear is reduced, these interactions quickly reform, enabling the gel to recover its structure. Uman et al. 
[465] reviewed the interactions that contribute to shear-thinning, including physical bonds (e.g., hydrogen bonds, nanocomposite-based sys-
tems, guest–host interactions, metal–ligand coordination, and biorecognition motifs) as well as dynamic covalent chemistry (e.g., reversible DA 
reactions and Schiff base formation). For instance, Loebel et al. [466] modified HA with CD or adamantante to enhance shear thinning via 
physical host–guest association, and introduced secondary photo-crosslinking mechanism, methacrylated HA to support mechanical strength.

Viscoelasticity

Hydrogels show viscoelastic behaviour at high frequencies due to their water content. But only the hydrogels with predominantly non-covalent 
crosslinking display viscoelasticity within physiological frequency ranges (0.01–10 Hz), since their weak bonds allow for more liquid-like 
behaviour. For fully covalently crosslinked hydrogels, introducing a secondary non-covalent network (IPN, SR, or hydrophobic association) 
[467–469], incorporating entangled polymers [470,471], or adding loose ends [471] can modify their viscoelastic properties. In hydrogels with 
weak bonds, tuning viscoelasticity involves varying the ratio of weak to covalent bonds [472], adjusting the affinity of weak bonds [473], and 
incorporating inert molecular spacers (such as small PEG molecules into alginate [71]). Recently, Liu et al. [474] proposed using 3,4-dihydrox-
ybenzaldehyde (DB) to create dynamic bonds with gelatin and GelMA, enabling adjustable viscoelasticity by independently controlling the 
storage modulus (G’) and loss modulus (G’’). DB, a small molecule, diffuses easily into the network; this, promotes rapid formation and breaking 
of noncovalent bonds, resulting in a viscous gel with G’’ greater than G’. The viscoelasticity, influenced by the density of covalent crosslinks and 
the number of dynamic bonds, can be adjusted simply by varying the concentration of each component in this double-crosslinked system.

Strength and toughness

Strength refers to a hydrogel’s ability to resist permanent deformation or failure, whereas toughness measures the total amount of absorbed 
energy before the breakage. Often there is a trade-off between strength and toughness, where increased strength usually leads to reduced 
deformability and increased brittleness, resulting in lower toughness. To enhance the toughness of hydrogels, it is crucial to increase the number 
of sacrificial bonds in the network, facilitating energy dissipation in the network. One approach to modifying a single-network hydrogel involves 
introducing physical interactions, such as hydrogen bonds and ionic interactions, into the system [475–477]. An alternative strategy is to form a 
dual crosslinking network that combines covalent crosslinking, which provides stiffness and structural stability, with non-covalent crosslinking, 
which acts as the energy dissipation mechanism to improve toughness [478,479]. For example, Zheng et al. [480] developed a dual physical 
crosslinking network hydrogel composed of hydrophobically crosslinked polyacrylamide (PAM) and iron-crosslinked sodium alginate, featuring 
high levels of stiffness, strength, and toughness, along with excellent self-repairing and recovery capabilities. Their results showed that the 
amount of iron in the double network positively affects stiffness, brittleness, and self-healing, as it can influence the degree of crosslinking and 
freely diffuse into the system, subsequently reforming breaks into a complete network. Conversely, a higher concentration of sodium alginate 
impairs self-healing by restricting the movement and hydrophobic interactions of the PAM component.
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modified PEG in response to the range of moduli (from 5 to 22.1 kPa of 
E’) measured from skeletal muscle 28 days post injury promoted C2C12 
proliferation and myofiber hypertrophy. A recent study by Lagneau et al. 
[229] demonstrated a single-step method for synthesising HA only 
hydrogels via SPAAC from bicyclononyne (BCN) and azide groups. This 
approach yielded a broad spectrum of stiffness (0.5–45 kPa) with a long 
stability and minimal swelling. They further improved cell viability and 
adhesion by mixing azide-modified RGD peptides with the HA-BCN. 
Despite challenges such as the difficulty of synthesising cyclooctyne 
and potential regioisomeric distribution of triazoles [460], SPAAC re-
mains a promising method for developing crosslinked bioorthogonal 
hydrogels with ambient stiffness and precise spatiotemporal control.

9. Conclusion and future Perspectives

Engineers continue to discover and improve methods of precisely 
controlling biological responses at micro/nanoscale by using ECM- 
mimic materials. Hydrogels are used to mimic the complexity and in-
tricacy of the native ECM to support cell behaviour and fate. Since 
resident cells in different tissues can respond in their own way to me-
chanical cues from the living environment, the stiffness of hydrogel 
matrices has been studied in depth. It has been established that substrate 
stiffness is closely linked with cellular responses through membrane 
receptors, actin cytoskeleton networks, to the nucleus [481]. A 
comprehensive grasp of the complex relationship between matrix stiff-
ness and cellular responses is essential for developing suitable hydrogels 
for TE applications. Considering and synthesizing hydrogels with 
optimal substrate stiffness for the desired cells can substantially improve 
tissue regeneration.

There is considerable scope for the systematic evaluation of engi-
neered tissue performance using materials with varying moduli. How-
ever, a significant challenge lies in the disparity of modulus values 
determined by different measurement techniques, which complicate the 
comparisons of stiffness. Therefore, it is essential to establish 
community-driven standards for the measurement and analysis of stiff-
ness across macro, micro and nanoscales. Such standards would not only 
address the complexities associated with the complexity with comparing 
current systems, but also provide a unified framework for evaluating 
mechanical properties, enhance reproducibility, and streamline the 
regulatory approval process, thereby fostering the efficient translation 
of engineered tissues into clinical applications.

Despite the fact that soft bioscaffolds (modulus up to kPa) can 
improve biological response even to reconstructed stiff tissue, problems 
in reaching the required optimal substrate stiffness remain to be 
resolved. Given that most hydrogels are deficient in mechanical 
strength, recent studies have contributed to our ability to tune substrate 
stiffness through adjusting concentrations or crosslinking, combining 
fillers, or adjusting chemical configurations at the nanoscale. But tuning 
the stiffness of hydrogels is often involved with inevitable but unwanted 
changes in porosity and nanotopography that also influence biological 
responses through the biophysical and biochemical regulation mecha-
nisms. Furthermore, methods such as IPN, DN, and SR that massively 
enhance stiffness (from kPa to MPa) have a strict prerequisite of 
candidate hydrogels and are unsuitable for most hydrogels. So there is a 
need to develop a further feasible and effective methods for tuning 
hydrogel stiffness, addressing issues such as changes in pore size and 
nanotopography, as well as the limited hydrogels availability.

The interrelation among mechanical properties increases the diffi-
culty of determining the effect of individual mechanical cues on cells or 
tissues. In this context, computational approaches and predictive models 
can significantly aid in optimizing the mechanical properties of hydrogel 
for specific cell types by simulating the interactions between the 
hydrogel matrix and cells under various mechanical conditions. These 
models can incorporate factors such as cell mechanotransduction, ma-
terial properties (e.g., elasticity, viscoelasticity, swelling and topog-
raphy), and environmental cues to predict how different stiffness levels 

influence cell behaviours, such as proliferation, differentiation, and 
migration. By integrating experimental data with computational simu-
lations, these models can identify optimal stiffness ranges that promote 
desired cellular responses, ultimately accelerating the design of tailored 
hydrogels for specific tissue engineering applications.

In addition to the discrepancies associated with hydrogel stiffness 
characterization, the goal of replicating time-dependent properties of 
native tissue growth is a significant challenge that may need to wait for 
the evolution of 4D bioprinting. In 4D bioprinting, the printed hydrogel 
constructs can undergo changes in shape, mechanical properties or 
biofunctionalities over time in response to environmental stimuli, 
including temperature, pH, light, and oxygen levels [482]. The current 
hurdle of developing 4D bioprinting is to precisely control the spatial 
and temporal changes in hydrogel structures and mechanical properties 
as requested by natural physiological processes.

The development of hydrogels with multifunctionality, particularly 
those characterized by both mechanical (pressure, tension, or defor-
mation) and electrical (conductivity or piezoelectricity) responsiveness, 
is also highly needed in bioelectronics and tissue engineering due to 
their ability to mimic the dynamic variation of the natural ECM and 
enhance biological responses. These hydrogels are usually incorporated 
with conductive polymers (e.g., polypyrrole [483], PEDO:PSS [484], 
and silk fibroin [485]), nanomaterials (e.g., GO and carbon nanotubes 
[486]), or ionic liquids [487] that possess both electroactive and me-
chanically responsive abilities. One major issue is achieving a balance 
between mechanical strength and electrical conductivity, as these 
properties often conflict with each other [488]. Furthermore, main-
taining the biocompatibility and long-term stability of multifunctional 
hydrogels in vivo is an ongoing area of research.

Fabricating scaffolds from uniform biomaterials limits the applica-
tion toward heterogeneous and anisotropic engineered tissue. To 
compensate for this, hierarchical gradients in stiffness, porosity, and 
viscoelasticity may be achieved by controlling polymer concentration, 
crosslinking density, or component redistribution through photolithog-
raphy or microfabrication to spatially define regions of interest [489]. In 
doing so, heterogeneous scaffolds give the greatest hope for engineering 
heterogeneous tissues such as tissue interfaces.

Traditional static tissue cultures have limitations such as size, 
nutrient depletion, and waste accumulation and management. Bio-
reactors alleviate such limitations by continuously circulating culture 
media through porous hydrogel scaffolds, ensuring uniform cell viability 
within the structures. Bioreactors also facilitate tight control of cell 
distribution through the design of bioreactor 3D cell constructs [490]. 
For example, perfusion bioreactors are widely used in bone and cartilage 
tissue engineering because they provide a continuous flow of culture 
medium through the scaffold, enhancing nutrient and oxygen delivery 
while promoting the removal of metabolic waste [491,492]. This dy-
namic flow creates a physiologically relevant environment, particularly 
for tissues that are avascular or require precise nutrient gradients. 
Likewise, rotating wall bioreactors are often used in the cultivation of 3D 
cell cultures, including vascular and soft tissues. These bioreactors 
maintain a low-shear environment while suspending the construct in a 
nutrient-rich medium, promoting uniform cell growth and extracellular 
matrix deposition [493]. Additionally, uniaxial strain-inducive bio-
reactors can act as biomimetic stimulators of contractile (muscle) cell 
types to achieve (appropriately functional) contractility; but they 
potentially expose tissue constructs to plastic behaviours whereby the 
control of stiffness properties becomes distorted. To mediate this risk, 
hydrogel scaffolds’ yield strain must be determined prior to bioreactor 
implantation to arrive at a viable strain regimen in which a scaffold’s 
stiffness, and thus cellular response is predictable and reproducible. 
Additional properties such as the effects of strain rate, fatigue, hyster-
esis, and material degradation should also be characterized before 
initiating mechanical stimuli. To receive real-time feedback, biosensors 
may be incorporated to determine the growth rate of tissue constructs. 
Ideally, biosensors are capable of (i) detecting a stimulus output, (ii) 
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comparing the stimulus to the pre-defined regenerative milestone, and 
(iii) automatically triggering a response in the form of automated media 
exchange, agitation rate, and/or mechanical exposure.

To further replicate the dynamic mechanical environment of human 
tissue, advanced strategies can be employed. One such approach is the 
incorporation of mechanosensitive proteins, such as talin or vinculin, 
which play key roles in transducing mechanical signals into biochemical 
responses. By embedding these proteins or their functional domains into 
hydrogel scaffolds, it is possible to create materials that respond 
dynamically to applied mechanical strain, promoting cellular alignment, 
differentiation, and maturation [494,495]. Another promising strategy 
involves the use of piezoelectric materials within hydrogels. These ma-
terials generate electrical signals in response to mechanical deforma-
tion, mimicking the bioelectric cues that occur during muscle 
contraction. For example, hybrid hydrogels containing piezoelectric 
nanoparticles, such as barium titanate or zinc oxide, have been shown to 
enhance myogenic differentiation when subjected to cyclic mechanical 
loading [496,497]. These bioelectric signals can complement the me-
chanical cues provided by uniaxial strain bioreactors, creating a more 
physiologically relevant microenvironment for skeletal muscle 
regeneration.

In conclusion, a comprehensive understanding of how a hydrogel 
behaves over time under dynamic culture environments is imperative 
for analysing resultant cellular responses in future research on 4D bio-
printing, gradient stiffness scaffold, and bioreactors in Tissue 
Engineering.
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[432] K. Urdl, S. Weiss, P. Christöfl, A. Kandelbauer, U. Müller, W. Kern, Diels-Alder 
modified self-healing melamine resin, Eur. Polym. J. 127 (2020), https://doi.org/ 
10.1016/j.eurpolymj.2020.109601.

[433] N.I. Khan, S. Halder, S.B. Gunjan, T. Prasad, A review on Diels-Alder based self- 
healing polymer composites, IOP Conf. Ser. Mater. Sci. Eng. (2018), https://doi. 
org/10.1088/1757-899X/377/1/012007.

[434] A.M. Peterson, R.E. Jensen, G.R. Palmese, Thermoreversible and remendable 
glass-polymer interface for fiber-reinforced composites, Compos. Sci. Technol. 71 
(2011), https://doi.org/10.1016/j.compscitech.2010.11.022.

[435] J.H. Aubert, Thermally removable epoxy adhesives incorporating thermally 
reversible Diels-Alder adducts, J. Adhes. 79 (2003), https://doi.org/10.1080/ 
00218460309540.

[436] Q. Zhou, F. Gardea, Z. Sang, S. Lee, M. Pharr, S.A. Sukhishvili, A Tailorable 
Family of Elastomeric-to-Rigid, 3D Printable, Interbonding Polymer Networks, 
Adv. Funct. Mater. 30 (2020), https://doi.org/10.1002/adfm.202002374.
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