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The fields of biomechanics and mechanobiology have long 
been predicated on the premise that mechanics governs cell 
behavior. However, over the past few years, a growing body 
of evidence has suggested that the mechanical environment 
very close to cells—the cell microenvironment—plays the 
most important role in determining what a cell feels and how 
it responds to tissue-level stimuli. To complicate matters fur-
ther, cells can actively manipulate their microenvironments 
through pathways of recursive mechanobiological feedback. 
Harnessing this recursive behavior to understand and control 
cell physiology and pathophysiology is a critical frontier in 
the field of mechanobiology. Recent results suggest that the 
key to opening this scientific frontier to investigation and 
engineering applications is understanding a different fron-
tier: the physical frontier that cells face when probing their 
mechanical microenvironments.

The mechanical microenvironments of living cells are 
now understood to play a critical role in regulating a broad 
range of cell behaviors, from development and healing to 
degradation and disease. Unraveling and controlling these 
is a critical need for the biomechanics and mechanobiology 
community. Engineering heterogeneous and dynamic cell 
mechanical microenvironments is a major focus of the field. 

Studies on mechanobiology and cell mechanotransduction 
have greatly enriched our knowledge and provided potential 
molecular targets for clinical mechanotherapies. This branch 
of mechanobiology is now becoming a field of its own, and 
represents an important frontier in theoretical and applied 
mechanics.

To further the development of this field, the International 
Union of Theoretical and Applied Mechanics (IUTAM) 
sponsored the IUTAM Symposium on Mechanical Environ-
ments of Living Cells from 28 to 30 June, 2018, in Xi’an, 
China, along with three major national-level research centers 
focusing on these issues: the Bioinspired Engineering and 
Biomechanics Center at Xi’an Jiaotong University, Xi’an, 
China; the Mechanobiology Institute of the National Uni-
versity of Singapore; and the NSF Science and Technol-
ogy Center for Engineering MechanoBiology, a joint center 
between Washington University in St. Louis and the Univer-
sity of Pennsylvania, USA. Major international university 
alliances supported this meeting as well, including the Uni-
versity Alliance of the Silk Road, based at Xi’an Jiaotong 
University, and the McDonnell International Scholars Acad-
emy, based at Washington University in St. Louis. The meet-
ing was additionally sponsored by the US NIH/Interagency 
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Modeling and Analysis Group’s (IMAG’s) working group 
on integrated multiscale biomechanics experiment and mod-
eling (IµBEAM), by the National 111 Program of China, 
and by the National Natural Science Foundation of China.

At the IUTAM meeting, a group of leading international 
researchers met to discuss the most important questions in 
this field, including the development of biomimetic and 
micro/nanoengineered materials for simulating the native 
cell microenvironments, characterization of cell microenvi-
ronments, predictive models for cell mechanobiology, and 
applications of engineered cell microenvironments. This 
special thematic issue of Acta Mechanica Sinica brings 
together 12 articles contributed by leading researchers with 
the aims of capturing the essence of this important IUTAM 
meeting, and of helping solidify this emerging and important 
field. A summary of key observations from this meeting and 
this issue follows.

1  The mechanical microenvironment drives 
development, disease, and decisions

The mechanical microenvironment is now understood to be a 
critical factor in directing how the cells of multicellular ani-
mals interact with one another and choose their phenotype. 
Why do cells of multicellular animals have these unusual 
behaviors, and from where do they arise? The special issue 
includes an article from Chen and Wang [1], who present an 
interesting cell stiffness postulate to explain the evolution of 
eukaryotes from simple cells to complex multicellular organ-
isms. They propose that early soft, unicellular organisms 
might have evolved the ability to modulate, and especially 
to stiffen, their cytoskeletons to protect their structural integ-
rity. The premise here is that the phenomenon of stiffness 
matching in cells, in which cells tend to adapt their stiff-
ness to match that of their matrix in both two-dimensional 
(2D) and three-dimensional (3D) environments, is needed 
to prevent or at least partially control damage to cells when 
the tissues in which they reside are stressed mechanically. 
In plants and fungi, this is often achieved by a cell wall, but 
animal cells need to maintain form, change shape, and move. 
These requirements might be a fundamental underpinning 
of multicellular animal evolution, and would explain why 
mechanobiology is a fundamental feature of animal cells, 
as inbuilt as genome evolution and cadherin evolution in the 
development of our multicellular ancestors.

These phenomena underlie collective cell behaviors in 
tissue morphogenesis, wound healing, and cancerous cell 
invasion. In a review of recent experimental and theoretical 
studies of collective cell behaviors in 2D and 3D substrates 
and tissues, He et al. [2] encapsulate how collective cell 
polarization and orientation are driven by the local stresses 
that cells within a cell layer or tissue feel. This is termed 

stress-driven cell polarity. Their findings provide a new 
perspective for understanding collective cell behaviors in 
living organisms and suggest new opportunities for treating 
disease.

At the level of organs, analogous mechanical cues are 
emerging as key aspects of cell physiology and pathology. 
In the case of the liver, as summarized by You et al. [3], 
these mechanical cues have critical biological significance, 
driving regulatory factors and cellular responses during liver 
pathogenesis. Although not fully understood, these are espe-
cially important in fibrosis and cirrhosis of the liver. Clearly, 
a deeper understanding of the contributions of mechanical 
cues to liver homeostasis and pathogenesis is essential for 
discovering methods for diagnosis and identification of new 
therapeutic targets for diseases of the liver.

A long-underappreciated mechanosensitive component 
of cells is the nucleus. The nucleus is now understood to be 
mechanosensitive. From the perspective of mechanotrans-
duction, the nucleus shows the ability both to read micro-
environmental mechanical cues transmitted through the 
cytoskeleton and to respond to these cues with fundamental 
nuclear mechanotransduction. An additional layer of this 
appears in cancer, where metastasis is the leading cause of 
mortality. Nuclear mechanics is a critical feature in regulat-
ing migration of cells through the constricted passageways 
that exist in 3D tissues. Recent findings on possible mecha-
nisms for cell migration through such constrictions were 
reviewed by Xia et al. [4]. The authors report that nuclear 
envelope rupture, DNA damage, and genomic variation all 
arise during and after constricted migration, and have shown 
this through both experiment and modeling.

One of the most celebrated examples of how mechan-
ics drives cell function is the role of mechanical cues in 
driving stem cell differentiation. Stem cells are important 
both physiologically and scientifically because of their 
self-renewal capacity and multiple-lineage differentiation 
potential. Mechanical cues have been found to play impor-
tant roles in controlling stem cell fate, but the interactions of 
these with other cues such as biochemical cues are still not 
clear. Investigating the relationship between the stiffness of 
3D demineralized bone scaffolds and the behavior of mes-
enchymal stem cells (MSCs) under hypoxic conditions, Sun 
et al. [5] report that scaffolds with low stiffness improve the 
proliferation and osteogenic differentiation of MSCs under 
hypoxic conditions. Understanding how mechanical cues 
interact with other features of the cell microenvironment is 
critical to harnessing these phenomena clinically, and will 
certainly reveal potential pathways for improving stem cell 
therapies.
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2  Characterization and engineering 
of the cell microenvironment are ongoing 
challenges

A major technical challenge in engineering and understand-
ing the cell microenvironment is the difficulty in developing 
accurate in situ characterization methods. A very promising 
approach is that of Wang et al. [6], who introduced a scan-
ning electrochemical microscopy (SECM)-based method to 
map the surface topography and measure oxygen permeabil-
ity around hydrogel microwell arrays in aqueous solution. 
The method not only shows high spatial resolution for in situ 
characterization of hydrogel surface topography and oxygen 
permeability, but also shows great promise in detecting other 
critical species and biomarkers of cell function such as pH 
and the presence of reactive oxygen species. A critical direc-
tion for this in future will be characterizing live cells in a 3D 
microenvironment.

Defining, characterizing, and replicating these microenvi-
ronments is the critical challenge for engineering 3D tissue 
models in vitro. A modified hanging-drop method developed 
by Gao et al. [7] enables controlled production of 3D cell 
spheroids. The most important factor here is the balance 
between the effects of surface tension and those of gravity. 
β-TC-6 cell spheroids with optimized diameters were fab-
ricated, with morphology and functionality very similar to 
those of primary islets. Technologies such as these with well-
defined microenvironments could be useful as engineering tis-
sue models for basic research and drug screening applications.

3  Integrated multiscale experiment 
and modeling is a critical frontier

A major obstacle in characterizing cellular phenomena is 
the challenge of integrating modeling and experiment. The 
quantifying measurements of the cell microenvironment that 
are possible to make are typically indirect, and must be inter-
preted in the context of a model. Conversely, predictions of 
models are often not possible to observe directly, and require 
design of idealized bespoke experimental frameworks for 
testing.

One of the most fundamental of these challenges is quan-
tifying the volumetric response of isolated cells embedded 
in a 3D matrix. These volumetric responses are impor-
tant for regulation of the cell cycle, and may factor into a 
range of physiological and pathophysiological responses to 
mechanical loading. However, relating observed volumetric 
responses to cell mechanics requires a mechanical model. A 
mathematical model for describing the volumetric response 
of an ellipsoidal compressible liquid inclusion embedded in 
a strained 3D matrix has been developed by Chen et al. [8]. 

They demonstrated that the cell volumetric response was 
influenced by several key factors, including the cell shape, 
the loading type, and the matrix Poisson ratio. The model 
predicts a range of testable behaviors of cells in a 3D matrix, 
including the development of cell alignment under mechani-
cal stretching.

The proteins by which cells adhere to their microenvi-
ronments are critical players in mechanotransduction. Cell 
adhesion is thus a crucial factor in determining how cells 
sense and respond to their surrounding mechanical micro-
environment, and also in how they maintain and modulate 
tissue integrity. A diffusive–stochastic–viscoelastic model 
has been developed by He et al. [9] to study adhesion of 
cells to viscoelastic solids via stochastically formed molecu-
lar bonds. Their results revealed that the adhesion lifetime 
and strength are determined by a competition between time 
scales of molecular diffusion, reaction kinetics, and viscoe-
lastic deformation of the matrix. Because these factors are 
difficult to observe directly, testing models of this character 
requires predictions of secondary phenomena. In this case, 
an optimal molecular diffusion coefficient was identified, 
which was compared, favorably, against experimentally 
observed characteristic time constants for receptor diffusion 
on cell surfaces.

Cells typically use these adhesion protein dynamics to feel 
their mechanical microenvironment. These dynamics typically 
result in the application of fluctuating forces to the proteins 
surrounding a cell. However, the mechanisms underlying how 
cells apply fluctuating forces to sense matrix rigidity remain 
elusive. A generic filament-crosslinker modeling system for 
stress fibers was developed by Wei et al. [10] and used to 
investigate the force generation of proteins with biased bind-
ing and bond-breaking kinetics. Their results reveal that the 
fluctuating force profile is essentially due to force-induced 
structural instability during stress fiber assembly. This obser-
vation provides important insight into the process of cell 
durotaxis. Results suggest that cells utilize or circumvent such 
forces via biased kinetics. Once validated directly, the frame-
work holds potential to understand how fluctuations underlie 
a broad range of mechanobiological processes.

Another feature of the ways that cells probe their micro-
environment is the use of filopodia filled with parallel actin 
bundles. These have been modeled by Wang and Qian [11], 
who employ a coarse-grained molecular dynamics model to 
investigate how cross-linked actin bundles resist externally 
imposed compression. The bending stiffness of actin bun-
dles is found to depend on the bundle size. The bending and 
buckling behaviors of the actin bundles are heavily influ-
enced by the degree of coupling between actin filaments. 
These findings could be exploited to understand and eventu-
ally control cell morphology and migration through regulat-
ing buckling mechanics of filopodial protrusion.
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Applications of mechanobiology similarly require mod-
eling. A canonical example is uptake of nanoparticles by 
cells, which is a key factor in modern, targeted drug delivery. 
From a range of mechanics solutions, the stiffness of cells is 
expected to play a role in the rate of nanoparticle endocytosis. 
Because stiffness varies among cell types and may change in 
pathological conditions such as cancer, and because mobil-
ity in the extracellular or interstitial matrix is affected by cell 
mechanics and inflammation, the mechanics of nanoparticles 
must be tuned carefully. The example in this special issue 
comes from Tian et al. [12], who investigate the diffusion 
of rigidity-tuned nanoparticles (e.g., drug nanocarriers) in 
biological hydrogels using coarse-grained molecular simu-
lations. Their results show that the rigidity of nanoparticles 
influences their deformation, which dominates the diffusiv-
ity of nanoparticles in biological hydrogels. More broadly, 
their work highlights the central role of microenvironmental 
mechanical modeling in the range of diagnostic and treatment 
possibilities that the field of mechanobiology is opening.

4  Perspectives

The field of mechanobiology is beginning to provide insight 
into the pathogenesis and potential treatment of a range of 
diseases. A common theme that has arisen out of this field, 
and that is reflected throughout this special issue, is that the 
microenvironment of a cell—a cell’s first and nearest contact 
to the world surrounding it—is critical to these outcomes. 
The diseases in which maladaptation to microenvironmental 
stimuli is a primary factor are amongst the most prevalent 
causes and contributors to mortality in the developed world. 
These include fibrosis and hypertension. Additionally, the 
metastasis of cancer is a fundamental mechanics problem, 
in that it necessarily involves migration out of a cell’s natu-
ral microenvironment. The diseases of mechanics associated 
with mechanobiology represent challenges that face all of us 
as a global society. These challenges will be best overcome 
by continuing to work together as a global community, and 
we hope that this thematic issue will, like the conference 
that motivated it, continue to help bring together people with 
diverse scientific interests and backgrounds to address them.
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