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Abstract
Three-dimensional (3D) bioprinting has become a promising approach to construct-
ing functional biomimetic tissues for tissue engineering and regenerative medicine. 
In 3D bioprinting, bio-inks are essential for the construction of cell microenviron-
ment, thus affecting the biomimetic design and regenerative efficiency. Mechanical 
properties are one of the essential aspects of microenvironment, which can be char-
acterized by matrix stiffness, viscoelasticity, topography, and dynamic mechanical 
stimulation. With the recent advances in functional biomaterials, various engineered 
bio-inks have realized the possibility of engineering cell mechanical microenviron-
ment in vivo. In this review, we summarize the critical mechanical cues of cell micro-
environments, review the engineered bio-inks while focusing on the selection princi-
ples for constructing cell mechanical microenvironments, and discuss the challenges 
facing this field and the possible solutions for them.
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1. Introduction
In tissue engineering, using engineered biomaterials that are integrated with seed cells 
is an important strategy to construct functional tissues in vitro for implantation[1]. 
However, the existing tissue engineering methods are unable to attain the expected 
therapeutic effect of ideal regenerative medicine. The reason for this is the inability 
to precisely regulate cell behavior to achieve regenerative needs[2]. All processes from 
in vitro functional tissue construction to post-implantation integration with the body 
involve complex interactions between cells and biomaterials or extracellular matrix 
(ECM)[3]. A deep understanding of how cells sense and interact with the surrounding 
microenvironment is essential for tissue engineering.

The state of cells in living tissues is not independent, as it is affected by the surrounding 
environment and responds accordingly. The environment at the cellular scale is 
considered to be the cell’s microenvironment. Cell microenvironment is a superposition 
of many components, including neighboring cells, ECM, soluble factors, and physical 
cues, which can be further classified as chemical and physical microenvironments[4]. For 
example, the physiological state of skeletal muscle is influenced by the concentration of 
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extracellular calcium ions and the activation of electrical 
signals from the nervous system[5]. Its physiological state is 
also maintained by mechanical stress[6]. The neuromuscular 
junction, which allows cell-to-cell interaction, triggers 
action potentials in muscle cells; the concentration of 
extracellular calcium ions, which determines the excitability 
of muscle cells, is the chemical microenvironment, 
whereas the tension of tendon stretching muscle cells is 
the mechanical microenvironment. The activity of cells 
is highly dependent on the microenvironment; hence, 
cells are prompted to make adaptive changes in face of 
fluctuations in the microenvironment. This may lead to a 
series of physiological changes or even pathological system 
imbalances[7].

The mechanical microenvironment has not yet been fully 
explored, unlike the chemical microenvironment, which 
has been extensively investigated. In the past two decades, 
a growing line of evidence has shown that mechanical 
microenvironment plays a crucial role in regulating cell 
behaviors[8]. Matrix stiffness, viscoelasticity, topography, 
and dynamic mechanical stimulation are all included in the 
cell mechanical microenvironment; synergistically, they 
determine the cell fate[4]. For instance, multipotent stromal 
cells can differentiate into bone, cartilage, or skeletal muscle 
tissue, depending on different matrix stiffnesses[9]. Cells 
probe the mechanical microenvironment in various ways, 
and even if they are not adherent, cells in suspension rely 
on mechanical signals. Platelets control the coagulation 
process by sensing the stiffness of fibrin networks and the 
hydrodynamics of blood[10]. This subverts the previous 
understanding of mechanical signals and widens the 
impact of the mechanical microenvironment on cells. 

Simple mechanical cues have been added into the 
culture requisites in tissue engineering for a better harvest. 
An example is the relocation of tissue engineering labs 
from rigid two-dimensional (2D) petri dishes to soft three-
dimensional (3D) biomaterials, as the spatially constrained 
microenvironment and mechanical properties of 3D 
biomaterials are closer to those of in vivo tissues[11]. In vitro, 
the effects of mechanical signals may be easier to observe 
but may also be neglected due to simplified conditions. 
Therefore, it is still a challenge to simulate and regulate cell 
mechanical microenvironment in a precise manner. 

3D bioprinting is a promising manufacturing method 
for precise control of the cell microenvironment[12]. 
Droplet-based bioprinting, laser direct-writing, extrusion-
based bioprinting, stereolithography, and two-photon 
polymerization are the common types of 3D bioprinting. 
The 3D bioprinting technology is well developed for the 
fabrication of fine structures, thus enabling researchers to 
construct fine and complex structures. Besides the structure, 

each bioprinting technique must be paired with specific 
biomaterials, which are known as bio-inks. Some of the 
common combinations are as follows: low-viscosity liquid 
materials for droplet-based bioprinting, donor substrate 
for laser direct-writing[13], shear-thinning materials for 
extrusion-based bioprinting[14], and liquid photocurable 
materials for stereolithography and two-photon 
bioprinting[15]. Regardless of the technique, the primary role 
of bio-inks for living cells is the same; that is, as a substitute 
for ECM, thus providing a controllable microenvironment 
for cells. An ideal bio-ink should provide cells with a living 
environment comparable to that of the ECM. 

Currently, there is no bio-ink that can fully mimic the 
ECM, especially in the mechanical microenvironment. 
Given the diversity and potent modification potential of 
bio-inks, this goal remains achievable in the future. Bio-inks 
have been recognized as vital vehicles for the modulation 
of cell mechanical microenvironment in 3D bioprinting. 
To date, some well-written review papers on bio-inks have 
been published with a focus on biofabrication techniques 
or biological applications[12,16]. However, to the best of 
our knowledge, there is no comprehensive summary of 
the engineered bio-inks used for 3D bioprinting of cell 
mechanical microenvironment. Herein, we summarize the 
typical mechanical microenvironment of cells, which was 
used as a standard to compare the mechanical properties 
of existing engineered bio-inks, as well as characterize and 
propose some methods for ink selection. Following that, 
we discuss the limitations of previous studies and suggest 
several future research directions.

2. Cell mechanical microenvironments
In order to simulate the cell microenvironment in vitro, 
it is necessary to use the in vivo state as the standard 
and reference. It is also essential to understand the 
mechanisms by which cells sense their microenvironment. 
As parenchyma, cells can passively withstand various 
external mechanical stimuli and transmit mechanical 
signals to the nucleus through the cell membrane and/
or cytoskeleton to regulate cell behaviors (a process 
termed as mechanotransduction)[17]. Besides, cells can 
also sense the mechanical microenvironment through the 
cytoskeleton or by forming mechanical interaction with 
the microenvironment. The cytoskeleton is an intracellular 
reticular organelle that is widely distributed in the cell, 
and it consists of one of its three distinct subunits; i.e., 
F-actin, microtubules, and intermediate filaments[18]. 
The regulation of the cytoskeletal network affects the 
mechanical properties of cells, which in turn influence 
cell division, differentiation[19], and motility[20]. The 
cytoskeleton itself has a certain mechanical strength and 
maintains the cell shape when the cell is deformed[21]. It 
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also provides a scaffold with increased surface area for the 
motor proteins[22], so that these proteins can be transported 
on it to govern cell movement or generate internal stress. 
Through the cytoskeleton, cells are connected to the 
outside world (neighboring cells or ECM network), and 
they can deform, depolymerize, and reorganize in response 
to changes in the mechanical microenvironment, resulting 
in noticeable changes in gene expression.

In recent years, there has been a discovery of several 
mechanical signaling pathways, involving yes-associated 
protein/transcriptional coactivator with PDZ-binding 
motif  (YAP/TAZ) activity[23], Lamin[24], and myocardin-
related transcription factors family[25], which are affected 
by matrix stiffness, cell density, or dynamic stretch and 
shear. Changes in the mechanical microenvironment 
may alter the cytoplasmic nuclear translocation of the 
effector molecules, thereby affecting cell proliferation 
and differentiation[26]. Several diseases have also been 
found related to the dysregulation of mechanical 
signaling pathways. For instance, mutations in protein 
dystrophin that provides mechanical balance to muscle 
cells may lead to muscular dystrophy[27]. However, it is 
still unclear whether and how the mechanical signals 
in the microenvironment synergistically regulate cell 
behaviors. Engineering cell mechanical microenvironment 
in vitro that recapitulates the native microenvironment 
will be beneficial to researchers in clarifying how tissue 

engineering can benefit from modulating mechanical 
signaling. The mechanical cues in cell microenvironment 
include stiffness, viscoelasticity, surface topography, and 
dynamic mechanical stimulation (Figure 1).

2.1. Stiffness
Stiffness is a material mechanical concept that reflects the 
ability of an object to resist deformation under an applied 
force. In the elastic range, stiffness is usually determined by 
the ratio of the applied force to the displacement produced 
by the force along the same direction. For most solid 
materials, stiffness is widely applicable to a given structure. 
Since many objects are anisotropic (exhibiting different 
properties in different degrees of freedom), stiffness is 
a structure- and boundary-dependent property that 
characterizes the macroscopic mechanical properties of 
materials. Another measurement unit of an object’s ability 
to resist elastic deformation is the elastic modulus, which is 
defined as the ratio of stress to the strain of an object in the 
elastic deformation region. According to different stress 
and strain directions, the elastic modulus can be divided 
into Young’s modulus (E, tensile stress and tensile strain) 
and shear modulus (G, shear stress and shear strain). 

In a strict sense, the definition of stiffness is inseparable 
from structural conditions and is used to characterize 
the macroscopic structure rather than the properties 
of the material itself. The elastic modulus reflects the 

Figure 1. Bio-inks for bioprinting cell mechanical microenvironment mimicking the native microenvironment. Engineered cell mechanical microenvi-
ronment with bio-inks can be classified into two types: static and dynamic. Common static mechanical microenvironments include stiffness and surface 
topography; matrix stiffness affects a single cell’s spreading, while surface topography regulates alignment. Common dynamic mechanical microenviron-
ments include stress relaxation, mechanical stimulation, and gradients; stress relaxation is a state in which strain is maintained and stress decreases over 
time; tensile or shear forces from different directions are applied in dynamic mechanical stimulation; stiffness gradients can alter cellular behavior over 
time and space.



International Journal of Bioprinting Bio-inks for 3D printing cell microenvironment

https://doi.org/10.18063/ijb.v9i1.632147Volume 9 Issue 1 (2023)

properties of the material itself, which is independent 
of shape and structure. However, given the inseparable 
complexity of biomaterials (especially polymeric materials 
and anisotropic biological tissues), the “stiffness” for 
biomaterials in research is often characterized using 
modulus (e.g., elastic modulus). In many studies, although 
a piece of tissue may contain both, dense fibers and 
loose matrix at the molecular (microscale) level, it is still 
measured as a whole, without considering the uneven 
distribution of matter at a smaller scale.

Living tissues have a wide range of stiffness, especially 
in higher animals with more complicated structures, 
such as the intuitive difference in stiffness between a 
“hard” bone and a “soft” brain[28]. Comparing only in 
terms of elastic modulus, the elastic modulus of bone is 
as high as 20 GPa[29], while that of mucus is only 11 Pa[30]. 
The specific functions of distinct organs determine the 
variances in stiffness of living tissues (e.g., weighed bone 
has the highest stiffness of all tissues), and the cells within 
the matrix have specialized interactions with the stiffness 
microenvironment. The stiffness of abnormal tissues also 
has its own specificity. For instance, there is significant 
difference in tumor stiffness among liver malignancies, 
with cholangiocellular carcinoma (75 kPa) being stiffer 
than hepatocellular carcinoma (55 kPa) and metastatic 
tumors (66.5 kPa)[31]. This stiffness difference may provide 
the basis for clinical diagnosis. It is also worth noting that 
cell stiffness differs from tissue stiffness. Although bone 
has a stiffness of 20 GPa, the stiffness of osteoblasts, which 
 are cells that synthesize bone, is only 2.6 kPa (unspread 
spherical) or 6.5 kPa (spread)[32]. Hard bone is the result 
of the accumulation and mineralization of ECM and the 

bone’s porous 3D structure enhances the overall system’s 
stiffness[33]. 

It is worth noting that although most studies provide 
specific values for tissue stiffness, there is no gold standard 
test for measuring stiffness in biological tissues. Stiffness 
values in tension (elastic modulus), compression (elastic 
modulus), and shear (shear modulus) are likely to differ for 
bulk structures, and tests for surface stiffness (indentation 
test) may provide different stiffness values. For cellular 
stiffness, measurements by atomic force microscopy 
(AFM)[34] and optical tweezers[35] are commonly used. This 
leads to significant differences between the macroscale 
and microscale stiffness of the same material. When 
bone tissue is measured at the microscopic scale, it may 
only show a stiffness of 1.97 GPa[36], which differs from 
the macroscopic result. Living tissue in vivo is usually 
measured using elastography (Table 1). Table 1 shows the 
stiffness values measured by different methods for certain 
living tissues in the human body.

Different organs or tissues have specific structures, 
owing to the uneven distribution of internal substances. 
For example, more fibers confer elasticity to blood vessel 
walls. The renal cortex has more blood vessels than the 
renal medulla. This macrostructure has a decisive influence 
on the overall mechanical property. According to Table 1, 
intact livers and kidneys have high compressive moduli, 
allowing them to withstand certain shocks without damage. 
However, in micromechanical tests, in which organs are 
cut into small samples, they show mechanical properties 
on the order of magnitude of lungs. By eliminating the 
effects of part of the macrostructure, seemingly dissimilar 

Table 1. Stiffness values of living tissues at different scales

Tissue Modulus Modulus value Dimension Test mode Refs.

Bone E 1.28–1.97 GPa Nanoscale AFM [36]

Bone E 10.4–20.7 GPa Macroscale USE, Micro-tensile [29]

Cardiac muscle E 8 kPa Macroscale MRE, Tension [84]

Cardiac muscle G 5–50 kPa Macroscale USE, MRE [85]

Lung G 0.84–1.5 kPa Macroscale MRE [86,87]

Lung E 1.96 kPa Nanoscale AFM [88]

Liver E 1.5–6.5 kPa Macroscale USE, Cyclic compression-relaxation [89–91]

Liver G 2 kPa Macroscale MRE [92,93]

Liver E 162–248 kPa Macroscale Probing (Entire organ) [94]

Pancreas E 2.8 kPa Macroscale USE [95]

Pancreas G 1.11 kPa Macroscale MRE [96]

Kidney E 1–2 kPa Nanoscale Nanoindentation [74]

Kidney E 35.3–68.9 kPa Macroscale Probing (Entire organ) [94]

Abbreviations: AFM, atomic force microscopy; E, elasticity modulus; G, shear modulus; MRE, magnetic resonance elastography; USE, ultrasonic 
 elastography. 
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tissues show partially similar mechanical properties, 
resulting in dramatic changes. Similar differences have 
been observed in various in vivo and in vitro experiments 
that were cell-contained and decellularized. Although 
these vastly different values cannot be converted, they are 
not contradictory findings, but rather a reflection of the 
diversity in mechanical properties of the same tissue under 
controlled conditions. 

The stiffness of the cell microenvironment is a dynamic 
factor that varies with cellular activity over time. The 
deposition of ECM, which is a dynamic network, occurs 
during physiological processes as a result of cellular 
activity and influences cellular behavior. The conversion of 
cartilage to bone is a complex equilibrium by regulating the 
turnover and remodeling of ECM[37]. This process involves 
multiple ECM-related components and is continuously 
dependent on the stiffness of ECM[37]. Abnormal ECM 
stiffness leads to the occurrence and progression of the 
disease. For instance, a rigid ECM may engender the 
transformation of normal epithelial cells into cancer 
cells, increase tumor aggressiveness, and prevent drug 
penetration into the tumor interior[38]. Cells also exhibit 
dynamic stiffness during various stages of their life cycle, 
and the variations in ECM stiffness that accumulate over 
time can be monitored and may alter gene expression. 
Primary human epithelial cells were passaged with 
increased stiffness on plastic petri plates, with cell stiffness 
rising two to four times after eight passages compared to 
cells passaged less than three times[39]. With increasing 
passage number, the endometrial adenocarcinoma cells 
grown on plastic petri plates showed a transition to the 
stromal phenotype, along with an increase in α-actin 
expression[40]. Dynamic stiffness increases the variables in 
studies, which undoubtedly heightens the complexity of 
tissue engineering in vitro.

2.2. Viscoelasticity
Besides stiffness, biological tissues have other notable 
mechanical properties. The water content of immature 
brain tissue is more than 80%, while that of normal liver 
is about 65%[41]. When water takes up a significant amount 
of space in tissues, its flow properties must be considered. 
This is known as viscoelasticity. The material in this 
situation has both, solid and fluid features. Viscoelasticity is 
characterized by the combination of viscosity and elasticity 
or the flow properties of viscous fluids and elastic solids. 

Viscoelasticity is a property of most living tissues and 
polymer hydrogels that manifest as partly elastic and 
viscoplastic. It is a dynamic mechanical microenvironment 
in the temporal sense. While a material is subjected to 
moderate stress, it tends to return to its original shape, 
owing to elasticity. However, viscoplasticity prevents 

it from fully returning to its original shape after being 
subjected to excessive stress; the internal stress of the 
material progressively reduces over time (known as stress 
relaxation). Viscoelasticity is determined by the movement 
of polymer chains. As a result, it is influenced by a 
variety of variables, including temperature, stress, strain, 
frequencies, test time, and orientation. The characterization 
of viscoelasticity must be dynamic, applying programmed 
strain over some time and measuring the response stress as 
a function of time, or applying stress and measuring strain 
as a function of time. Programmatic temperature changes 
and frequency can also be used as variables, but they must 
be time-dependent.

The dual properties of viscoelastic materials must be 
characterized by a complex modulus, which is typically the 
storage modulus and loss modulus. The storage modulus 
represents the elastic property of materials, which is the 
ability to instantaneously recover from deformation. It can 
be divided into axial storage modulus (E′) and shear storage 
modulus (G′) according to the direction. On the other 
hand, the loss modulus represents the viscous property 
of materials, which is the ability to irreversibly remodel 
over time. It can also be divided into axial loss modulus 
(E″) and shear loss modulus (G″). In viscoelastic testing, 
the storage modulus and loss modulus are two functions 
of time. When the storage modulus is significantly more 
than the loss modulus, the material is regarded to be solid; 
when the loss modulus is much greater than the storage 
modulus, the material is thought to be liquid; and when 
the storage and loss moduli are comparable, the material 
is said to be gel.

Stress relaxation is a common viscoelastic behavior 
in living tissues, which can occur in ECM. It plays an 
important role in tissues subjected to periodic loads, such 
as cartilage, tendons, skin, and alveoli[42]. More recent 
studies have demonstrated that the stress relaxation of 
ECM affects not only cell differentiation[43], but also cell 
spreading[44] and migration[45]. The storage part of the 
cell deformation stress in the substrate is countered by 
the stress relaxation of living tissue, which prevents cells 
from being continuously restrained when stretched, thus 
resulting in a continuously changing dynamic effect on 
the cells. However, the overall effects of stress relaxation 
on cells remain unclear; hence, the optimal viscoelastic 
parameters for different tissue engineering have yet to be 
investigated.

2.3. Surface topography
Surface topography is a concept that extends from 2D to 
3D. This concept was originally described on 2D cultured 
surfaces. The surface features of scaffold expansion are also 
of relevance as cell culture progresses to 3D scales. Surface 
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topography is often studied in instances where cells need to 
be attached and proliferate, such as in the implantation of 
metal joints in the body or polymer scaffolds. 

Roughness is one of the properties that characterize 
surface topography. It describes the measurable change 
in height of the material surface in a certain direction of 
the profile. Roughness can be detected at different scales 
using a stylus profilometer (0.1 μm)[46], an AFM (0.01 nm) 
probe[47], or an optical apparatus (non-contact, resolution 
depends on wavelength)[48]. This property can be observed 
with a scanning electron microscope[49]. When the 
roughness is isotropic, unstructured, or nearly randomly 
distributed, the increased roughness at the macroscale will 
affect the wettability of the material, making the material 
more easily wetted by body fluids and adsorb proteins, 
thus promoting cell adhesion[50]. However, for cells, 
microscopic adhesion does not depend on the surface 
height; instead, the molecular composition of the material 
is more important than the smoothness of the surface. For 
example, it is difficult for cells to attach to polyethylene 
glycol (PEG) hydrogels without the modification of 
arginylglycylaspartic acid (RGD peptide), no matter how 
rough the surface is[51].

If the roughness is anisotropic, structured, or regular, it 
can be considered as a pattern. Reasonably designed patterns 
can regulate cell behaviors; for instance, groove patterns can 
regulate the alignment of cells[52], which plays an important 
role in engineering microenvironments with anisotropic 
characteristics (e.g., cardiac cells and neurons)[53]. Cells 
prefer to grow along the long axis of the groove rather than 
spanning[54], which may be related to the slope distribution 
of the topography and the deformation of the cytoskeleton.

2.4. Dynamic mechanical stimulation
At the macroscale, the majority of dynamic mechanical 
stimulations based on the mechanical microenvironment 
are used to mimic the motion of genuine living tissues, 
such as the stretching of skeletal muscle, the shearing 
of cartilage, and the tension of skin for scar tissue 
formation. For instance, a stretch pattern of 25% stretch 
at 12-s intervals for 12 to 36 h resulted in a considerable 
activation of skeletal muscle satellite cells[55]. This is 
essential for muscle repair and regeneration. Induced 
mechanical shearing of synovial fluid with cartilage during 
joint movement promptly activates latent transforming 
growth factor-beta, which affects the biosynthesis of 
chondrocytes[56]. For the skin environment, restrictions on 
skin stretching can slow the formation of keloids, as the 
incidence of keloids increases with skin tension, especially 
in cyclically stretched body parts[57].

When we focus on dynamic mechanical stimulation 
at the microscale, the microenvironment may become 

complicated. Mechanical stimulation to the material 
often causes displacements that may lead to simultaneous 
changes in various dimensions. The sliding of molecular 
chains caused by material stretching changes the relative 
positions of cell attachment sites. The shift in the 
attachment sites deforms the cell membrane and skeleton, 
potentially generating mechanical signals. However, many 
living tissue matrices have stiffness that varies with stress, 
such as collagen and fibrin, whose substantial increase 
in stiffness following stress exceeds a critical value (i.e., 
stress stiffening). These changes in stiffness can also 
be detected by cells[58]. It is difficult to distinguish the 
factors that influence cell activities while attempting to 
refine the studies in view of the multiple mapping results 
that correspond to one stimulus. Alike stress relaxation, 
dynamic mechanical stimulation is a multidimensional 
time-dependent environment.

3. Properties of bio-inks
Biomaterials used in 3D bioprinting can be classified as 
hydrogel bio-inks and non-hydrogel scaffold materials. 
Scaffold materials are pre-prepared and molded materials 
for cells to attach to, whereas bio-inks are encapsulated 
and printed with living cells. Both, scaffolds and bio-inks 
have basic biocompatibility, which allows cells to thrive. 
The mechanical properties of materials are determined 
by the polymer backbone as the main component and the 
intermolecular bonds, which can be covalent, ionic, and/
or hydrogen bonds, in addition to spatial topology. We 
summarized the mechanical properties (range of modulus 
values) of several commonly used bio-inks under different 
conditions (Table 2). In fact, the mechanical properties of 
materials are affected by various factors. There are now 
more mechanical properties to choose from for materials, 
and their combinations and derivatives are constantly 
being developed, making it easier to mimic native cell 
mechanical microenvironment. Since 3D bioprinting has 
been extensively discussed as a standardized and common 
means of biofabrication in many works, we will not go into 
detail about 3D bioprinting. In order to ensure a focused 
discussion, this review may pay attention to materials for 
extrusion-based bioprinting and stereolithography based 
on commonality and functionality. 

3.1. Hydrogel bio-inks
Almost all bio-inks contain hydrophilic macromolecules 
as the main chain in order to mimic the properties of 
ECM as closely as possible and improve biocompatibility. 
As a result, bio-inks are in a hydrogel state following 
cell loading. Bio-inks are available in a wide range of 
materials, but most of them are used for extrusion-based 
3D bioprinting due to shear-thinning rheology. Those 
that can be modified with photocurable groups and have 
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suitable gel stiffness are used in stereolithography. There 
is no complete division of the materials used in these two 
bioprinting methods. Poly (ethylene glycol) diacrylate and 
gelatin methacryloyl (GelMA), for example, are competent 
for both fabrication methods.

Bio-inks can be divided into two types according to 
the source: natural and synthetic bio-inks. Alginate (from 
brown algae), agarose (from red algae), chitosan (from 
shrimp shells), silk fibroin (from silk), gellan gum (from 
microbial fermentation), cellulose (from plant stalks), 
collagen (from animal tendon), gelatin (from collagen), 
fibrin/fibrinogen (from plasma), hyaluronic acid (from 
cartilage), and mixed components of decellularized ECM 
are some of the major natural inks. Polymer macromolecules 
such as PEG, pluronic, and polyacrylamide (PAAm) are 

examples of synthetic bio-inks. Natural and synthetic 
materials can complement each other, with no clear-cut 
advantages or disadvantages. The main skeletons of natural 
inks often contain reactive groups, such as hydroxyl and 
amino groups, making them easily chemically modifiable. 
Synthetic inks, on the other hand, have a more controllable 
structure and can be programmed to form more complex 
materials (e.g., star-shaped PEG polymers)[59].

Natural hydrogel sources are not always more 
biocompatible than synthetic ones; in fact, animal protein 
sources and species-antigen relationships are important 
factors in determining biocompatibility. Alginates from 
nature, for example, do not always have better performance 
than synthetic hydrogels at cell adhesion, and in order 
to be suitable for cell spreading, both require covalent 

Table 2. Stiffness values of bio-inks at different scales

Material Modulus Modulus value Dimension Test mode Condition Concentration (w/w) Refs.

MW

PEGDA E 6.5–30 MPa Nanoscale AFM 700 Da * [97]

E 36 kPa Macroscale Compression 2000 Da 15.0% [98]

G 10 kPa Macroscale Compression 2000 Da 15.0%

E 200–400 kPa Macroscale Tension 3000 Da 20.0% [99]

E 40 kPa Macroscale Tension 6000 Da 5.0% [100]

E 200 kPa Macroscale Tension 6000 Da 10.0%

E 320 kPa Macroscale Tension 6000 Da 15.0%

E 430 kPa Macroscale Tension 6000 Da 20.0%

Temperature

GelMA E 133 kPa Nanoscale AFM 25° 10.0% [101]

E 171 kPa Nanoscale AFM 25° 20.0%

E 2.86 ± 0.1 kPa Macroscale Compression 25° 5.0% [102]

E 2.41 ± 0.38 kPa Macroscale Compression 37° 5.0%

E 288.24 ± 62.34 kPa Macroscale Compression 25° 30.0%

E 216.81 ± 10.28 kPa Macroscale Compression 37° 30.0%

E 2.08 ± 0.43 kPa Macroscale Tension 25° 5.0%

E 1.67 ± 0.56 kPa Macroscale Tension 37° 5.0%

E 264.74 ± 11.08 kPa Macroscale Tension 25° 30.0%

E 226.80 ± 39.97 kPa Macroscale Tension 37° 30.0%

Agarose E 168 kPa Nanoscale AFM 25° 1.00% [101]

E 230 kPa Nanoscale AFM 25° 2.00%

Alginate G 0.203 ± 0.013 kPa Macroscale Compression 20° 0.70% [103]

G 1.300 ± 0.129 kPa Macroscale Compression 20° 1.50%

G 3.010 ± 0.084 kPa Macroscale Compression 20° 3.00%

Collagen (Type I) E ~200 Pa Nanoscale AFM 20° 0.20% [104]

E ~500 Pa Nanoscale AFM 20° 0.30%

E ~800 Pa Nanoscale AFM 20° 0.40%

Abbreviations: AFM, atomic force microscopy; E, elasticity modulus; G, shear modulus; MW, molecular weight. *Poly(ethylene glycol) diacrylate  
(PEGDA) of this molecular weight is liquid.
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modification. The content of proline and hydroxyproline 
in fish gelatin is lower than that of pork gelatin, but the 
content of threonine and serine is higher[60]. The differences 
in amino acid and peptide compositions can affect spatial 
conformation and confer different mechanical properties 
to biomaterials derived from different sources.

The mechanical properties of bio-inks are also 
determined by the arrangement and assembly of molecules. 
In view of its highly ordered spatial structure, collagen 
imparts extremely high mechanical properties to tendons 
and ligaments[61]. Despite being derived from tendons, 
in vitro collagen hydrogel fabrication based on pH and 
irreversible chemical cross-linking (e.g., genipin) cannot 
replicate the high strength of native tendons[61]. Similar 
problems arise in ECM extracts, such as Matrigel, whose 
gel strength is an order of magnitude lower than ideal 
materials and is greatly influenced by the donor source[62].

3.2. Non-hydrogel bio-inks
Most hydrogel bio-inks can either encapsulate cells or act 
as adhesive scaffolds. This section only discusses non-
hydrogel materials for scaffolds. Typically, such materials 
cannot be loaded with cells because the manufacturing 
process of scaffold is unsuitable for cell survival. As a 
result, they are not always discussed in conjunction with 
bio-inks. However, as the performance of extrusion-based 
bioprinters has improved in recent years, some scaffold 
materials can be processed together with bio-inks. Also, 
the fact that scaffold materials play an inseparable role in 
the mechanical microenvironment is important.

Aliphatic polyesters are considered a type of scaffold 
material that is commonly used in 3D bioprinting. They 
have become one of the most widely used biopolymers in the 
biomedical field due to their non-toxicity, biodegradability, 
and good biocompatibility. Natural compounds such as 
lactide, glycolide, and ε-caprolactone are used to make 
aliphatic polyesters[63]. Common polyesters are polylactic 
acid, polyglycolide (PGA), poly(ε-caprolactone) (PCL), 
poly(γ-valerolactone), polydioxone (PDO), and their 
copolymers, such as poly(lactic-co-glycolic acid) (PLGA). 
The ester functional groups in the (co)polymer backbones of 
aliphatic polyesters can be hydrolyzed by enzymes, resulting 
in water and carbon dioxide as degradation products[64]. This 
means that aliphatic polyesters can be eroded by cells. 

Aliphatic polyesters are thermoplastic and can be 
formed into highly precise structures using the printers’ 
controlled extrusion. The temperature of fabrication varies 
by composition and molecular weight, with relatively 
controllable rates of degradation. The melting point of 
aliphatic polyesters increases with crystallinity, and their 
degradation rate decreases with hydrophilicity, which also 
affect their mechanical properties[65]. Semi-crystalline 

PCL, for example, has a slow degradation rate. The 
copolymerization of PCL with other monomers can meet 
the requirements for optimally controlled mechanical 
properties in tissue engineering[63]. When PCL is combined 
with PLGA copolymers, the degradation rate increases. 

It takes time for cells to adhere to and spread on 
the scaffold material. Using cell-loaded bio-inks and 
collaborating with the scaffold would not only temporarily 
fix the cells’ spatial position in case of loss, but also mimic 
the solid–liquid bidirectional microenvironment at the 
junction of certain tissues.

4. Basic mechanical microenvironment and 
bio-inks
As a substitute for ECM in vitro, the performance of bio-
ink should be compared with the cell microenvironment 
in vivo as a standard. Therefore, in in vitro experiments, 
the mechanical properties of bio-ink themselves are as 
important as the matrix mechanical microenvironment. In 
current research context, the mechanical characterization 
of living tissue is applicable in the mechanical 
microenvironment of bio-inks, such as stiffness, stress 
relaxation, etc.

4.1. Static mechanical microenvironment
Static mechanics are basic conditions that do not change 
with time. The static mechanical microenvironment, as 
a highly researched mechanical cue, is relatively easy 
to realize. As the most basic, initial stiffness is a fairly 
controllable variable, in which many natural or synthetic 
polymer materials can perform this task well. 

Osteocytes require a microenvironment with high 
initial stiffness, in particular, the differentiation of 
osteoblasts. For environments with high initial stiffness, 
aliphatic polyesters, such as PCL, polylactic acid, PGA, and 
PDO, which are printed by high-temperature extrusion 
and have modulus with GPa level, allow the approximation 
of the stiffness of bone tissue and cell adhesion without 
modification[66]. These materials have different mechanical 
properties and degradation rates according to the variation 
in composition and molecular weight. In general, PGA 
has a higher stiffness (>7 GPa), while PDO is relatively 
soft (1–2 GPa)[66]. During bioprinting, due to their similar 
thermoplastic properties, aliphatic polyesters can be mixed 
in different proportions as required, blended with other 
functional components, or chemically modified to achieve 
different molding conditions and specific needs. When 
simulating bone tissue, structural design is as important 
as material stiffness. According to studies, the hardness of 
cancellous bone is 12% less than that of adjacent compact 
bone; this is not entirely due to content difference[67]. 
Stiffness tests in various directions are required, owing to 
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the influence of structures on the mechanical strength of 
compact and cancellous bone. 

Materials for high-temperature bioprinting cannot be 
loaded with cells, and hydrogel bio-inks are required if a 
3D-wrapped matrix environment is needed. Synthetic 
polymer hydrogels such as PEG and PAAm, natural 
polymer hydrogels such as chitosan, gelatin, and alginate, 
as well as chemically modified semi-natural hydrogels such 
as GelMA and hyaluronic acid methacryloyl (HAMA) can 
be used as the main components to simulate the initial 
stiffness. According to the specific needs in bioprinting, the 
polymer main skeleton can be chemically modified. With 
the exception of ECM-derived hydrogels (e.g., collagen, 
gelatin, fibrin, and GelMA), most polymer hydrogels 
lack cell adhesion sites (bioinert). Hence, if they are not 
chemically modified (such as RGD peptides) or mixed 
with ECM analogs, cells are unable to transmit mechanical 
signals to the cytoskeleton through adhesion sites even if 
the stiffness is similar, thus behaving in an abnormal state. 

The initial stiffness of hydrogels is controlled by the 
concentration and degree of cross-linking. Generally, 
increasing the concentration of substances in hydrogels can 
increase the stiffness, thus providing an easier substrate for 
cells to attach to. Increasing the cross-linking density of gel 
can also increase the stiffness while maintaining the same 
substance concentration. For example, GelMA with a 96% 
degree of substitution has a Young’s modulus of 3.08 kPa 
at a concentration of 5%, which increases to 184.52 kPa 
at a concentration of 30%[68]. The same 10% concentration 
of GelMA hydrogel has a compressive Young’s modulus 
of 9.23 kPa with 81.3% degree of substitution, but only 
5.66 kPa for the hydrogel with 41.6% degree of substitution. 
This indicates that increasing the degree of substitution 
can increase the cross-linking density[69].

There are limitations to the microenvironment stiffness 
raised by the concentration and cross-linking density. 
Since the spreading and movement of cells depend on the 
space between the molecular chains in the hydrogel, the 
living space of the cells would be limited if the substance 
concentration is too high. This would in turn lead to 
problems in cell growth and proliferation. Developing the 
double-network system, which comprises two hydrogels 
with separate elastic networks, is one way to overcome 
this constraint. After cross-linking, the two networks nest 
inside each other, enabling sliding when deformed and 
conferring the total system a larger elastic modulus with 
better mechanical properties than the two single-network 
hydrogels. GelMA, for example, can be stiffened on 
modulus by adding low amounts of HAMA (1% w/v), and 
its mechanical properties are superior to monohydrogel 
systems with high concentrations[70].

4.2. Surface topography
Surface topography or patterning is also a basic 
microenvironment that necessitates both stiffness 
and fabrication precision control. In this regard, 
stereolithography has an advantage over extrusion-based 
bioprinting due to its higher resolution. There will be 
higher resolution for profile height with smaller layer 
heights. The most important initial factor affecting the 
structural resolution is the swelling of bio-inks, which is 
an equilibrium process of two opposite trends. Volume 
expansion occurs as a result of the penetration of solvent 
into the hydrogel network, leading to the extension of the 
3D molecular network and the polymer chain between 
the cross-links, which reduces its conformational entropy; 
the elastic contraction force of the molecular network then 
attempts to shrink the network. Except for solid scaffolds, 
all hydrogels swell at varying degrees after immersion, 
making the grooves and ridges disappear, and reducing 
the resolution of patterns and blurring boundaries. The 
network dilution caused by the swelling behavior leads 
to a dramatic decrease in the mechanical strength of the 
hydrogel[71]. Hence, bio-inks with a low swelling ratio are 
preferred[72], and swelling strengthening hydrogels using 
embedded networks is also an effective solution to this[73].

5. Complex mechanical microenvironment 
and challenge for bio-inks
Real living tissue is far more complex than a hydrogel 
with fixed stiffness. When controlling one of these cues, 
the conditions in other dimensions tend to vary from the 
optimum, especially for living tissue, such as the flaws in 
plasticity in high stiffness materials, a lack of stress relaxation 
that may confine cells, and so on. In the current field of 
research, this is an unsolved challenge. As a result, most 
studies focus on mechanical microenvironments with a 
narrow range of factors, while other distortions are omitted. 
Occasionally, these omissions are acceptable for research 
progress. It is possible to have multiple design strategies for a 
particular mechanical microenvironment, and comparable 
aims can be achieved with the use of diverse bioprinting 
materials, which is not constrained to a single solution. 

5.1. Anisotropic mechanical microenvironment
A shared disadvantage of commonly used bio-inks is the 
mismatch between their mechanical properties and isotropy 
with in vivo tissues. Unlike natural tissues with uneven 
distribution, bio-inks lack anisotropy and complexity. They 
are unable to exhibit the diverse mechanical properties of living 
tissues at different scales even with the fabrication of similar 
structures. Considering the differences in the mechanical 
microenvironment of living tissue at various scales, there 
will be many challenges encountered when designing and 
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simulating these microenvironment cues. Although many 
researchers have claimed that their models and materials 
are accurate replicas of a certain microenvironment, no in 
vitro model has yet to match the mechanical cues of living 
tissues. Native tissues have microstructures that give them 
distinct mechanical properties in different directions; for 
instance, myocardium-specific microstructure endows the 
heart with anisotropic modulus, thus conferring the heart 
with significant directional properties during contraction[74]. 
Reproducing this anisotropy in vitro has become a challenge 
for cardiac regenerative medicine. Achieving this anisotropy 
through non-uniform bio-ink arrangement is one of the 
directions for future research on cell microenvironment.

The mixing of multiple bio-ink components allows 
for partially anisotropic microenvironments. In order to 
exhibit different stiffness distributions in the same space, 
it is necessary to create a gradient stiffness structure. 
The gradient of stiffness can be regulated by either a 
concentration gradient or a cross-linking degree gradient. 
Coaxial bioprinting or multi-jet bioprinting is useful 
for gradient structures[75], and by adjusting the bio-ink 
input or curing parameters, a layer-by-layer gradient 
environment can also be achieved via lithography. For 
example, soft hydrogels are mixed with stiff hydrogels in 
dynamic ratios during bioprinting by a static mixer device, 
resulting in a graded stiffness gradient (Figure 2)[75]. In a 

Figure 2. Extrusion bio-inks for engineering stiffness gradient microenvironment. Scheme depicting the bioprinting experiment of (A) two-dimensional 
(2D)- and (B) three-dimensional (3D)-graded stiffness. The colored gels reveal the changes in hydrogel compositions from (C, E) stiff (red) to soft (blue) 
and (D, F) medium (green) to soft (blue). The mechanical properties of (G) 2D and (H) 3D prints have been analyzed by indentation tests; the E modulus 
equals the indentation elastic modulus. Error bars show a standard deviation of n = 3. Scale bars: (C, D) 10 mm, (E, F) 1 mm[75].
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recent study, composable gradients of stereolithography 
were achieved by using a microfluidic chip to control the 
mixing of bio-inks of different components (Figure 3)[76]. 
The multiple printing of different bio-inks can increase the 
scale of complex structures. For example, cells are loaded 
into bio-inks to make gel microfibers, and after mixing, 
the microfibers are aligned by secondary extrusion, 
thereby obtaining the directional arrangement of cells. 
The utilization of these bio-inks can partially resolve the 
anisotropy of the mechanical microenvironment, but 
further studies are still required for more precise control, 
which may be solved by dynamic regulation[77].

5.2. Dynamic mechanical microenvironment
When structures and cells are co-cultured, the initial 
stiffness gradually changes over time, resulting in a 
temporal stiffness gradient. As a general rule, bioactive 
bio-inks are degraded by cells in a gradual manner, and 
the loss of mass due to degradation inevitably reduces 
stiffness. On the other hand, cells proliferate while 
secreting ECM to deposit on the scaffold and changing the 
matrix’s mechanical properties. This process is called ECM 
remodeling[78]. The rate of degradation can be controlled 
by material design, while remodeling depends on the 
state of cells and tissues[79]. Remodeling and degradation 
usually occur simultaneously, and their synergistical 
effects determine the temporal change of the mechanical 
microenvironment. This process is both inevitable and 
difficult to control, and remains as one of the relatively 
uncharted territories of bio-inks.

Stress relaxation is another dynamic mechanical cue that 
can be simulated, and by tuning the material, it is possible to 

achieve viscoelasticity independent of the initial stiffness. 
This feature is particularly important in studying stem cell 
differentiation and the mechanical microenvironment of 
cancer cells. According to preliminary studies on stress 
relaxation of bio-inks, cross-linked covalent bonds store 
pure elasticity, whereas weaker non-covalent bonds 
allow for some modulus dissipation[80]. Alginate is one of 
the commonly used materials to tune viscoelasticity due 
to its ionic cross-linking properties. In a study, alginate 
and PEG were covalently grafted together to achieve 
different stress relaxations by changing the molecular 
weight of PEG and the ionic cross-linking concentration 
of alginate[81]. The increase in PEG concentration and 
molecular weight resulted in faster stress relaxation, higher 
loss modulus, increased creep, and a significant impact on 
fibroblast proliferation and osteoblast differentiation[81]. 
In addition, this system can attenuate the interference of 
biodegradation on stiffness changes. Stress relaxation can 
also be achieved with interpenetrating network hydrogels 
based on HA-hydrazine and collagen. This combination 
has biocompatibility closer to native ECM than alginate[80].

The dynamic mechanical stimulation of engineered 
cell microenvironment imposes requirements on bio-ink 
structures in addition to stiffness. It is necessary to ensure 
structural integrity throughout the dynamic mechanical 
stimulation loading cycle. Cyclic load testing, for example, 
requires a material with a suitable fatigue limit that can 
withstand a certain number of stretches or compressions 
without breaking or chipping. The non-hydrogel scaffold 
material has greater plasticity and is more prone to 
plastic deformation when bent. The fracture properties 
of hydrogels are affected by the cross-linking bond and 

Figure 3. Stereolithography bio-inks for engineering stiffness gradient microenvironment. (A) A schematic diagram of ink mixing controlled by a micro-
fluidic chip. (B) Mixing three colored poly(ethylene glycol) diacrylate (PEGDA) inks to obtain continuous gradient colors for printing two-dimensional 
(2D) and three-dimensional (3D) gradient structures[76].
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water content. It can be observed in PAAm that as its 
water content decreases, the gel becomes more brittle[72]. 
The mechanical reinforcement of brittle hydrogels through 
multi-network cross-linking or designing enhanced 
microstructures to improve compressive strength can help 
materials adapt to more dynamic mechanical tests. 

6. Conclusion and prospect
Through the continuous research in recent years, a 
growing number of influencing factors of cell mechanical 
microenvironment have been uncovered and the 
principle has gradually become clearer. The use of bio-
inks and scaffold materials to engineer cell mechanical 
microenvironment via 3D bioprinting has good feasibility 
and broad prospects for application, whether for 
mechanism exploration, drug testing as a disease model, 
or tissue regeneration simulation. Although it would be 
impractical to list out all of the application scenarios, a 
clear selection strategy can be obtained by summarizing 
the methods and experiences. First, it is important to 
identify which mechanical cues (stiffness, viscoelasticity, 
surface topography, or mechanical stimulation) in the 
native cell microenvironment we attempt to mimic in in 
vitro engineered cases. Then, the mechanical cues in native 
living tissues (as control) need to be examined, while 
determining the approximate range of its variables. Third, 
materials with mechanical properties similar to the target 
tissues should be selected. Finally, by optimizing the details 
(constants and variables), the simulated microenvironment 
would be able to mimic the native tissue.

However, from existing studies, the difficulty in 
horizontal comparison has always been an obstacle to 
repeated research and the accumulation of experiences. 
Whether on the macro or micro scale, either in tensile 
or shear directions, the variable that controls is critical 
and should be ensured to precisely match the research 
objectives. Rather than bulk stiffness, surface stiffness 
should be used as the standard of comparison when 
controlling variables for material surface adhesion. Young’s 
modulus and shear modulus should not be compared 
horizontally, while AFM and rheometer results should not 
be compared in the same system either. When referring 
to stiffness experiments from other literature, the focus 
should be on the comparability of experimental methods. 
Mutually exclusive variables are also challenging for 
mechanical microenvironment simulation. For example, 
when matrix stiffness is controlled by concentration, 
the space of molecular chains changes, which virtually 
restricts the cell’s movement and remodeling behavior. 
Moreover, the effect of macrostructure on the mechanical 
microenvironment is still unknown. The mechanical 

differences exhibited by living tissues at different scales 
need to be further explained. Therefore, much research 
is still needed to determine whether the results, after 
disregarding these unknown quantities, can be used as a 
real response to the mechanical microenvironment.

Considering the limitations of the development of 
materials science, bio-ink materials are still far from being 
perfect in mimicking the properties of native ECM. They 
have poor stiffness tunability and different stress relaxations 
from natural tissues, which are not conducive for ECM 
remodeling in cells. In view of these disadvantages, a large 
number of uncontrollable factors have been disregarded 
by many studies. However, in recent years, with the 
emergence of four-dimensional bioprinting technology 
and the development of smart materials, materials that 
can actively change their mechanical properties, such as 
self-deforming printed structures[82], are also increasing, 
and stiffness-adaptive dynamic-structure host–guest–
macromer hydrogels, which are more favorable for cell 
motility, have also been identified[83]. These discoveries will 
inevitably expand the boundaries of in vitro stimulation of 
cell mechanical microenvironment and steadily advance 
simulation research.
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