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Abstract

Sensing the mechanical properties of the substrates or the matrix by the cells and the tissues, the subsequent
downstream responses at the cellular, nuclear and epigenetic levels and the outcomes are beginning to get unrave-
led more recently. There have been various instances where researchers have established the underlying connection
between the cellular mechanosignalling pathways and cellular physiology, cellular differentiation, and also tissue
pathology. It has been now accepted that mechanosignalling, alone or in combination with classical pathways, could
play a significant role in fate determination, development, and organization of cells and tissues. Furthermore, as
mechanobiology is gaining traction, so do the various techniques to ponder and gain insights into the still unraveled
pathways. This review would briefly discuss some of the interesting works wherein it has been shown that specific
alteration of the mechanical properties of the substrates would lead to fate determination of stem cells into various
differentiated cells such as osteoblasts, adipocytes, tenocytes, cardiomyocytes, and neurons, and how these proper-
ties are being utilized for the development of organoids. This review would also cover various techniques that have
been developed and employed to explore the effects of mechanosignalling, including imaging of mechanosens-

ing proteins, atomic force microscopy (AFM), quartz crystal microbalance with dissipation measurements (QCMD),
traction force microscopy (TFM), microdevice arrays, Spatio-temporal image analysis, optical tweezer force measure-
ments, mechanoscanning ion conductance microscopy (mSICM), acoustofluidic interferometric device (AID) and so
forth. This review would provide insights to the researchers who work on exploiting various mechanical properties of
substrates to control the cellular and tissue functions for tissue engineering and regenerative applications, and also
will shed light on the advancements of various techniques that could be utilized to unravel the unknown in the field
of cellular mechanobiology.
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Introduction

Controlling the cellular and tissue function through
various methodologies have been explored from time
immemorial [1-5]. Such control over cells and tissues
are required in order to treat various ailments that
humans face and to facilitate the healing and regen-
eration of various tissues and organs such as skin,
bone, heart, liver and so on, to provide a better qual-
ity of life. Very commonly used and clinically approved
agents to control or stimulate the cellular functions
include small molecules, chemokines, growth factors,
hormones, peptides, and so forth. Researchers have
explored various strategies using biomaterials and com-
bining with the above-mentioned agents to modulate
the cellular responses to enhance tissue regeneration
[6-8]. Although it has been known that, by the mim-
icking the native tissues’ ECM mechanical properties,
the efficacy of the regenerative biomaterials could be
enhanced, less was known about how these mechanical

properties modulated the cellular response until up
recently [9-11]. Clinically, in the field of orthodon-
tics and orthopedics, it has also been well known that
applying a mechanical force to the bone tissues, could
bring about bone resorption and deposition depending
on bone being compressed or tensed [12, 13]. However,
the mechano signaling elements and the pathways even
in those clinical treatment modalities have not been
explored until recently. The field of mechanobiology
has recently gained traction among researchers due to
the fact that, pure mechanical stimuli could be utilized
to bring about numerous cellular responses including
cellular differentiation [14, 15]. This greatly reduces the
need for various growth factors and molecules which
has their own disadvantage and complexities such as
delivery, shelf life, cost to the patients and so on.

As the field of mechanobiology evolves in identify-
ing numerous cellular mechanosensing elements and
pathways, it has also become a challenge to quantify the
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mechanical stimuli that are being applied to the cells.
Furthermore, we also require tools and materials to gen-
erate such tiny forces which could be sufficient to act on
the nano and microscales, without causing damage to the
cells and tissues being studied [16, 17]. Researchers also
need various tools to visualize and quantify the responses
of the cells and tissues after being stimulated with the
mechanical forces. Mechanically tunable biomaterials
such as polymeric gels, has been initially utilized to show
that changing the mechanical properties such as modulus
could elicit varied cellular and tissue responses [18, 19].
As with the advancements in material science and fab-
rication techniques, researchers have tried to study the
relationship between various mechanical stimulus such
as material rigidity, surface topography, micro/nano fib-
ers, physical forces, surface micro/nano elements such as
pillars, groves, pits and their effects of cellular signaling.
These mechanosignalling elements could also be effec-
tively used to characterize the cellular responses also
[20]. Apart from the material science, advancements in
the field of microscopy, LASERs, electromagnetic field
controls, acoustic levitations and so forth has given rise
to very interesting manipulation and characterization
tools such as traction force microscopy, atomic force
microscopy, microfluidic devices coupled with opti-
cal tweezers, magnetic tweezers, quartz crystal micro-
balance with dissipation measurements, and microarray
devices have led to obtain numerous insights in the field
of mechanosignalling [21-24]. It should be appreciated
that, various concepts of mechanobiology and its impli-
cations have been very well discussed by various authors
in the past. Such discussions have provided a very good
reference for the researchers to build upon. However,
most of the reviews, discusses either the applications of
mechanobiology in tissue engineering, or the mecha-
nosignalling pathways or the tools for measuring the
changes related to mechanobiology [14, 18, 19, 25, 26].
This current review will provide an updated and compre-
hensive discussions covering the various advancements
in the field of mechanosignalling, how they are being
actively used for better tissue regeneration and how the
advanced tools could be utilized to characterize the same.
Thus, this review will help the readers to obtain insights
in various concepts related to mechanobiology.

Timeline of mechanobiology

The understanding that cellular and sub cellular struc-
tures do undergo mechanical process at molecular pro-
cesses started with the understanding sliding filament
model of the muscle contraction in 1954 [27]. Around
1980s, researchers have started to utilize silicone sub-
strates to understand the forces at cellular level [28].
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Around the same decade, micro-needle manipulation of
microfilaments was explored and also the effect of shear
stress on the ion channels were established [29, 30]. This
was followed by the discovery of the integrin family,
which is a key protein in cellular attachment to the sub-
strates and acts as a major sensory protein [31]. In 1990s,
microcontact printing was developed to make micro pat-
terns and study the cellular responses to various shapes
[32]. Some of the advanced tools like tractions force
microscopy was utilized to determine the cellular forces
on varied substrates around 1995 [33]. By this time,
researchers had described the importance of extra cellu-
lar matrix mechanical properties in cancer [34]. By 2000s,
various demonstrations of force dependent cell-matrix
interactions, effect of crosslinking on cell adhesion and
spreading, matrix mechanics on stem cell differentia-
tion, tyrosine phosphorylation due to stress were and so
forth were described [35—37]. Side by side, advancements
in characterization and quantification tools such as 3-D
traction force microscopy, FRET sensors, were devel-
oped [38, 39]. In the last decade numerous studies have
been made to identify various mechanosignalling pro-
teins such as YAP, TAZ, RhoA-ROCK, Piezo channels,
LAMIN and much more and their roles in various cellu-
lar process [25, 40—42]. Recently, using AFM, research-
ers identified the viscoelastic changes in cytoskeleton in
different regulated cell death [43]. Various advancements
in computer modeling for cellular mechanobiology have
been witnessed during the last decade [44]. de Coulon
et al,, introduced a linear strain single-cell electrophysi-
ology (LSSE) system to study the mechanosensitive ion
channel function on adherent cells [45]. Further, in recent
times, researchers have been able to develop mechanoge-
netical gene circuits to utilize mechanical forces to reg-
ulate the drug delivery [46, 47]. Some of the interesting
events are shown in Fig. 1.

Mechanobiology guided tissue engineering

During the stage of development cells undergo a vari-
ety of changes determined by the biochemical and bio-
mechanical cues presented to it. In the field of tissue
engineering, the capability of cells to sense the exter-
nal stimuli, viz. forces or substrate stiftness, has been
exploited to design suitable biomaterials that could guide
stem cells or native cells towards tissue regeneration or
repair [48].

Major contributing factors that aid in cellular fate
determination are the soluble factors presented to cells
and the mechanical stress experienced by the cells. The
latter has now gained broad importance in the field of
tissue regeneration. The mechanical stiffness of the
matrix and the contractile activity of the cells while
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Fig. 1 Timeline showing some of most significant events associated with mechanobiology

attaching to that matrix contribute to the mechanical
stress [49]. Cells sense the matrix stiffness, which acti-
vates intracellular signaling cascades resulting in adapta-
tion to the matrix. Conversely, these signaling cascades
can be controlled by the modification in the local envi-
ronment including stiffness, nano-micro topography
etc., which can alter the ligand spacing during integrin
binding [50].

Osteogenesis

Osteogenesis has a significant association with mecha-
notransduction. Bone being a highly dynamic tissue, the
effect of mechanical stimuli creates a significant impact
on the remodeling of bone [51, 52]. The transmission of
external force to subsequent cellular responses occurs via
four distinctive phases mechanocoupling, biochemical
coupling, signal transduction, and effector cell response
[52]. The mechanical stimuli decide the architecture,
texture, strength, and shape of the bone mainly with the
help of three cell types that dominate in bone viz osteo-
blasts, osteoclasts, and osteocytes. Osteoblasts are the
precursor cells for bone formation. They are progenitor
cells that differentiate from stem cells residing within the
bone marrow [53]. They are responsible for the new bone
formation called osteoid and also engage in the synthe-
sis of extracellular matrix components. Osteocytes are
differentiated osteoblasts that are entrapped within the
lacuna with appendages (canaliculi) extending to com-
municate with adjacent osteocytes. These cells are sur-
rounded by interstitial fluid which serves as the medium

through which the applied shear force reaches the cell
[53]. Mesenchymal stem cells that reside within the bone
marrow in the presence of mechanical stimulation can
differentiate into osteoblasts [52, 53]. This technique of
differentiation of mesenchymal stem cells (MSCs) into
bone-forming cells has paved the way into many research
works. The ability of material properties to be propa-
gated as mechanical stimuli as well as externally applied
mechanical stimuli are the methods opted for osteo-
genic regeneration research. Random poly (L-lactic acid)
(PLLA) nanofibers have been shown to induce osteogenic
phenotype to a lower extent than that driven by osteo-
genic supplements. Studies have also shown that PLLA
random nanofibers have increased bone sialoprotein,
osteocalcin, and alkaline phosphatase (ALP) expression
when cultured in aligned fibers [54—57]. Similar studies
on electrospun fibers of poly (3-hydroxy butyrate-co-
3-hydroxyvalerate) (PHBV), poly (e-caprolactone) (PCL)
have shown that random fibers mimic the extracellu-
lar matrix of bone aiding in osteogenic differentiation
by activating focal adhesion kinase (FAK), transforming
growth factor beta (TGF-B), mitogen activated protein
kinase (MAPK) dependent peroxisome proliferator- acti-
vated receptors (PPAR), and wingless-related integration
site (Wnt) signaling pathways [55, 58, 59]. Scaffold stiff-
ness also induces osteogenic differentiation [60, 61]. On
the other hand, Ganguly et al. achieved the osteogenic
differentiation of human bone-marrow-derived mesen-
chymal stem cells (hnBMSCs) in a soft hydrogel (Young’s
modulus=70 Pa) when subjected to pulsatile pressure
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stimulation (PPS) of 5-20 kPa for a week. Even though,
authors used a soft hydrogel, PPS helped in osteogenic
differentiation through Piezo 1 channel [62].

Poly (ethylene glycol) (PEG) hydrogels prevent non-
specific protein binding, allowing cells to directly sense
the matrix stiffness via integrin-RGD ligand interaction
[61]. MSC osteogenesis was observed when cultured on
graphene-coated over polydimethylsiloxane (PDMS)
substrate with varying stiffness. The high elastic modu-
lus of 1.3 MPa of graphene coated PDMS activates the
integrin-FAK mechanoresponsive pathways, thereby
inducing osteogenesis [63]. Osteogenesis by mecha-
notransduction involves the activation of rho-associated
protein kinase (ROCK) and FAK (Fig. 2). Inhibition of
ROCK has been observed to result in decreased osteo-
genesis, even in osteoinductive media. Furthermore, the
increased stiffness (42.1+3.2 kPa) in polyacrylamide
hydrogels coated with collagen type I showed enhanced
osteogenesis with increased ROCK and FAK and extra-
cellular-signal-regulated kinase (ERK) 1/2 activity.
Also, the osteogenesis induction was mediated through
a2-integrin [64]. Moreover, nanopatterning on implants
also induces osteogenesis, as mentioned in the review by
Melo-Fonseca et al. [65]. Notably, sharp patterns like star
shapes on fibronectin-coated plates have shown confine-
ment in MSCs attachment creating tension in the actin
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cytoskeletal complex. This change in shape also activates
the effector ROCK, thereby promoting osteogenesis.
Conversly, this phenomenon was absent when cultured
on soft contours, such as a flower shape, which promotes
adipogenesis [66, 67].

Adipogenesis

Unlike the osteogenic niche, the extracellular matrix of
adipocyte tissue consists of loose cells within fibronectin
and laminin networks with collagen fibers which provide
attachment points for integrins anchored in the adipocyte
membrane. Adipogenesis is marked with an integrin shift
wherein alpha integrin expression shifts from alpha 5 that
binds to fibronectin to alpha 6 that binds to laminin [69,
70]. Also, the extracellular matrix remodels to favor the
change in cell shape from stellate progenitors to spherical
mature cells. The reduction in Ras homolog family mem-
ber A (RhoA) activity disassembles the actin cytoskeletal
network, thereby the cells tend to attain round morphol-
ogy with reduced actin and tubulin [70, 71]. To accom-
modate the growing lipid droplets, vimentin expression
increases, creating a cage around the droplet. The effect
of mechanotransduction in differentiation into adipo-
cytes would thus emphasize the use of materials favoring
the globular morphology of cells. Soft contours nano-
patterned in the form of flower favored adipogenesis of

1A Mechanical trigger activates
mechanotransduction pathway

involving YAP/TAZ
Integrin af§
p-FAK
Proteasomal Rho
degradation
Actin

polymerization

‘713
1——/
non-p-B-catenin
mo-  -zo» 1B YAP/TAZ activates
‘ osteogenic differentiation
RUM via -catenin

Fig. 2 Representative model of substrate mediated osteogenic differentiation wherein substrate stiffness (mechanical signal) activates
mechanotransduction pathway involving YAP/TAZ (1 A-1B) and non-mechanical signals from substrate leads to osteogenesis via canonical BMPR

signaling pathway (2). Adapted with permission from [68]
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MSCs [67]. ADSC cultured on polyacrylamide hydrogels
with stiffness ~ 2 kPa mimicking the native adipose tissue
led to the upregulation of adipogenic markers even in the
absence of exogenous growth factors. This was reduced
when material’s stiffness increased, indicating the role of
material stiffness in propagating cell instructive informa-
tion by mechanosensing [72]. Additionally, decellularized
extracellular matrix (ECM) preserves the native tissue 3D
architecture and hence induces adipogenesis [73]. A 3D
PCL-based nanofibrous scaffold developed provided the
required geometry to aid in adipogenesis of embryonic
stem cells which showed that the ECM architecture also
has a significant role in inducing mechanical stimulation
in cells [74]. Dynamic stiffening of hydrogel using light-
mediated crosslinking in the presence of seeded cells led
to adipogenesis when stiffening was delayed indicating
that a soft/ less stiff hydrogel provides the required cues
for adipogenesis in contrast to earlier stiffening matrix
that promoted osteogenesis [75].

Tenogenesis

Tendons consist of highly aligned collagen fibers. In vivo,
the tenocytes primarily interact with aligned fiber matrix
thus the effect of fiber alignment plays a significant role
in tenogenesis. Cardwell et al. demonstrated the effect
of fiber diameter in MSC tenogenesis. It was observed
that fiber diameter>2 microns showed tenogenesis to
a greater extent when compared to nanofiber matrix
[76]. A similar observation was made on aligned poly
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(lactic-co-glycolic acid) (PLGA) fibers which showed
tenogenesis when cultured on higher diameter fibers (>2
microns) [77]. Mechanical stretching has been shown to
induce tenogenic differentiation in MSCs, the mecha-
nism by which this occurs has been reported to be the
activation via FAK and RhoA/ROCK activation [78].
Tenogenic differentiation was observed on aligned PCL/
PLA fibers which show that fiber alignment aids in the
mechanical stimulation of the cultured C3H10T1/2 cells
[79]. Aligned PCL fibers have also enhanced the expres-
sion of tendon specific genes, the underlying mechanism
involves integrin-mediated mechanotransduction [57,
77, 80—84]. The use of mechanical stimulation by cyclic
strain has also shown to enhance tenogenesis. A link
between cyclic strain and TGF beta family growth fac-
tor stimulation was observed, which lead to the activa-
tion of the SMAD 2/3 pathway leading to tenogenesis
[85]. Microgrooves etched on PDMS induced elongation
of cells and expressed stable tenogenic marker expres-
sion. Neotendon formation was also observed when cul-
tured in vitro [86]. In vitro and in vivo tenogenesis was
observed in tendon ECM coated ultrafine PLGA fibers
in the presence of unilateral mechanical loading [87].
The effect of surface functionalization and topography
have shown a combinatorial effect in inducing tenogenesis
in vitro where the MSCs attach and elongate along with
the plasma-treated aligned fibers which enhanced RhoA
expression and subsequently tendon specific markers at
gene and protein level [88] in non-tenogenic media (Fig. 3).

Cell-matrix interaction - governs MSC tenogenesis
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Fig. 3 Representative schematic showing tenogenesis in MSCs mediated by mechanotransduction. A combinatorial effect of topography and
surface functionalization induced tenogenesis via rhoA activation. Adapted with permission from [88]
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Cardiomyogenesis

The effect of matrix properties on determining the cell
fate in cardiomyocyte generation has a close relationship
since organ stiffness, and extracellular matrix composi-
tion significantly change during development. A 2-3 fold
increase in cardiac stiffness is observed during develop-
ment from fetal to adult [89]. The protein composition
also varies during development, with significant fibronec-
tin and collagen compositions [90]. Engler et al. has
reported a direct link between variation in matrix elas-
ticity and developmental stages of heart. A 10 kPa stift-
ness in polyacrylamide hydrogels aided in the formation
of mature cardiomyocytes with rhythmic beating than in
hydrogels of lower or higher stiffness [91]. 50 kPa inter-
mediate stiffness of polyacrylamide hydrogels supported
embryonic stem cell differentiation to cardiomyocytes at
the early stages of mesodermal induction [92]. With the
increase in stiffness of the substrate, the differentiation
potential of progenitor cells into cardiomyocytes also
increased, but it could be interpreted that different mate-
rial requires different stiffness to exhibit differentiation
potential [93, 94]. Further study by Gershlak et al. showed
a relation between substrate stiffness and composition on
cardiomyocyte differentiation that stiffness alone does
not promote differentiation, but a combination of stift-
ness and composition played a significant relationship
[90]. It was reprogramming of fibroblasts by miRNAs
combination and encapsulating in fibrin-based 3D hydro-
gel containing matrigel that induced cardiomyocyte dif-
ferentiation [95]. Electrospinning of 4% PEG and 96%
PCL onto glass slides showed enhanced cardiac gene and
protein expression. The fibers had a size of 0.6 um and
were randomly oriented, exhibiting an elastic modulus of
1.1+0.1 MPa. It was seen that the matrix-integrin medi-
ated mechanism induced cardiomyocyte generation [96].
To support the cardiomyocyte differentiation by repro-
gramming of cells is the main motive of using a suitable
cellular microenvironment which could determine the
fate of cells and augment the cells’ maturation. Inducing
artificial alignment by altering the topography of sub-
strate or by manipulating the stiffness of the substrate
significantly improve the sarcomere organization and cal-
cium cycling in cardiomyocytes derived from stem cells
[93, 97, 98]. Further, matrix-induced reduction in histone
acetylation and creating epigenetic modifications in cells
as that of the effect of histone deacetylase inhibitors in
reprogramming cellular fate have shown positive effects
in maintaining cardiomyocyte population [98—101].

A combinatorial approach using parallel microgrooves
and forward reprogramming by using cardiogenic tran-
scription factors showed a positive effect in cardiomyo-
genesis from progenitor cells derived from the adult
heart [98]. Fibronectin printed on PLGA thin film in
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20 um size microgrooves enhanced myogenic and neuro-
genic gene expression, predominantly cardiac expression
with elevated cardiac protein expression [101]. Matrigel-
polyacrylamide hydrogel system with stiffness 8 kPa
enhanced cardiac reprogramming suggesting the effect
of matrix compliance similar to native cardiac tissue.
Further, the effect of mechanotransduction was proven
by the inhibition of integrin, rho/ROCK, actomyosin,
and Yes-associated protein 1/ Transcriptional coactiva-
tor with PDZ-binding motif (YAP/TAZ) signaling which
was activated on rigid substrates (Polystyrene dish)
where cardiac generation was suppressed [102]. Morsink
et al., has exclusively reviewed hydrogels combined with
nano-sized or functional materials with unique electrical,
mechanical, and topographical properties that generate,
regulate and maintain contractile properties of cardio-
myocytes (CM) [103]. Fibronectin functionalized dextran
vinyl sulfone-aligned electrospun fibers with low stiffness
(~1 kPa) promoted cardiac differentiation of induced
pluripotent stem cells (iPSCs) even in long-term cultures
with increased calcium handling and N-cadherin locali-
zations [104]. Micro-processed fibrin gel with inverted
V-shaped ridges developed highly oriented cardiac tis-
sue when cultured with human iPSC- CM with increased
contractile properties, further elucidating the importance
of fiber alignment and mechanical compliance [105].
Hermans et al. showed that initial scaffold geometry,
namely, circular and elliptical cardiovascular graft, which
provides isotropic and anisotropic mechanical loading,
respectively, influences the tissue growth, remodeling
and evolution of mechanical loading during the culture
and geometry of the tissue construct [106]. Ploeg et al.
showed that the culturing of cardiac fibroblast (CF) in
matrix that has physiological stiffness (Young’s Modulus
—15 kPa) reduced the myofibroblast differentiation of
CF and at the same time, they responded well with the
dynamic stretching and TGF-p [107].

Neurogenesis

The extracellular matrix of the brain and spinal cord is
characterized by its individual heterogeneity. Strong
interaction between integrins and ECM prevails through-
out neuronal development. The ECM constituents and
their interactions or crosslinking determine the matrix’s
mechanical stiffness. Generally, the rigidity of <1 kPa
is characterized by the high proteoglycan composition
of the matrix [108]. Neurons and neural stem cells are
highly responsive to the mechanical and topographi-
cal features, and the cell-matrix interaction determines
the fate of these cells. In the review by Stukel and Wil-
lits, mechanotransduction in neural stem cells has been
widely covered. The chemical signals pass information
from the surrounding matrix via integrins through the
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cytoplasm to the nucleus, affecting gene expression [109].
Polyisoprene extracted from Hevea brasiliensis was made
into membranes coated on polystyrene plates. This natu-
ral biopolymer membrane matrix-induced neurosphere
formation from adipose-derived MSCs. It was observed
that the differentiation was induced due to mecha-
notransduction as the developed material had stiffness
similar to that of brain tissue and was further confirmed
by the presence of translocated YAP and angiomotin
(AMOT) proteins [110]. Highly spiky nanostructures
induced MSC alignment and neurogenesis, which was
explained based on mechanotransduction as nano cues
induced integrin clustering thereby activating the mecha-
notransduction pathways [111]. Nanogratings of 350 nm
width also enhanced microtubule-associated protein
2 (MAP2) expression, a mature neuron marker, in cul-
tured hMSCs. The topographical cues induced a greater
mechanistic effect than the biochemical cues induced by
retinoic acid [112]. A similar case was observed on nano-
patterned fibronectin-coated polystyrene plates, one with
300 nm groove and ridges and another with 300 nm pillar
diameter and gap, where human neural stem cell (hNSC)
neurogenesis was observed. This study also confirms
the effect of integrin clustering which activates mecha-
notransduction pathways and intracellular mitogen
activated protein kinase - extracellular-signal-regulated
kinase (MAPK-ERK) pathways leading to neurogenesis
(Fig. 4) [113]. Direct differentiation of human embry-
onic stem cells was carried out on an array of nanotopo-
graphical patterns, which showed that grating patterns
promoted neuronal differentiation and pillars and wells
promoted glial differentiation [114].

Myogenesis

Myogenesis requires the use of suitable biomaterials that
could provide intermediate stiffness and high alignment
that favors myotube formation. Biodegradable PLGA
polymer was used to create nanopatterns of grooves with
ridge width, groove width and height of 800 nm, 800 nm
and 600 nm, respectively. This biodegradable substrate
with controlled nanotopography induced myogenesis
with highly aligned and elongated myotubes and showed
upregulated myogenic regulatory factors in vitro. When
implanted in vivo in MDX mice models for Duchenne
muscular dystrophy, the presence of developed substrate
led to the formation of dystrophin-positive muscle fibers,
providing clear evidence of myogenesis [115]. Stiffness
gradient made using polyacrylamide gel was analyzed for
myogenesis. It was observed that intermediate stiffness
enhanced the expression of C2C12 cells and observed
myogenesis in adipose derived stem cells (ASCs) [116].
Dynamic stiffening PEG hydrogel was developed using
strain-promoted azide/alkyne cycloaddition (SPAAC)
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reaction to mimic the dynamic mechanical stimulation
in skeletal muscle. Bcl2-associated athanogene 3 (BAG3)
chaperone regulation was observed in the cells undergo-
ing myogenic differentiation with enhanced cytoplasmic
localization and nuclear translocation with increasing
stiffness. Depleting of BAG3 reduced the nuclear trans-
location, causing desensitization to change in stiffness.
This confirms the role of BAG3 in mechanotransduction
in myoblasts [117].

Role of mechanobiology in organoids

Organoid is an in vitro 3D multicellular construct mim-
icking the functions and architecture of its corresponding
organ, in a miniaturized and simplified version. Gen-
eration of organoids generally require addition of many
growth factors at specific concentration and in spatio-
temporal way [118, 119]. In addition to the biochemical
cues for generation of organoids, providing biomechani-
cal and biophysical signals would accurately mimic the
in vivo tissues. The engineering of organoid focuses on
controlling various biomechanical and biophysical cues
such as the stiffness, geometry, fluid shear stress, matrix
rigidity and viscoelasticity (Fig. 5) [119, 120].

Stiffness of the culture substrate defines the organoid
culture, wherein Gjorevski et al. shed light on mecha-
nistic role of matrix on organoid formation. In particu-
lar fibronectin-based adhesion and stiff matrix (1.3 kPa)
was sufficient for intestinal stem cells (ISCs) survival and
proliferation, through YAP-mediated signalling, whereas
laminin-based adhesion and dynamically soft matrix
(at around 190 Pa) provided niche for ISCs differentia-
tion and organoid formation [121]. Similarly, in another
study, Sorrentino et al. showed that liver organoid for-
mation was optimal in matrix stiffness between 1.3 and
1.7 kPa, whereas differentiation capacity is unaffected
by the matrix stiffness [122]. Below et al. developed syn-
thetic hydrogel with the phenotypic traits of normal and
cancerous pancreatic tissue and they were able to grow
normal and cancerous pancreatic organoids by altering
the stiffness of the hydrogel and they found that laminin—
integrin a3/a6 signalling is required for the survival of
pancreatic organoids [123]. These studies demonstrate
that optimization of hydrogel stiffness is required for
each organoid type, as the microenvironment and stift-
ness vary among different tissues.

Fluid shear stress could be utilized in providing
dynamic biomechanical stimulation, for example to
mimic the gastric contractions. Lee et al. utilized the
peristaltic fluid flow to establish conditions that pro-
mote long term survival of gastric organoids. Peristaltic
system provided rhythmic contractions to organoids,
mimicking the gastric motility [124]. Similarly, Ginga
et al. utilized the luminal flow for culturing intestinal



Rajendran et al. Biomaterials Research (2023) 27:55

Page 9 of 24

Human Neural Stem Cells

Nucleus

2000CT

No induction of differentiation by
mechanotransduction

X

XOOOOOOX 1000000000004

Differentiation 1

XX XX
D ® ®

Fibronectin

Focal Adhesion
Complex Assembly

Integrin p1
W

Fibronectin :; : : :

Flat Surface

Nanopatterned Surface

Fig. 4 Representative mechanism of neurogenesis via mechanotransduction wherein the nanotopography manipulates the focal adhesion
signaling pathway and neurogenic differentiation. Adapted with permission from [113]

organoids and studied the microbial population [125].
Thus, these microfabrication-based devices would pro-
vide both bio-chemical and bio-physical cues, thereby
increasing the physiological relevance of in vitro models.

The physical barriers play significant roles during
the organogenesis and for homeostasis. Thus, provid-
ing geometrical cues as physical boundaries would help
developing in vitro models with physiological relevance.
For example, small intestine epithelium has a repeti-
tive compartmentalized crypt-villus structure with tis-
sue polarity, wherein highly proliferative ISCs reside
in crypts, while the differentiated cells are present in

villus region. Wang et al. developed micro-patterned
collagen scaffold with crypt-villus architecture appro-
priate cell lineage, wherein the PDMS stamps are used
to create micro-patterned collagen scaffold. Addition-
ally, bio-chemical gradient promoted the crypt-villus
axis with stem cell zone and differentiated zone [126].
Alternatively, laser-guided crypt-villus architecture was
utilized to grow intestinal organoids containing lumen
structure with long-term homeostasis, when connected
to an external pump. The developed organoids were
also utilized to study the host-microorganism inter-
actions. Intriguingly, crypt-villus axis was observed
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without any bio-chemical gradient, showing the impor-
tance of geometric guidance. In the follow up study,
Gjorevski et al. found that tissue geometry instructs
the self-organisation of interstitial organoids into pat-
terned crypt-villus architecture through cell crowding
and YAP-Notch signalling. With this they were able to
spatio-temporally control the shape of the organoids in
more deterministic way [127].

Tissues and ECM exhibit a complex mechanical behav-
iour with viscoelasticity, plasticity and non-linear elas-
ticity [128]. Of all, matrix viscoelasticity would a one of
the key factor in regulating organoid morphogenesis and
provide new insights for developing physiologically rel-
evant in vitro models [129]. Indana et al. showed that fast
stress relaxation with high RGD ligand density matrix

promoted hiPSCs proliferation, apicobasal polarization
and lumen formation, whereas slow stress relaxation with
low RGD ligand density lead to hiPSCs apoptosis. Addi-
tionally, fast stress relaxation with low RGD ligand den-
sity led to no lumen formation [130]. Similarly, Crispim
et al. also showed that viscoelastic alginate matrix
allowed the growth and fusion of cartilage organoids,
whereas elastic alginate matrix inhibited it [131]. Bao
et al. regulated the viscoelastic properties of the mate-
rial by incorporating carbon nanotubes (CNT), which
subsequently activated piezo and YAP related signal-
ling, thereby promoting intestinal organoids. In addition,
CNT also altered the metabolic profile with increased
mitochondrial activity and nutrient absorption [132].
Thus, altering the viscoelastic property of the matrix is
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one of the key parameters in achieving physiological rele-
vance of in vitro models. In a recent study, Pahapale et al.,
showed that combination of geometrical architecture and
stiffness of the hydrogel helped in the self-organization of
endothelial cells into ring-like patterns [133].

Molecular crowding is regarded as critical fac-
tor affecting the rate and equilibrium of intermo-
lecular interactions. Recently, Li et al. displayed
volumetric compression induces molecular crowding
that controls intestinal organoids through Wnt/B-catenin
signalling. Volumetric compression resulted in osmotic
stress, matrix rigidity and stretching in cells which
resulted in increase in molecular crowding and cytoplas-
mic stiffness [134].

Other mechanical factors could also play impor-
tant role in altering organoid formation and differen-
tiation. For example, Mattei et al. explored the effects of
microgravity on neural organoids formation, wherein
the results displayed an altered rostral-caudal neural
patterning gene expression in microgravity condition
compared to neural organoids formed in normal situ-
ation [135]. In recent study, Iordachescu and colleagues
detected increased osteoclastic bone resorption sites in
simulated microgravity group compared to static condi-
tion [136]. Thus, these studies indicate organoids can be
used to study the temporal events in microgravity, which
otherwise not possible to study in 2D in vitro and in vivo
studies.

Techniques to explore mechanobiology

In the previous sections we have seen, how the mecha-
nobiology and mechanosignalling has come a long way.
Further, we have also discussed, how various research-
ers have utilized the principles and concepts of mecha-
nobiology for specifically directing the differentiation of
cells towards the intended lineages. This has put mecha-
nobiology in a potential position to be utilized of tissue
engineering applications. However, no biological princi-
ples are complete without the tools to quantify and char-
acterize them. Such characterization and quantification
tools help us to gain deeper insights and also provide us
cues to improvise in future iterations. The following sec-
tions will discuss some of the interesting and advanced
tools that are being utilized to explore mechanobiological
principles.

Spatio-temporal cellular image analysis

and mechanosignaling protein analysis

The first and foremost step in mechanobiology is to
observe the cells microscopically in 2D or 3D substrate.
It provides the spatial behavior of cells, with the differ-
ence in the cell shape and spreading pattern according to
the microenvironment. Time-dependent analysis would
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also provide more input on the cell behavior towards
various mechanical signals over time. It is also essential
to study the biological effect of mechanosignaling by ana-
lyzing the protein expression [137]. Protein expression
can be studied with the help of western blotting, fluores-
cently labeled antibody, quantification of signal protein
using enzyme-linked immunosorbent assay. Additionally,
emerging techniques such as multiplexed immunostain-
ing are of importance as this field develops [138, 139].
In addition to the visual confirmation, protein analysis
provides a definitive role in mechanosignaling pathways
involved in a cell response to mechanical cues. Many
times, spatio-temporal protein analysis would be carried
out. For example, translocation of YAP from the cyto-
sol to nucleus is required to activate mechano-signaling
[140].

These studies provide much first-hand informa-
tion, with which other sophisticated techniques such
as traction force and atomic force microscopy, acous-
tic, magnetic, and optical tweezers, and quartz crystal
microbalance can be applied. These techniques are the
stepping-stone for the understanding of mechanobiology,
and they are generally available in all standard labs. The
experiments and data analysis can be performed with
minimal to moderate training and expertise.

Traction force microscopy

Traction force microscopy (TFM) quantitatively maps
the force exerted by the adherent cells by tracking the
deformation field in an elastic polymer surface. The
experiment involves recording displacement of tiny
fluorescent beads due to the deformation of cells (due
to cell migration, cell division, cell-cell interaction, dif-
ferentiation and so on) from live imaging. Positions of
beads after cell detachment is recorded, and using com-
putational algorithms; the displacement field is studied.
Traction force (TF) is studied indirectly from the dis-
placement field imposed by the cell to its surroundings
(Fig. 6) [141-146]. The idea of measuring traction force
originated in the 1980s when the cells were cultured on a
thin polymeric gel. Cell migration induced local wrinkles
indicated that cells exert forces on the surface [147]. To
improve the reliability and fidelity of cellular mechanical
properties, it is important to culture cells on ECM conju-
gated polymer matrix so that we could bio-mimic tissue
milieu [148]. Typically, polyacrylamide (PA) hydrogels
are used for TEM studies, as the stiffness of the substrate
can be tuned (ranging from few Pa to hundreds of kPa)
with modifying the monomer and cross-linker concen-
tration. Many cross-linkers (for, e.g., sulfo-succinimidyl
6-(4-azido-2-nitrophenyl amino) hexanoate, hydrazine
hydrate, and so on) are employed to attach the ECM
protein to the PA hydrogel [147, 149, 150]. Other than
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Fig. 6 Schematic representation of traction force in a single cell (A), an overview of cell-cultured on PA gel with fluorescently labeled beads with
cells generating traction force with bead displacement (B & C). The image was reproduced with permission from Elsevier [147]

PA hydrogel, other deformable hydrogels such as colla-
gen [151], hyaluronic acid [152], fibrin [153], silk fibroin
[154], gelatin, and PEG (with RGD and MMP cleavable
peptides) are used to study the TF. However, the linear
elasticity index is very narrow (ranging from few tens to
hundreds of kPa), as linear elasticities facilitate the calcu-
lation of TF [155]. These hydrogels provide a 3D matrix
for studying the TF exerted by cells. Cells would behave
differently when they are cultured in the 3-D matrix, as
the adhesive and migratory forces would act in all direc-
tions. Thus, it was the driving force for studying the TFs
in 3-D matrix. The PA hydrogel exhibit linear elasticity,
whereas most of the collagen hydrogel are viscoelas-
tic. However, one of main advantage of using collagen
hydrogel is that fluorescently labeled collagen fibrils can
be used, without the requirement of tiny beads and col-
lagen microfibril microenvironment would provide a
more accurate understanding of in vivo [151]. Anguiano
et al. increased the complexity of the substrate by mixing
collagen and Matrigel™ to mimic the advanced stage of
tumor milieu at the cancer invasion stage [156]. Results
displayed a non-linear TF with the biphasic role of cell
migration and adhesion. Pakshir et al. showed dynamic
traction force of fibroblast in fibrillar collagen matrix
attracts macrophages from several hundreds of um [157].
The study proposed that contractile fibroblasts attract
macrophages over a distance that exceeds the chemotac-
tic gradient.

Toyjanova et al. utilized large deformation formula-
tion for calculating cellular traction fields in 3-D matrix
[158]. Processed method was able to provide nearly
5-fold enhancement in signal-to-noise ratio, compared to
their small deformation formulations. The authors were
able to study the spatial distribution and time-depend-
ent traction fields in the viscoelastic materials. Further
advancements in 3-D TFM had revealed that cells pro-
duce rotational moments in the focal adhesion points
[159, 160]. These advancements in cellular behavior can’t
be easily understood from 2-D TFM. Unfortunately, most

of the 3-D TFM relies on full-field 3D displacements,
which could be obtained from confocal, stimulated emis-
sion depletion (STED) and structural illumination (SIM)
microscopies [161, 162]. However, high cost of these
instruments may prohibit the users from utilizing them
and prompting them to opt for more accessible imaging
techniques such as epifluorescence and phase contrast
imaging. Users using these techniques often limit the
studies with use of single layer of fluorescent particles,
so as to reduce the out-of-focus light scattering [163,
164]. Recently, Hazlett et al. developed topology-based
single particle tracking algorithm that could be utilized
for reconstructing full 3-D displacement field from epi-
fluorescence images of dense layer of single layer fluo-
rescent particle displacement [165]. Additionally, Li
et al. utilized astigmatic TFM coupled with total inter-
nal reflection fluorescent microscopy to improve the
temporal resolution of 3-D displacement of TFs from
the fast single-frame imaging compared to typical slow,
mutli-frame z-stack acquisition from super-resolution
microscopies [166].

The TEM approach looks simplistic from the concep-
tual point of view. However, it involves numerous math-
ematical and computational challenges, especially when
cells are embedded in 3D hydrogel [147]. Thus, the TEM
experiment requires optimization of computational mod-
els and equipment with different parameters for the reli-
ability of obtained results. Additionally, conducting TFM
experiments requires costlier equipment, which may not
be present in all laboratories.

Atomic force microscopy

Atomic force microscopy (AFM) could act as both actua-
tor and sensor, thereby providing a most versatile instru-
ment studying cellular mechanobiology events at the
accuracy of single cells. Of particular importance, AFM
can operate in aqueous environments and physiologi-
cal temperatures [22]. The AFM topographs have very
high signal to noise ratio, enabling direct observations of
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single proteins at an nm resolution and with a force sen-
sitivity ranging from 1pN-100nN [167, 168]. For example,
an AFM microcantilever can directly exert a force in the
nucleus and observe the translocation of YAP from the
cytosol to the nucleus [140]. Recently, Van der Meeren
et al, demonstrated that the AFM technique enables
early real-time detection of regulated cell death (RCD) by
identifying cytoskeletal changes to the different types of
RCD [43]. AFM can study the physical properties of the
cells from the force-distance curve, such as stiffness. The
fundamental modes of AFM for studying cellular
mechanobiology include (1) bio-imaging in aqueous
environment, (2) mapping the mechanical properties of
the cell using force-distance and/or force-time curves
and force modulation by frequency sweep, and (3)
combining various optical imaging modalities (fluores-
cent imaging, FRET analysis of proteins, phase contrast
imaging, etc.) with AFM (Fig. 7) [22, 168]. For instance,
Kahle et al. utilized immunofluorescence (IF)-guided
AFM nanomechanical mapping with a microspherical
tip in pericellular matrix to study the indentation mod-
ulus after the treatment with biomimetic proteoglycans
[169]. It is ever-evolving field wherein various imaging
techniques can be combined with AFM due to its
versatile nature.
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At present, AFM can even study the intermolecular and
intramolecular bimolecular interactions with changes
in mechanical properties [170]. The above-mentioned
cutting-edge techniques are exceptionally sophisticated
and require considerable improvements are required in
data processing. Integration of AFM and other imaging
techniques is one of the advancements in this field and
exploiting AFM with other techniques to study protein
unfolding and re-folding during protein-protein interac-
tion and in other biological processes would be one of the
next advancements this area.

Mechano scanning ion conductance microscopy (mSICM)

This is a technique in which the topography of the
surfaces can be analyzed up to nanometer range sub-
merged in an electrolyte bath. It contains a micro
or nano pipette which encloses an electrode and the
conductance on this electrode is compared against a
bare electrode dipped in the electrolytic bath. When
the pipette tip nears a surface, such as cell mem-
brane, the electrolyte flowing into the pipette channel
is restricted due to the restriction of flow gap. Conse-
quently, the reduced flow restricts the total number of
ion incontact with the electrode, facilitating the map-
ping of the surface (Fig. 8). The key advantage comes

Ambient Environment

Fluorescence

Vﬁ
%"B & FRET
Combining Optical and AFM Techniques

Temperature, pH,
Humidity Controlled

Controlled Addition of
Pharmaceutical drugs

Key operating modes of AFM for studying mechanobiology

Frequency Sweep and Time-dependent Analysis

Fig. 7 Various key operating modes of AFM and its complementary techniques for studying mechanobiology, including (1) bio-imaging: studying
mechanical properties in an aqueous environment, (2) studying in the customized chamber for controlling temperature, pH, and humidity with
complimentary light microscope imaging, (3) studying the mechanical properties with the addition of pharmaceutical agents, (4) combining optical
microscopy techniques and AFM for simultaneous studying of mechanical and biological properties and (5) frequency sweep and time-dependent

analysis of mechanical properties of cells
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after scanning the surface of cells (B)

from the fact that mSICM is based on electrolyte
conditions, monitoring the changes in the live cells is
possible in a non-invasive manner. By modifying the
mSICM, it has been shown that the mechanical stiffness
of live cells could be quantified [171]. Recently, it was
shown that using the mSICM, it is possible to estimate
the Young’s modulus of live cardio-myocytes’ surface
and map it to the topography, thus providing a Young’s
modulus map. The researchers were also able to show
the effect of Angll protein on the change in Young’s
modulus of the cell surface using this technique [172].
mSICM has also been combined with patch-clamp
technique to monitor the ion channels in the bilipid
membranes of cells [173]. The main disadvantage is

that, the resolution of mSICM cannot match that of
AFM, due to the limitations in pipette opening diam-
eter. However, with the current advancements in the
nanotube sensors for detecting electrolytes, we could
envision that multiwalled carbon nanotubes could be
utilized as probe for mSICM, improving the resolution
of the data being obtained [174].

Quartz crystal microbalance with dissipation measurement
In the last two decades, quartz crystal microbalance
with dissipation (QCM-D) has seen vast development in
real-time measurement of changes in the frequency and
energy dissipation samples adsorbed/placed on a piezo-
electric sensor [175]. The QCM-D utilizes the converse
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Fig. 9 Schematic representation of QCM-D sensor with piezoelectric AT-cut quartz crystal (for using between 0.5 MHz to 300 MHz) having gold
electrodes (A) and schematic representation of working of QCM-D with a recording of Af and AD (B). Reproduced under Creative Commons CC BY

from [184]
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piezo-electric principle with alternating potential result-
ing in vibrational oscillations (Fig. 9). The QCM-D
records both the changes in resonance frequency and
dissipations of oscillations. With the previous model of
QCM, only rigid dry materials can be utilized, whereas
QCM-D can be utilized to study the mechanical prop-
erties of viscoelastic materials in an aqueous medium
[176]. The QCM-D sensors can be applied to study cell
adhesion and spreading. When the cell interacts with the
sensor’s surface, there is frequency shift (Af) which is not
directly proportional to the change in mass. In contrast,
dissipation factor (AD) strongly gets affected with adhesion.

Additionally, during cell spreading, change in Af is
very minimal, with a decrease in AD due to cytoskeletal
rearrangement [177, 178]. Kao et al. studied the cellular
adhesion on the varying zeta potential of polymer film
coated onto the QCM-D sensor. Results demonstrated
that positively charged surfaces showed cells could attach
and spread independently of ECM proteins. On the nega-
tively charged surfaces, cells were of round morphology
and secreted various ECM proteins before spreading
[179]. Poly(rotaxanes) is structurally stable and flexible
polymers; wherein the cyclodextrin was threaded onto
PEG chains [180, 181]. Mobility on the poly(rotaxanes)
can vary depending on the tissue regeneration applica-
tion, wherein the less mobile surface favored osteogenic
differentiation and highly mobile surface resulted in adi-
pogenic differentiation [182]. Further, a highly mobile
surface with FGF-2 maintained the stemness of mes-
enchymal stem cells [183]. This suggests that defining
the properties of the materials, such as mobility, can be
tuned for regenerative applications.

Many studies highlighted the QCM-D, an unprec-
edented tool to study cell behavior in real-time without
labels. The cost of the QCM-D instrument is moderate,
with techniques that can be learned easily. Further inno-
vative expansion in improvement on data analysis and
automation, and complementary studies with fluores-
cence microscopy, optical sensing, etc. would increase
the applications of QCM-D.

Microarray devices

Microarray devices, specifically for sensing the mecha-
nosignalling related changes, usually consists of micro
or nano polymeric posts which are fabricated on poly-
mer platforms. This is usually made by photolithography
or polymer molding techniques and PDMS is a versatile
polymer for these applications although other polymers
and metal microposts are also being explored [185, 186].
Recently, direct LASER writing (DLW) is also being uti-
lized to create such micropost arrays [187]. The PDMS is
an elasticity tunable material, with excellent properties
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such as flow and adaptability (thixotrophy) to the nano
and micro patterns on a die, ease of use and is also inert.
PDMS micropost arrays can be produce in large quanti-
ties, just by mixing the two liquid component system of
the polymer and pouring over a negative mold with nano
patterns, allowing the PDMS to flow into the crevices of
the die over a period of time, and curing it in a hot oven
[188, 189]. The specifications such as height, width, spac-
ing and elasticity are all tunable which would effectively
result in force sensing platform according to our spe-
cific application. The cells could be seeded onto these
micropost arrays, and the by observing the deflections of
these posts under the microscope in a temporal manner,
we could calculate the force exerted by the cells. Since the
micro/nanopillars are elastic, when a cell exerts a trac-
tion force, the posts can deflect to various degrees. The
lower the force, the deflection is less and higher the force
exerted, the higher the posts will be deflected (Fig. 10).
Thus, by calculating the force required for the deflection
of the posts, one could easily calculate the force exerted
by the cellular apparatus. Furthermore, since the posts
will deflect in an opposite direction of the force that is
being applied by the cell, one could easily determine the
direction of the of force too. By combining and tracking
several posts over an area, one could record the various
mechanobiological responses of the cell [190].

Furthermore, the micro/nanopost arrays could be
functionalized by using various bioactive or bioadhesion
molecules such as fibronectin, vimentin and similar ECM
proteins to study the specific effect and strength of cel-
lular binding to such proteins [191, 192]. Additionally,
these posts could also be tagged with fluorescent dyes,
so that the deflections due to the cellular force exer-
tion could be easily visualized under regular fluorescent
microscope [185]. By combining the imagery data with
suitable computer simulation models, much more under-
standing about the cell mechanics could be obtained and
prediction models could be generated [193]. Since most
of the microarray devices are made out of elastic mate-
rials, after seeding the cells onto the surfaces, external
mechanical stimulus such as cyclic stretching could also
be applied and the cellular responses to these stimuli can
be evaluated. Although micropost arrays are very easy
to fabricate, easy to visualize and we could functional-
ize with different ECM proteins, the inherent limitations
such as mostly 2-D attachment, not being an exact rep-
lica of ECM matrices, a non-native surface morphology
which might exert a totally different effect on cell attach-
ment hinders the usage of such platforms for wider char-
acterizations. Nevertheless, they could be greatly utilized
to compute the forces generated by various cells on dif-
ferent proteins and to track cellular movement.
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Optical, magnetic & acoustic tweezers

Tweezers are mechanical devices with which mechani-
cal stimuli such as compression can be applied to things
in order to manipulate or move them [195]. Technology
has advanced in such a way that, light, magnetic fields
and sound waves could be utilized as tweezers [196—
198]. Due to the utilization of such a waves and fields
rather than a mechanical tweezer, we are now able to
manipulate individual cell or particles in a nanom-
eter to micrometer scales. Optical tweezers made out
of LASERs could be used to induce mechanical prob-
ing in the cells and the subsequent feedback could be
analyzed for any changes (Fig. 11A). Usually, a range
of 0.1 to 100pN force could be applied to the cells and
the corresponding responses could be measured. Opti-
cal tweezers could also be used to trap and manipulate
microbeads, typically made of polystyerene or silica,
which have been attached to cell membranes either
directly or through any ECM protein coating. This
enable us to calculate how much force will be required
to move the attached beads, thereby giving us an esti-
mation of adhesive forces between cellular anchoring
molecules such as integrins and the adhesive proteins
coated onto the beads. Such optical tweezers could be
direct alternative of nano indentation studies, to exam-
ine the single cell mechanics. Brillouin spectroscopy
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Fig. 10 lllustration showing the micropillar array which are being utilized for studying mechanobiology. Cell attached over a micropillar surface
(a); Pillars showing the deflection due to varied stiffness and the force exerted by the cells (b); the tunability of the micropillar deflection according
to the need by changing the stiffness (c); False colored SEM image of attached cell over a gradient micropost array increasing in stiffness (d).
Reproduced with kind permission from RSC publishing [194]

which uses the scattering of electromagnetic wave can
be integrated in optical tweezers and utilized to deter-
mine the moduli of cells and tissues. Such a technique
has been employed to compare the healthy and cancer
cells, nuclear softening during various biological pro-
cess and so forth [21, 199, 200].

Similar to the optical tweezers manipulating the cells
and microbeads, magnetic fields could also be used to
manipulate and perturb the cells and particles. Herein,
microparticles which respond to the various magnetic
fields could be used instead of polystyrene or silica beads
[201]. The magnetic fields are usually generated by either
permanent magnets or electromagnets (Fig. 11B). By
specific ligand-receptor mechanism or antibody-antigen
binding, the magnetic microbeads can be tailored accord-
ing to the need of the study that is being performed [202].
Due to this, cells expressing specific proteins could be
easily identified among a cluster of cells and mechani-
cal properties of such cells of interest could be extracted
[203]. By using feedback electronics and computer
algorithms, it will be easy to apply and measure the
mechanical responses of the cells. The main advantage
than that of optical tweezers is that, magnetic fields are
easy to set up and control when compared to expensive
lasers and optics involved in the focusing of stable laser
beams.
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Furthermore, the wavelength related effects caused
due to variety of LASERs could be avoided when using
magnetic tweezers. Although magnetic tweezers have
such advantages over optical tweezers, the generation
of magnetic field needs huge current thus leading to
higher temperature in the system, affecting the cellular
viability [204]. Furthermore, magnetic fields need to
be in close proximity to the cells that are being exam-
ined, therefore sometimes it is difficult to position
the apparatus very close to the cell substrates, where
LASERs can be optically transmitted to far distances
from the source.

Acoustic tweezers (Fig. 11C) are similar instruments
which utilizes some of the principles of sound waves
such as standing-wave, travelling-wave and acoustic
streaming to elicit a tweezer function [195]. Mechani-
cal responses in cells can be achieved through acoustic
tweezing cytometry or ultrasound tweezing in which
ultrasonically activated microbubbles are attached to
the cell membrane [205]. The lipid or protein micro-
bubbles could be coated with various adhesive ligands
and thus can bind to cells of interest. By exciting these
bubbles at different frequencies, the bubbles can
expand, move, or collide with the cell membranes thus
exerting a force on them [206]. By studying the how
they respond back, we could potentially use the acous-
tic tweezer technology to study the mechanosignalling
pathways, cell-substrate interactions, cell mechanics

and so on [207-210]. Some of the disadvantages
include calibration of the medium during every trial,
as the acoustic signals need a medium to travel and the
wave functions depend on the medium being used.

Tools based on acoustic scattering

Acoustic scattering provides one of the non-invasive
strategies to manipulate and measure the mechanics of
the cells and tissue. As already discussed, acoustic twee-
zers prove to be a great tool in micromanipulations of
beads to exert mechanical forces over cell membranes.
Improving upon this, piezoelectric acoustic transduc-
ers can be complexed with microfluidic devices and thus
the cells flowing through the channels can be directly
manipulated (Fig. 12). This can be further coupled with
optical interferometer to produce an interference fringe
pattern that could be utilized to quantify the opto-
mechanical properties of single cells [211]. Similarly, by
utilizing the principles of acoustic scattering, researchers
were able to measure the mechanical properties such as
the stiffness of cells during mitosis. Herein, a fluid filled
cantilever was vibrated and the acoustic scattering by the
cells inside this fluid was measured. This was termed as
size-normalized acoustic scattering (SNACS) [212]. A
recently modified method of Acoustic force spectroscopy
(AFS) can also be utilized to obtain frequency depend-
ent microrheology of multiple cells in parallel. By chang-
ing the force and particle position, the researchers were
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able to obtain the complex shear modulus over a period
of time in a continuous fashion. This technique is more
advantageous than AFM due to the fact that, the micro-
rheology of cells could be obtained even under fluid flow,
thus mechanobiology of cells/tissues in contact with flu-
ids such as lungs, vessels, bladder and so forth could be
studied [213]. Thus, with the continued advancements in
the acoustic wave-based tools, a wider picture of the cells’
mechanostimulatory responses could be obtained with-
out worrying about the unwanted effects caused by the
light-based methods.

Conclusion and future directions

Mechanobiology and mechanosignalling pathways are
rapidly gaining the attention of researchers from vari-
ous fields. The idea is that pure mechanical stimulus can
be applied directly to the cells, sensed by the cells, and
would bring about various biological functions such as
cellular differentiation, protein production, and so forth
is quite interesting. With the advancements in polymer
processing strategies and computer-aided simulations
to predict the material properties, numerous ingen-
ious ways are being explored to create mechanobiologi-
cal active substrates. There have been various methods
for translating the mechanical stimulus to the cells and
organoids with different substrate moduli, 2-D and 3-D
surface patterns using photolithography and casting
techniques, laser sintering, electrospinning, 3-D print-
ing, acoustic devices and so on. These have led us to a
better understanding the cellular elements and pathways
involved in mechanosignalling and how mechanical
signals shape the developing tissues. With the ongo-
ing growth in mechanobiology, there is also a need for
relevant improvement in the technologies to charac-
terize, measure and predict the stimuli and outcomes.

Some of such recent advancements have been discussed
in this review and it is hoped to grow much further as
humanity advances in science. Although mechanobiol-
ogy has seen tremendous growth, both in understanding
the signaling pathways as well as applications, there are
limitations and bottlenecks that needs to be overcome
in the future. For example, when a mechanically active
surface or biomaterial is implanted in contact with the
tissue, each cell type can react differently to the same
mechanical signal. This would imply that the intended
effect could not be achieved effectively and off target
effects could be expected. Furthermore, these differ-
ence in cellular effects could also lead to improper bio-
material integration with the healthy tissues. Apart from
these, it is well known that tissues and organs are very
dynamic in nature, which indicates that, the microenvi-
ronment would keep adapting to various factors such as
pathology, stress, diseases etc., thus it would be ideal if
the implanted biomaterial could dynamically match the
mechanical properties of the surrounding tissues. Such
shortcomings should be kept in mind when designing
the biomaterials for mechanical stimulation. With the
development of dynamically active biomaterials, it is
foreseeable that biomechanically active materials that
could respond spatio temporally in the near future. With
the advent of artificial intelligence algorithms that can
accurately diagnose the underlying pathological condi-
tions and scour through literatures to find potential com-
bination of suitable biomaterials, it might be also possible
to develop personalized mechanically active materials
with exact requirements of an individual. Thus, it could be
envisioned that well studied and characterized mechani-
cal stimulus could be greatly utilized in the future for cel-
lular level manipulations, tissue regeneration, and treating
various medical ailments for the betterment of society.
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ADSC Adipose Derived Stem Cell

AFM Atomic Force Microscopy

AFS Acoustic Force Spectroscopy
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AMOT Angiomotin

BAG3 Bcl2-Associated Athanogene 3

CF Cardiac Fibroblast

(@] Cardiomyocytes
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DLW Direct LASER Writing

ECM Extra Cellular Matrix

ERK Extracellular-Signal-Regulated Kinase

FAK Focal Adhesion Kinase
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hBMSCs ~ Human Bone-Marrow-Derived Mesenchymal Stem Cells
hNSC Human Neural Stem Cell

IF Immunofluorescence

iPSCs Induced Pluripotent Stem Cells
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LSSE Linear Strain Single-Cell Electrophysiology

MAP2 Microtubule-Associated Protein 2

MAPK Mitogen Activated Protein Kinase

mSCIM Mechanoscanning lon Conductance Microscopy

MSCs Mesenchymal Stem Cells

PA Poly Acrylamide

PCL Poly (E-Caprolactone)

PDMS Polydimethylsiloxane

PEG Poly (Ethylene Glycol)

PHBV Poly (3-Hydroxy Butyrate-Co-3-Hydroxyvalerate)

PLGA Poly (Lactic-Co-Glycolic Acid)

PLLA Poly (L-Lactic Acid)

PPAR Peroxisome Proliferator- Activated Receptors

PPS Pulsatile Pressure Stimulation

QCM-D Quartz Crystal Microbalance with Dissipation Measurements

RCD Regulated Cell Death

RhoA Ras Homolog Family Member A

ROCK Rho-Associated Protein Kinase

SEM Scanning Electron Microscope

SIM Structural lllumination

SNACS Size-Normalized Acoustic Scattering

SPAAC Strain-Promoted Azide/Alkyne Cycloaddition

STED Stimulated Emission Depletion

TF Traction Force

TFM Traction Force Microscopy

TGF-b Transforming Growth Factor Beta

Wnt Wingless-Related Integration

YAP/TAZ  Yes-Associated Protein 1/ Transcriptional Coactivator with PDZ-
Binding Motif
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