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Recent progress in mechanobiology has highlighted the importance of physical cues, such as mechanics, geo-

metry (size), topography, and porosity, in the determination of cellular activities and fates, in addition to bio-
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1. Introduction

Biological systems regularly encounter artificial materials,
such as body implants, blood bags, cell culture dishes, and
drug delivery systems (DDSs)."” Each scenario evokes a wide
range of reactions at the biomaterial interface. At the mole-
cular level, protein adsorption on the material surface is the
primary event that determines subsequent refusal responses,
such as immune responses and blood coagulation.® In
addition, proteins chemically or physically adsorbed to the
material surface can have salutary effects by interacting with
cell-surface receptors, evoking intracellular signaling and gene
expression regulation.* Therefore, scientists have sought a
wide variety of biomaterials not only to prevent protein adsorp-
tion to eliminate undesired rejection reactions (bioinert
materials) but also to introduce biological functionalities to
accelerate regeneration and healing (bioactive materials).” In
addition to these biochemical or molecular biological aspects,
the physical properties of materials, such as mechanics, geo-
metry (size), topography, and porosity, are key features for bio-
material design.®’ Porous structures of materials are critical in
tissue engineering scaffolds for efficient intercommunication
of cells and nutrient/waste transport between implants and
hosts; this determines the efficiency of functional tissue for-
mation and vascularization. In contrast, depending on the size
of DDS nanoparticles, they can travel throughout the body via
blood circulation and can enter the cells’ interior via endocyto-
sis and follow intrinsic intracellular trafficking routes.®
Moreover, recent progress in mechanobiology has shed light
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chemical factors derived from their surroundings. In this review, we will first provide an overview of how such
fundamental insights are identified by synchronizing the hierarchical nature of biological systems and static
materials with tunable physical cues. Thereafter, we will explain the photoresponsive dynamic biomaterials to
dissect the spatiotemporal aspects of the dependence of biological functions on physical cues.

on the significance of tissue/material mechanics not only for
structural robustness and flexibility but also for the direct
regulation of cellular signaling and fates depending on their
viscoelasticity.’ Therefore, it is crucial to focus on the physical
characteristics of materials and hierarchical nature of biologi-
cal systems to optimize their therapeutic and diagnostic capa-
bilities. Furthermore, biological reactions are dynamic and
mediated by the everlasting assembly and disassembly of
various molecular players in broad time windows. This ranges
from the time scale of signal transduction to much longer
ones, like disease progression and aging. In this regard, in
addition to precise spatial control of physical cues, stimulus-
responsive dynamic materials are useful to replicate time-
dependent changes in crosslinking and mechanics of
matrices. Synchronization of the material-derived physical
cues with such intrinsic spatiotemporal dynamics and time-
evolving nature of biological systems is another important cri-
terion for effective biomaterial design.'® In this regard, photo-
responsive dynamic materials are the most promising tools for
controlling the physical properties of materials at high spatio-
temporal resolutions due to the precise and remote-controlla-
ble nature of “light”. Especially, the time-resolving nature of
the photoresponsive materials can be used to mimic dynamic
changes of physical cues occurring in physiological and patho-
logical processes. Whereas the spatially resolving nature of
them are useful to replicate heterogenous nature of biological
systems, such as the asymmetry, gradients, and hierarchical
features. Such engineered materials, either statically or dyna-
mically, are useful not only for biomedical applications but
also to further deepening of our understanding of the
nanoarchitectonics and dynamics of biological systems.

Most earlier reviews mainly focused on how such biomater-
ials can be used for biomedical applications."*™* Whereas bio-
materials for the fundamental understanding of biological
systems are rather limited."*"> Therefore, in this review, we
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will focus on recent trends in using materials to gain funda-
mental biological insights. More specifically, we introduce
static/dynamic materials to replicate the spatiotemporally
sophisticated architecture of biological systems by confining
or manipulating physical cues exposed to the cells, such as cell
geometry, extracellular matrix (ECM) topography and viscoelas-
ticity (Fig. 1). These cues can not only manipulate cellular
shape and contacts with surrounding cells, but also induce
endocytosis processes or nuclear shape, either directly or
indirectly, eventually altering cellular responses and pheno-
types. Static biomaterials were chronologically developed first,
therefore, we begin by overviewing them, due to the conceptual
significance before discussing photoresponsive dynamic
materials which were developed later. As photoresponsive
dynamic materials, we introduce not only synthetic interfacial
and hydrogel materials bearing photoresponsive functional-
ities, but also those based on state-of-the-art and highly versa-
tile optogenetic techniques, although their examples are still
limited. From the methodological perspective, we believe such
comprehensive discussion of static and dynamic materials,
together with the cutting-edge biotechnologies, will be useful
for future biomaterials research and applications.

2. Static materials
2.1. Controlling ECM mechanics

It has been perceived that the stiffness of the substrates and
ECM is related to cell fate and activities.'® For example,
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Fig. 1 Schematic illustration of the impact of physical cues on cellular
responses and phenotypes. Static/dynamic biomaterials stimulate cells
by changing the ECM mechanics, topography, and ligand, resulting in
cell adhesion, cell-cell contact, nuclear stretches, and endocytosis.
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normal cells exhibit an anchorage-dependent proliferative
nature, however, this is not the case for cancer cells.'”"'8
Polyacrylamide (PAAm) and poly(ethylene glycol) (PEG) hydro-
gels with various crosslinked levels are the most commonly
used platforms to investigate the impact of substrate stiffness.
Compared to naturally derived ECMs, such as collagen and
Matrigel, these synthetic scaffolds are useful for decoupling
the biochemical and mechanical regulation of cellular pheno-
types. The first direct experimental evidence was obtained
from Pelham and Wang, who demonstrated the impact of sub-
strate elasticity on spreading and migration behaviours.'
Later, Discher et al. demonstrated the effect of substrate elas-
ticity on the differentiation of mesenchymal stem cells (MSCs).
The lineages changed from neuronal to muscle and osteoblast
by manipulating the elastic modulus of the substrate from soft
(0.1-1 kPa) to semi-stiff (8-17 kPa) or stiff (25-40 kPa) ones.
Furthermore, the trend corresponded to the native stiffness of
each tissue, indicating the possible role of tissue stiffness in
stem cell differentiation in vivo (Fig. 2A).>° These findings have
revitalized research in the field of mechanobiology or mechan-
otransduction, and researchers have elucidated the impact of
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Fig. 2 Impact of matrix elasticity on cellular functions. (A)
Determination of differentiation lineages of MSCs in response to sub-
strate elasticity. Morphologies of MSCs on the stiffness-tuned gel are
shown. (B) Elasticity-dependent change in the activity of TGF beta
between EMT- and apoptosis-inducing activity. Morphologies of BSA-
(control) or TGF-treated MDCK cells are shown. (C) Different cellular
mechanosensing behaviors on PDMS (left) and PAAm hydrogel (right)
substrates. (D) Cellular durotaxis in response to photopatterned sub-
strate elasticity. (A and D) Reproduced from ref. 20 and 35 with per-
mission from Elsevier, Copyright 2006 and 2021. (B) Adapted from ref.
25, https://doi.org/10.1091/mbc.e11-06-0537, under the terms of the
CC BY-NC-SA 3.0 license. (C) Reproduced from ref. 28 with permission
from Springer Nature, Copyright 2012.

Reverse durotaxis
Convex toward soft,
R<50um

pe
sti Soft > o0&,

Biomater. Sci, 2022,10, 6116-6134 | 6117


https://doi.org/10.1091/mbc.e11-06-0537
https://doi.org/10.1091/mbc.e11-06-0537
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00789d

Open Access Article. Published on 12 September 2022. Downloaded on 4/3/2026 2:33:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

stiffness on various biological functions, such as migration®'
and epithelial-mesenchymal transition (EMT).>>** These
activities are involved in the progression of diseases, such as
cancer, fibrosis, and atherosclerosis, which are associated with
tissue stiffening.>* Therefore, it is physiologically relevant to
investigate how ECM mechanics directly regulate those cellular
activities. In fact, Chen and co-workers demonstrated changes
in transforming growth factor (TGF)-p activity from apoptosis-
to EMT-inducing by increasing the stiffness of the substrate
(Fig. 2B).>® The role of TGF- has been controversial; it serves
as a tumor suppressor at the early stage of cancer, while it pro-
motes tumor progression and metastasis at a later stage.>®
This study demonstrated that the paradox may be caused by
mechanobiological change in cellular functional responses
against TGF-f, depending on substrate elasticity.

In addition to hydrogel platforms, polydimethylsiloxane
(PDMS) is another candidate commonly used to manipulate
substrate elasticity even though its non-permeable nature
against biomolecules is different from and sometimes disad-
vantageous compared to hydrogel matrices. In addition,
another important difference between silicon elastomers and
hydrogel-based platforms is their non-swellable nature. This
makes the bulk mechanics stable without variation through
time-dependent swelling/de-swelling. In addition, the surface
is more hydrophobic, which affects the assembled structures”
and reactivity®® of ECM proteins, eventually altering cellular
mechanosensing behaviors. For example, Trappmann et al.
demonstrated the loss of sensitivity to substrate elasticity in
keratinocytes and MSCs in terms of their spreading and differ-
entiation behaviors, respectively (Fig. 2C).>® The authors attrib-
uted this loss to the significant alteration of porosity by chan-
ging the stiffness in PAAm but not in PDMS, thereby resulting
in altered tethering of collagen to the substrate. The effect of
ligand mobility is important in viscoelastic mechanobiology,
as discussed below.

High-throughput platforms have been developed for the
comprehensive analysis of the impact of ECM mechanics on
cellular phenotypes or drug responses.>*?° Using automated
robotics, combinatorial hydrogel arrays with serially controlled
ECM stiffness and ligand densities can be prepared in a multi-
well format.>* This allows for the study of synergistic regu-
lation of cellular phenotypes via biochemical and biomechani-
cal cues using morphological and/or gene expression analysis.

In addition to the impact of homogenously elastic surfaces
on cellular behavior, cells can feel matrix stiffness heterogen-
eity. Lo et al. first demonstrated that cells can migrate along
the gradient of matrix stiffness at the boundary of soft (14 kPa)
and stiff (30 kPa) regions; this capability of cells to sense and
migrate across the elasticity difference is later called duro-
taxis.”* In a similar fashion to cell migration along the gradi-
ent of chemoattractant molecules in solution or immobilized
on the matrices, how cells feel and respond to the gradient of
substrate mechanics is one of the most important topics in
mechanobiology. This is because the cells need to respond
differently in the subcellular resolution, polarize them, and
direct themselves to move toward the gradient of matrix mech-
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anics. Kidoaki et al. used photocurable styrenated gelatin to
systematically investigate the cellular migration behaviors on
the microelastic gradients.® Due to its photo-crosslinkable
feature, precise stiffness patterns were possible, and various
unique behaviors were identified, such as the dependence of
curvature of stiffness boundaries and reverse durotaxis
(Fig. 2D).>**** Additionally, aged vessels exhibit mechanical
heterogeneity at subcellular levels, resulting in cell prolifer-
ation and local traction stresses.>®?” To replicate this issue,
Reinhart-King et al. developed photopatterned hydrogels
based on methacylated hyaluronic acid in the range of
2.7-10.3 kPa and directly demonstrated the disruption of cell-
cell junctions by increasing matrix heterogeneity.*®

However, biological tissues also exhibit “visco”-elastic
responses, rather than simple elastic responses, against load
or deformation; therefore, researchers have begun to develop
viscoelastic artificial ECMs to study cellular mechanobiological
responses in a more physiologically relevant manner. Cameron
et al. prepared PAAm-based hydrogel substrates with varied
loss modulus (G"), maintaining a constant storage modulus
(G, and investigated the effect of loss modulus (viscous com-
ponent) on the adhesion, proliferation, and differentiation
potentials of MSCs (Fig. 3A).%° Their study identified increased
cell spreading area and smaller focal adhesions on the sub-
strate with a larger loss modulus (higher creep), resulting in
smooth muscular differentiation via the activation of small
GTPase Rac.*® Matsudaira manipulated viscosity using PDMS
and demonstrated enhanced collective migration*" and
coalescence®® on viscoelastic substrates. To systematically
manipulate the viscous term, Mooney et al. used ionically
crosslinked alginate hydrogels and investigated the effect of
stress relaxation, while maintaining constant elasticity, on
adhesion behaviors of epithelial U20S cells and 3T3 fibro-
blasts (Fig. 3B).** In contrast with the elastic counterpart, the
stress-relaxing hydrogels allowed for larger cell spreading with
enhanced stress fiber formation, together with higher YAP
nuclear expression. The authors further demonstrated
enhanced osteoblast differentiation of MSCs on stress-relaxing
hydrogels.** These results indicate that stress-relaxing pro-
perties are different from a mere decrease in matrix elasticity.
Later, Shenoy et al. explained these phenomena using the
modified molecular clutch model and theoretically demon-
strated that matching cellular and material timescales are criti-
cal to maximizing cellular spreading behaviors.*> Chaudhuri
et al. further identified emergent filopodia-mediated migration
phenotypes on the stress relaxing hydrogels, which are
mechanistically different from those observed in 3D
matrices.*®

In addition to the bulk viscosity of hydrogel matrices,
increasing the mobility of the material interface can also alter
cellular responses. Yui et al. have used supramolecular polyro-
taxane, a topological complex with cyclodextrin (CD) and
PEG." By changing the number of CD molecules complexing
with PEG, the authors succeeded in controlling the mobility of
the molecules adsorbed at the interface, resulting in changes
in the cell morphologies® and effective cardiomyocyte differ-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Viscoelastic mechanobiology. (A, B) Effect of viscous term on cell adhesion and differentiation behaviors using (A) PAAm-based hydrogels
with varied G” (at constant G') and (B) alginate hydrogel with controllable stress relaxation (at constant elasticity). Green, actin; blue, nucleus; red,
paxillin. (C) Interfacial relaxation dominant epithelial cell adhesion and assembly behaviors identified by precise viscoelasticity manipulation and
characterization. (D) Liquid—liquid interface induces neuronal differentiation without differentiation inducing factor via cell traction force-mediated
interfacial jamming of protein layers. (E) Use of 3D hydrogel based on dynamic covalent bonding for the organoid culture. Immunofluorescence
images show time-dependent changes in YAP/TAZ localization in elastic and stress relaxing 3D gels. Yellow, F-actin; blue, nucleus; pink, YAP/TAZ. (A
and C) Reproduced from ref. 39 and 51 with permission from Elsevier, Copyright 2011 and 2021. (B) Reproduced from ref. 43 with permission from
Springer Nature, Copyright 2015. (D) Reproduced from ref. 60 with permission from John Wiley & Sons, Copyright 2020. (E) Reproduced from ref.
65, https://doi.org/10.1002/advs.201800638, under the terms of the CC BY license.

entiation of pluripotent stem cells.*® Alternatively, Wei et al.
manipulated the diffusion of cell adhesive ligands on the
surface by controlling their hydrophobic interactions with the
substrates.>® The peptide ligand has a hydrophobic domain at
the other end, and its adsorption strength changes depending
on the chain length of alkylsiloxane layers introduced at the
substrate surface. The highly diffusible ligand surface allowed
the selective accumulation of specific integrin subtypes (asp;
over a,f3) and activated Rac and RhoA signaling, resulting in a
lower degree of osteogenic differentiation of MSCs.

In contrast, Nakanishi et al. succeeded in decoupling the
interfacial viscosity and elasticity of polymeric scaffolds and
investigated the effect on adhesion, migration, and assembly
behaviors of epithelial MDCK (Madin-Darby Canine Kidney)
cells (Fig. 3C)°" by appropriately choosing the molecular
weights of copolymers of e-caplolactone and p,i-lactide and
photo-crosslinking time. The authors reported that cellular
mechanosensing was mainly determined by interfacial stress
relaxation rather than interfacial elasticity and identified
enhanced cellular aggregate formation at the intermediate
interfacial relaxation. Later, this group applied the substrates
to demonstrate different controls of EMT-related genes (E- and
N-cadherins) by interfacial viscoelasticity.”> Notably, although
an extremely fluid air-water interface has been used for the

This journal is © The Royal Society of Chemistry 2022

formation of spheroids, this study indicated the possible exist-
ence of more suitable interfacial mechanics (intermediate level
relaxation) for the efficient production of 3D cellular
structures.

Another approach is to make intrinsically highly fluid and
adaptive nature of (hydrophobic) molecular liquids by harden-
ing the liquid-liquid interfaces capable to sustain the cellular
traction force. In the mid-20" century, Rosenberg has wit-
nessed, for the first time, cellular adhesion and expansion at
the interface between water and perfluorocarbons or silicon
oils.>® Twenty years later, Keese and Giaever reviewed the
phenomena® and demonstrated the protein layer formation at
the interface, which was further strengthened by trace
amounts of surface-active compounds.> Due to recent trends
in mechanobiology and mechanotransduction, more findings
have come to light.>***” Using interfacial rheology, Gautrot
et al. precisely characterized the mechanics of the protein
layers and demonstrate their capability to expand stem cells in
the suspension culture of oil-in-water emulsions.”®*° In con-
trast, Jia, Nakanishi, Ariga and coworkers focused on different
mechanical evolutions and cellular mechanical sensing of
protein layers depending on the types of perfluorocarbons.®®
By using perfluorooctane as the underlayer, the authors found
spontaneous neuronal differentiation of MSCs without the

Biomater. Sci, 2022, 10, 6116-6134 | 6119
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addition of differentiation-inducing factors (Fig. 3D). The authors
attributed the adaptive nature of the interface to the fibrillar
formation of fibronectin molecules through cell traction-
induced interfacial protein jamming, which is critical for the
neuronal differentiation.

Considering native tissues, elasticity manipulation of 3D
culture scaffolds is more physiologically important.®' However,
sometimes, the same chemically crosslinked hydrogels cannot
be applied to 3D scaffolds since the frozen chemical linkages
block cellular movement, thereby inducing apoptosis.®>
Therefore, naturally derived collagen, gelatin, or Matrigel at
various concentrations have been conventionally used to study
cellular mechanosensing in 3D.** Another commonly used
approach is to crosslink gelatin PEG diacrylate; with the com-
mercially available compound, we can take advantage of the
physically crosslinkable nature of the native ECMs. The effect
of ECM stiffness on the reprogramming of normal cells into
tumor precursor cells has also been reported using these 3D
scaffolds.®* Alternatively, artificial hydrogels bearing enzymati-
cally cleavable and physical crosslinkers have been designed to
maintain cellular viability in 3D matrices via proteolytic degra-
dation and cell traction-driven reconfiguration of the cross-
linking points. Recently, hydrogels based on dynamic covalent
bonds have allowed for the manipulation of viscoelasticity in
3D.%® These include Diels-Alder reactions,®® reversible hydra-
zone bonds,”” and phenylboronic acids.®®®® For example, by
utilizing the adaptive hydrogels, Anseth et al. demonstrated
YAP/TAZ subcellular localization is directly correlated with cel-
lular capability to remodel surrounding environments
(Fig. 3E).*°

2.2. Controlling the shape and geometry of cells

It is well known that there are strong correlations between
shape and function in biological systems; the change in shape
of cells and cell clusters is essential in developmental pro-
cesses, pattern formation, and epithelial tube formation.”® On
the other hand, matrix mechanics not only changes the func-
tions as discussed in the previous section but also the shape
of cells. Therefore, it is reasonable curiosity to investigate what
happens if cellular shape as well as geometry was decoupled
from matrix mechanics. It was only in the late 20th century
that direct experimental evidence to support this was obtained
at the single-cell level by taking advantage of microcontact
printing (Fig. 4A).”"7? In this study, Whitesides, Ingber, and
co-workers prepared micrometer-sized fibronectin-adsorbed
cell adhesion regions surrounded by non-adhesive PEG-conju-
gated regions. On this micropatterned substrate, they demon-
strated a strong correlation between cellular shape and cell
proliferation; cell growth was enhanced by increasing the cell
spreading area (Fig. 4A). The important point of this study is
that they controlled cellular geometry not by changing the sub-
strate mechanics or ECM ligands (fibronectin here) because
they kept these parameters unchanged. Therefore, the
different cellular growth rate is solely attributed to the cell geo-
metry. Later, their effects on cell polarity and anisotropic pat-
terns were also studied, in terms of lamellipodia extension”?
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Fig. 4 Two-dimensional cell shape control for fundamental biology.
(A—-D) Cell spreading area determines (A) cell proliferative activities,
(B) MSC differentiation lineages (red: lipids stain; blue: alkaline phos-
phatase stain), (C) YAP nuclear shuttling and (D) membrane order. Left:
Fluorescence images of C-laudan-stained plasma membrane vesicles
isolated from different geometry cells. Right: Ratio of fluorescence
intensity. (E) Geometric control of cell clusters affects EMT progression
therein. Left, Immunofluorescence images of aSMA (green) and nucleus
(blue); right, frequency map of aSMA (pseudocolor). (F) Emergent left-
right asymmetry in collectively migrating cells confined in a specific
geometry. Green lines show the direction of cellular alignment. (G)
Immunofluorescence staining of reproducibly generated organoids by
shape control. Left, E-cadherin (green) and lysozyme (red); right, nuclei
(blue) and aldolase B (red). MSC, mesenchymal stem cell; EMT, epi-
thelial-mesenchymal transition, aSMA, a-smooth muscle actin. (A and
G) Reproduced from ref. 71 and 88 with permission from AAAS,
Copyright 1997 and 2022. (B) Reproduced from ref. 76 with permission
from Elsevier, Copyright 2004. (C and D) Reproduced from ref. 78 and
80 with permission from Springer Nature, Copyright 2011 and 2018. (E)
Reproduced from ref. 82 with permission from John Wiley & Sons,
Copyright 2010. (F) Reproduced from ref. 83 with permission from
National Academy of Science.

7475 1t was also eluci-

and the orientation of cell division axis.
dated that the cell spreading area altered the differentiation of
human MSCs into adipocyte and osteoblast lineages on small
and large adhesion areas, respectively, through RhoA activity
and cytoskeletal tension (Fig. 4B).”® By further changing the
aspect ratio and subcellular curvatures of the cellular outlines,
Mrksich et al. demonstrated the significance of geometrical
cues in directing MSCs into appropriate fates by regulating the
activities of kinases and wingless type (Wnt) signaling.”” Later,
Piccolo et al. identified the essential role of the nuclear localiz-
ation of Hippo pathway transcription cofactor YAP/TAZ in the
cellular geometry sensing processes controlled by shuttling the
proteins between the cytosol and nucleus, depending on the
spreading degree (Fig. 4C).”® More recently, the impact of
single-cell geometry on plasma membrane tension and order
was observed, showing transient Ca>" influx through mechano-
sensitive PIEZO-1 channels’® and stem cell differentiation via
the Akt pathway (Fig. 4D),%° respectively. These studies have a

This journal is © The Royal Society of Chemistry 2022
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strong correlation with the cellular mechanosensing of ECM
mechanics discussed in the previous section.

In addition to single-cell manipulation, the same concept
can be applied to study the impact of the geometry of multiple
cell clusters on cellular phenotypic symmetry breaks within
them. For example, Nelson, Chen and coworkers demonstrated
emergent patterns of cell growth within cell clusters formed
on micropatterned geometries.®! The authors correlated highly
proliferative foci with high traction stress regions within the
clusters, which was confirmed theoretically via finite element
analysis of myosin ATPase-driven cellular intrinsic contractility
and experimentally using PDMS micropillars. The authors
further demonstrated that epithelial cells located in the outer
regions of the cluster exhibited high susceptibility to undergo
EMT against TGF-p stimulation (Fig. 4E).*> Furthermore, by
patterning cell clusters in a donut shape, an intrinsic chirality
of the direction of collective cell migration was identified
(Fig. 4F).** Such biased motion in the direction of collective
cell migration on 2D substrates is considered the origin of the
left-right asymmetry generation in embryonic development.®*

By extending this concept to a three-dimensional (3D)
space, the impact of geometrical cues on cellular functions
and fate becomes much closer to that of in vivo environments.
Nelson and Bissel demonstrated the impact of tissue geometry
on in vivo mammary branching morphogenesis by geometri-
cally mimicking tubular structures in organoid cultures via a
micropatterning approach.®> From a reductionist perspective,
the impact of 3D geometry can also be studied to decouple
from the ECM mechanical cue.?® Thanks to the advancements
in additive manufacturing techniques, such as 3D printing, a
more detailed analysis of the impact of geometry in more
physiologically or pathologically relevant scaffold-free (or less)
environments has become available. For example, Kilian et al.
demonstrated the impact of geometrical cues on histone state,
thereby inducing reprogramming in melanoma.®” Lutolf et al.
reported a methodology for reproducible organoid formation
by combining the template fabrication technique, which eluci-
dated shape-oriented deterministic regulation of YAP and
Notch signaling (Fig. 4G).®® This research provides clear evi-
dence as to the origin of the form of our living bodies. It is
ripe for more sophisticated analysis by combining cutting-
edge biological techniques, such as stem cell biology and
genome-editing technologies, and material science.

2.3. Manipulating subcellular structures

In the last two sections, we discussed static biomaterials to elu-
cidate how the entire form and surrounding mechanics regu-
late cellular and tissue activities and fate. However, cells can
sense external cues smaller than their size. Therefore, from
now on, we will introduce static materials to manipulate sub-
cellular structures. Actually, Harrison reported that even in the
early 20™ century, cells were elongated along the fibrous
matrices.®® Later, the concept of topographical (contact) gui-
dance in outgrowing nerve fibers was developed by Weiss,”
following which the role of surface topographies in cellular
function regulation and the mechanisms underlying contact

This journal is © The Royal Society of Chemistry 2022
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guidance have since gained attention.”’ In particular, the
native ECM is composed of fibrous collagen, laminin, fibro-
nectin, and proteoglycans, and hence it is reasonable to inves-
tigate the mechanisms by which cells can sense such subcellu-
lar physical cues and feed them back to their own phenotypes.
To replicate such cellular fibrous structures, electrospinning
and rotary jet spinning®® are powerful techniques for bio-
medical applications.”® On the other hand, photolithography
and multiphoton fabrication techniques,” together with soft
lithography, are more common in fundamental studies,
because these allow precise manipulation of the matrix topo-
graphy and studies on the effects on cellular functions.”®
Dalby et al. demonstrated that MSCs cultured on surfaces
bearing submicrometer-sized pits with a certain level of dis-
order exhibited enhanced osteoblast differentiation compar-
able with dexamethasone-induced stimulus.’® Subsequent
studies by this group have identified reduced adhesion for-
mation on the nontopographic surfaces, thereby inducing mul-
tipotency in MSCs cultured on the ordered arrangement of
nanoscale pits (Fig. 5A)°” which has been elucidated via meta-
bolomic analysis.”® Recently, Jia and Ariga developed large-
area aligned nanopatterned surfaces by self-assembly of fuller-
ene nanowhiskers to maintain multipotency of MSCs, which is
suitable for tissue engineering and biochemical analysis.®
The impact of surface micro/nanotopography on cardiac and
skeletal muscles has been intensively studied, since these cells
are known to align in a specific orientation and exhibit
improved performance to couple electrical stimulus into
mechanical output.'®® % Therefore, it is important, even from
tissue engineering perspectives, to understand the underlying
mechanisms.'® Moreover, the mechanosensitive responses of
fibroblasts against the gradient of nanotopography have been
elegantly elucidated by Levchenko et al. using ultraviolet (UV)-
assisted capillary force lithography.'®* Apart from studies
focusing on the impact of nanotopography on cellular fate or
phenotypes, recent studies have discussed the mechanisms
underlying dynamic sensing of nanotopography in contact gui-
dance (Fig. 5B).'%'°® For example, Kurniawan and Bouten
showed the emergence of cellular contact guidance from ener-
getically favorable cellular elongation and gap avoidance,'’”
while Provenzano et al. demonstrated the significant role of
local anisotropic forces in constrained focal adhesion for
contact guidance.'®® A review by Barakat et al. has further ela-
borated on this topic.'*

Focal adhesion is a micrometer-size protein assembled
structure that mediates biochemical and mechanical cell-
matrix interactions. Nanopatterned surfaces are useful for
understanding focal adhesion maturation at a molecular level.
In particular, block copolymer nanolithography developed by
Spatz et al. insights for understanding integrin clustering in
focal adhesion maturation.*® Gold nanoparticle arrays in a
hexagonal arrangement prepared using this method enable
fine tuning of interparticle distance on the order of tens of
nanometers (Fig. 5C).""" Moreover, the size of the gold nano-
particles was comparable to that of integrin heterodimers.
Using these features, the authors identified a universal

Biomater. Sci, 2022, 10, 6116-6134 | 6121


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2bm00789d

Open Access Article. Published on 12 September 2022. Downloaded on 4/3/2026 2:33:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Biomaterials Science

(D

N

SQ NSQS0 FLAT
2.0 e 50 nm
_ ® 100 nm
= ©® 200 nm ﬁ Myosin Il
215 (] ¥ v |
£ 7
2 i !
2 x ¢ v threshos
.5 1.0 (] ‘i . Adﬂptn r
. - .
o 2 o5 . koofken {
= s & 2% . L
0.0
0.1 1 10 100 Glass k
( B) (E) Substrate Young's modulus (kPa) e
1000 nmx 1 500nm x4 333nm x9 250 nm x 4

Red: FN
Green: a5 Integrin

(F)

Top view

Metal precursar
icaded miceiles

g

P.\,’u treatment

Cross-section

Cell membrane
TREETIIR |~ ——
| W S e !5
PEG"

3
|
Au-dot

Nanopillar array

eresrverne

\ Silicon oxide

Silicon

Fig. 5 Effect of subcellular topography and adhesion geometry on cellular functions. (A) Enhanced multipotency in MSCs cultured on the substrate
bearing nanoscale pits confirmed by immunofluorescence staining of osteoblast (OCN, osteocalcin) and stemness (STRO-1) markers. Inset shows
ordered and semi-disordered nano-pits. (B) FA-based model of contact guidance. Top left, a Scanning electron microscopic image of nanoridges;
top right, amoebae cells migration; bottom, overlapped extracted cell shapes for 22 min. (C) Block copolymer nanolithography for the control of
nanoscopic separations of gold nanoparticle arrays. (D) Left, synergistic regulation of ligand spacing (red, 50 nm; black, 100 nm; blue, 200 nm) and
substrate elasticity for FA maturation. Right, molecular clutch model. (E) The minimum ECM area required for focal adhesion assembly and force
transmission is determined by subtractive contact printing. Immunofluorescence images of printed fibronectin (red) and bound integrin (green) on
different geometrical configurations. (F) Vertical nanostructure-induced endocytosis. Left, schematic illustration of cell adhesion on the nano-
structures; right, a transmission electron microscopic image of a single nanopillar wrapped with plasma membranes. (A, D and F) Reproduced from
ref. 97, 113 and 122 with permission from Springer Nature, Copyright 2011, 2017, and 2017. (B) Reproduced from ref. 105, https://doi.org/10.1021/
nn406637c, under the terms of the CC-BY-NC-ND license. (C) Reproduced from ref. 111 with permission from Elsevier, Copyright 2007. (E)
Reproduced from ref. 114, https://doi.org/10.1242/jcs.108035, with permission from Journal of Cell Science.

larger scale, with a submicron area (0.11 pm?) for focal
adhesion assembly and force transmission using subtractive
contact printing (Fig. 5E)."'* Meanwhile, Sheetz et al. exam-
ined cell adhesion and focal adhesion maturation behaviors
on nanolines at 10 nm width with a given separation and

threshold of 50-70 nm for focal adhesion maturation; above
this threshold, the distance between neighboring integrins is
too sparse to accumulate adaptor molecules needed for down-
stream signaling. The nanopatterning technique can be
adapted to hydrogel surfaces."'> By exploiting this feature,

Roca-Cusachs et al. explained counter-intuitive observations of
enhanced cell spreading on the surfaces with sparser ligand
density and softer bulk mechanics under the framework of a
molecular clutch model (Fig. 5D).'"* Garcia et al. focused on a
larger area and identified another threshold for ECM area on a

6122 | Biomater. Sci, 2022, 10, 6116-6134

found that the capability of integrin clusters across the parallel
nanolines (within 110 nm) was similar to that observed with
homogenous surfaces.*

Subcellular patterns can be used to understand the for-
mation of cellular polarity and in-cell structural organization.

This journal is © The Royal Society of Chemistry 2022
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Thery et al. have used PDMS soft lithography to determine
how subcellular adhesive spots affect cell division axis
orientation”*”> and cell orientation polarity."*® Further
detailed analyses of actin network architecture demonstrated a
significant role for a-actinin in integrating the network and
adapting to subcellular geometrical cues.'’” Intracellular sig-
naling induced by vertical nanostructures, such as silicone
nanowires, nanopillars, nanoneedles, and nanocones, have
recently become trending research topics.''®**?° These nanoto-
pographic surfaces not only induce focal adhesion and cyto-
skeletal rearrangements'*! but also endocytosis by accumulat-
ing membrane curvature sensors'’> and endocytosis-related
proteins, such as caveolae and clathrin (Fig. 5F)."** Moreover,
lipid-anchored K-Ras proteins change their activity depending
on membrane curvature.'® In this way, subcellular-size
manipulation technologies contribute to increasing the funda-
mental understanding of structure-function relationships in
cellular functions.

3. Dynamic photoresponsive
materials

3.1. Photoresponsive tools

In the wake of the above-mentioned successful contribution of
static biomaterials in dissecting the hierarchical nature of bio-
logical systems, dynamic materials have been developed to
address the dynamic aspects of biological processes.'**'*® By
introducing photoresponsive functional groups to materials,
photoresponsive materials allow researchers to manipulate the
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physical properties of materials, such as mechanical, geometri-
cal, and subcellular cues, at high spatiotemporal resolutions
(Fig. 6)."*” As photoresponsive functional groups, 2-nitoroben-
zyl compounds, azobenzenes, spiropyrans, and coumarins are
frequently used to develop photoresponsive dynamic
materials. 2-Nitrobenzyl ester and its derivatives undergo
photolysis under near-UV light.'*®*'*® Azobenzene undergoes
cis isomerization upon near-UV irradiation and turns into a
trans-isomer when irradiated with visible light."*® The photo-
chromic spiropyran derivatives undergo reversible chemical
structural as well as electrostatic changes during the isomeri-
zation reaction.”® Coumarin and anthracene derivatives can
photodimerize under near-UV irradiation, while the dimer can
be divided into two coumarins under deeper UV
irradiation.’**'** The coumarin group can also undergo
photocleavage reaction via near UV irradiation, in a similar
fashion to the 2-nitrobenzyl groups, with higher cross-sections
for two-photon excitation with near IR light."** In addition,
cytocompatible photo-induced radical polymerization reac-
tions are an alternative tool for in situ manipulations of the
crosslinking density of matrices.”>> Conversely, the allyl
sulfide moiety cleaves via a radical addition-fragmentation
chain transfer (AFCT) process.'*® Combining light-harvesting
nanomaterials to induce phase-transition of polymers is
another approach for photocontrolling polymeric pro-
perties.*” Today, photo-switchable proteins are popular tools
in molecular biology studies, such as gene editing,"*® nuclear-
cytosolic translocation'****® and liquid-liquid protein phase
separation.’*"'*> Due to the wide wavelength range, high
responsivity, and reversibility,'**'** biomaterials based on
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photo-switchable proteins are a new trend for getting insights
in fundamental biology.'**

Since each photoresponsive functionality has a different
photoreaction mechanism, such as degradation, cis-trans iso-
merization, dimerization, polymerization/depolymerization,
and conformation changes, the selection of these molecules is
important for controlling the desired material properties.
Moreover, there is accumulating evidence of substituent
effects for these photoresponsive functionalities,**®**® which
allows for the introduction of more than two switches in one
system.'***° From now on, we will discuss their utilization to
dynamically control physical cues exposed to cells and recent
trends in fundamental biological studies using photorespon-
sive biomaterials.

3.2. Photoresponsive matrices with switchable mechanics

As discussed in the sections of static biomaterials, cells utilize
myosin-derived intrinsic contractility to sense the mechanical
properties of their surroundings. Dynamic materials enable us
to determine how changes in the mechanical properties can
affect cellular functions, thereby these materials are con-
sidered power tools for mechanobiology studies. Dynamic bio-
materials based on photoresponsive molecules such as 2-nitro-
benzyl groups, azobenzene, and coumarin can change the
stiffness and viscoelasticity, upon photoirradiation. To eluci-
date the spatial and temporal mechanisms of mechanosen-
sing, PAAm or PEG gels bearing the 2-nitrobenzyl group as a
crosslinker have been developed to modulate mechanical pro-
perties (Fig. 7A).">' The stiffness of PAAm gels can be altered
from 7.2 to 5.5 kPa using photoirradiation, while soft hydrogel
inhibited the spreading of NIH3T3 fibroblasts. Furthermore,
changes in stiffness due to localized irradiation revealed that
the cell had stiffness sensors located at the front. In addition,
the concept of mechanical memory was proposed from
research using photoresponsive hydrogels."** MSCs can mem-
orize and recall their past experiences of their mechanical
environments as plastic changes in signaling and protein
expression. MSCs were initially cultured in a growth medium
at the stiff state on the photoactivatable hydrogels, whose
stiffness was reduced by photoirradiation after a different
delay time (Fig. 7B). Depending on the past period of culturing
on the stiff substrate, the efficiency of MSCs differentiation
changed despite the medium not being changed to differen-
tiation one after the substrates have been softened. A recent
study applied the same concept to investigate the impact of
matrix softening on the phenotype of myofibroblasts, chan-
ging from transient to persistent owing to condensation of
chromatin structures.'®® Interestingly, transient myofibroblasts
increased their condensation significantly after dynamically
changing the scaffold from stiff to soft, whereas persistent
myofibroblasts remained constant. In addition, myofibroblasts
cultured for 7 d on stiff hydrogels during treatment with
actin inhibitors showed the same level of smooth muscle
a-actin (aSMA) expression as non-treated cells but chromatin
condensation was inhibited in persistent myofibroblasts.
Furthermore, by softening hydrogels, the aSMA signal dis-
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appeared in the inhibitor-treated myofibroblasts. These results
indicate that actin stabilization is not required for initial myo-
fibroblast activation but may be involved in the mechanical
memory for myofibroblast persistence (Fig. 7C).

Compared to photo-induced degradation of matrices,
photo-induced stiffening is more physiologically relevant since
the increase in elasticity is often observed not only in the
development process but also in disease progressions such as
fibrosis and cancer progression.'>* For this purpose, the selec-
tion of photoinitiators is critical for radical polymerization
cytocompatibility."*> Burdick et al. first succeeded in dynamic
stiffening of methacrylated-hyaluronic acid-based hydrogels
using Irgacure 2949 as a photoinitiator."®® The materials can
be used to detect short- and long-term cellular responses in
terms of changes in traction force and differentiation lineages
in MSCs, respectively. Moreover, the authors have identified
that already differentiating MSCs are less sensitive to the
change in the mechanical properties. Engler et al. also utilized
a similar system to demonstrate the cooperative effect of para-
crine and mechanosensing pathways in stiffness-induced EMT
in mammary epithelial cells.'*® By combining the photo-
polymerization reaction and the photocleavable 2-nitrobenzyl
crosslinker, Rosales, Burdick, and Anseth have succeeded in a
reversible mechanics change.'®”

Conversely, the azobenzene group has a reversible switch-
able nature by itself; therefore, azobenzene-containing hydro-
gels have the potential to address reversible changes in
mechanical properties upon light irradiation. An azo-
benzene-containing acrylamide gel was softened with UV
irradiation and hardened using blue light irradiation.’*® The
substrates were shown to be noncytotoxic, while cell mor-
phology showed characteristic cell spreading and increased
aspect ratios in response to greater substrate stiffness.
A combination of azobenzene and f-cyclodextrin has also
been developed to control the elastic modulus of hyaluro-
nan-based scaffolds.”® A recent study reported the develop-
ment of azobenzene-based hydrogel with switchable mech-
anics based on photo-induced phase-transition of the
polymer chains within the hydrogel.'*® Utilizing this plat-
form, the authors identified cellular adaptive nature, in
terms of an immediate increase in E-cadherin mRNA
expression in breast cancer MCF-7 cells in response to
dynamic stiffening of the hydrogel, followed by gradual res-
toration to the original level.

The light-induced dimerization characteristics of coumarin
can be used for stiffness and viscoelasticity control of 3D
matrices. The hydrogels based on coumarin ABA-type triblock
copolymers can convert from physically crosslinked visco-
elastic hydrogel to chemically crosslinked elastic hydrogel."**
Using this switchable hydrogel, Ueki, Yoshida and coworkers
have successfully demonstrated the impact of cell confinement
on proliferation activity. Anseth et al. developed anthracene-
containing hydrogels, whose stiffness can be increased by
photoinduced dimerization of anthracene molecules.'®* The
two platforms have reversibly switchable potential through
photo-induced cleavage of the dimer into monomer, but it is

This journal is © The Royal Society of Chemistry 2022
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not suited for physiological conditions as it requires deep UV
irradiation and/or heat.

In this regard, photoswitchable proteins allow for more
physiologically compatible reversible switches of hydrogel
mechanics in fast speed and high spatial resolution with
long-wavelength light. For example, DeForest et al. developed
a stiffness-controllable hydrogel-based on a light-oxygen-
voltage-sensing domain 2 (LOV2).'®® A blue light irradiation
induced a conformation change in LOV2, thereby softening
the gel, whereas the dark conditions return it to the original
stiffness to return the gel stiffer. Dynamic control of hydrogel
mechanical properties increased aSMA and periostin (Postn)
gene expression in fibroblast. In order to make the photo-
induced reaction milder, the cyanobacterial photoreceptor

This journal is © The Royal Society of Chemistry 2022

Cph1l was utilized for the design of PEG hydrogels with
switchable mechanical properties.’®® This system allows for
high spatiotemporal control of material stiffness using cell-
compatible tissue-penetrating red/far-red irradiation due to
the chromophore of Cph1 (Fig. 7D). The crosslinking density
of the hydrogel increased via the dimerization of Cphl via
660 nm irradiation to increase its stiffness. Whereas the
irradiation of 740 nm converted the Cphl dimer into a
monomer to soften the matrix. When light responsive hydro-
gels are cyclically alternated between these wavelengths,
different signaling molecules are expressed depending on the
interval. For example, downstream genes such as YAP and
RUNX2 were highly dependent on the initial stiffness.
Meanwhile, the upstream signaling molecules, including
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AKT1 and PI3K, are less sensitive to short (10 min) interval
stiffness changes, although their expression levels changed
significantly in response to longer interval (160 min) stiffness
switching (Fig. 7E).

Some studies have introduced both mechanical and chemi-
cal cues using different wavelength photoresponsive function-
alities to assess at the two effects on the single platform. For
instance, del Campo et al. developed UV and Vis light-respon-
sive hydrogel, which can control the biochemical and mechan-
ical properties."®® Biochemical property is induced with the
caged-cRGD (arginine-glycine-aspartate) upon UV irradiation,
while the mechanical property is regulated by the photo-
polymerization of methacrylate groups in the presence of the
photoinitiator eosinY upon Vis irradiation. In this hydrogel,
directed and hindered migration of 1929 fibroblast spheroids
can be induced by UV light and Vis light, respectively. In
photoresponsive matrices with switchable mechanics, the
response and fate of cells can be controlled by mechanical
stimuli through photoirradiation, hence these biomaterials are
expected to contribute not only to fundamental biology but
also medical fields such as regenerative medicine and disease
prediction.

3.3. Photoresponsive materials for controlling cell shape and
geometry

There are three conceptually different approaches to dynami-
cally control the shape and geometry of cells and cell collec-
tives: one to apply external force for deforming cells via elastic
substrates,'®® seconds to use additive manufacturing
approach, like 3D bioprinting,'®” and the third to manipulate
the cell-ECM interactions such as integrin and RGD
peptide by using functionalized (photoresponsive)
materials.'?>1261%87170 pye to the scope of this review, we
herein only focus on the last approach. Pioneering photore-
sponsive materials are, reported by Nakanishi et al., based on
dynamic substrates functionalized with photocleavable 2-nitro-
benzyl groups physically or chemically adsorbed with cell-
repellent protein or polymers.'”°”> This initial surface passi-
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vation step is critical and indispensable for the following
photocontrolling procedure, otherwise the surface permits
protein adsorption and hence cell adhesion becomes
uncontrollable. The illumination of near-UV light to the
surface induces the photocleavage reaction of the 2-nitronben-
zyl ester and release of the cell-repellent molecules, changing
the surface cell-adhesive region-selectively. Moreover, by con-
trolling the timing of irradiation, we are able to control onset
of cell migration.'”>'”* Photoirradiation through photomasks
can easily create geometrically controlled cell patterning, such
as circles, triangles, and stripes on the surface. By manipulat-
ing the migration path widths via controlled photoirradiation,
MDCK cells displayed unique migration responses to blebbis-
tatin treatment depending on the migration regions, which
highlights the involvement of dynamic geometrical changes in
cellular drug responses (Fig. 8A and B).'”* Additionally, by
applying this concept to substrates with controlled chemical
cues'”” or stiffness-controlled polyacrylamide gel,"’® or
both,"”” the interplay of chemical, mechanical, and geometri-
cal regulation of collective migration in epithelial cells have
been comprehensively studied.'®® For example, biphasic
responses of leader cell appearance against reducing inter-
facial cyclic RGD peptide density have been reported.'”®
Considering that the RGD peptide is an essential motif exist-
ing in ECM proteins that mediate the interaction with cell-
surface integrin molecules, this result indicates positive regu-
lation of mechanical and biochemical coupling in general epi-
thelial collective behaviors."”®

In addition to the application of 2-nitrobenzyl ester as a
photocleavable linker, this functionality has been used to
produce so-called caged compounds to switch ON the biologi-
cal activities of amino acids and proteins by utilizing the
2-nitrobenzyl ester as a photocleavable protecting group. One
of the biggest successes in terms of manipulating cell-ECM
interaction is the development of photoresponsive molecules
based on caged RGD peptides. The activity of the peptide can
be blocked (caged) by chemical modification of the aspartate
(D) residue with a 2-nitrobenzyl group but recovered by photo-

Fig. 8 Dynamic control of cell-ECM interactions on/in photoresponsive materials. (A) Schematic illustration of a photoresponsive biomaterial
based on a photocleavable PEG that changes from non-cell-adhesive to cell-adhesive upon photoirradiation. (B) Cell migration behavior of different

widths after adding blebbistatin (0-10 mM). (C) Enhancement of Notch

Reproduced from ref. 174 with permission from the PCCP Owner Societies.

Science.
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signal within the patterned delta-1 regions in collagen gels. A and B:
C: Reproduced from ref. 184 with permission from National Academy of

This journal is © The Royal Society of Chemistry 2022
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cleaving the protecting group. By introducing the caged RGD
or higher affinity cyclic RGD peptide to materials, cell
adhesion and migration can be controlled via
photoirradiation."®**'®! For example, cell migration from the
endothelial monolayers using scanning lasers was observed on
fibrillar adhesion tracks (3-15 um in width).'®* The frequency
of escape increased monotonically with the width of the fibril
and the density of the photoactivated adhesion ligand.

By intruding the concept of caged compounds into hydro-
gel matrices, the 3D control of cell adhesion becomes possible.
Especially, the two-photon excitation is critical for precise
three-dimensional drawing of cell adhesive proteins and pep-
tides. In this regard, the coumarin molecule is a suitable
caging group due to its high cross-section against two-photon
excitation. Considering the chemical properties, a method to
spatially control the immobilization of different growth factors
in distinct volumes in 3D hydrogels was developed to specifi-
cally guide the differentiation signaling of stem cells.'®® An
agarose hydrogel modified with coumarin-caged thiols was
uncaged to yield reactive thiol groups using two-photon exci-
tation. Using this strategy, the differentiation factor sonic
hedgehog (SHH), and ciliary neurotrophic factor (CNTF) with
cell-adhesion peptide GRGDS were immobilized via the
uncaged thiol group in the hydrogels. Retinal precursor cells
(RPCs) were successfully attached and activated in the irra-
diated regions. Using photochemically patterning techno-
logies, 3D cell migration of RPCs has been reported along an
SHH gradient in agarose gels. Moreover, chemoattractant
molecules and an adhesive peptide have been co-immobilized
to facilitate the 3D penetration of RPCs in the hydrogel. Recent
studies have extended this approach to further define the
orientation of immobilized proteins. DeForest et al. developed
collagen gels with an oxylamine protected by 2-nitrobenzyl
molecules, which liberated the bioorthogonally reactive func-
tional group following photolysis. This functional group
formed covalent bonding with an aldehyde-modified delta-1
protein, enabling its photopatterning in the micrometer
order.’® Using this method, the Notch signal was enhanced
region-selectively (Fig. 8C). In this study, the two-photon exci-
tation of the 2-nitrobenzyl group has been also demonstrated;
this fact indicates that two-photon excitation stays in a practi-
cal level despite the efficiency being less efficient than cou-
marin. One of the most important applications of the photore-
sponsive matrices is 4D cell patterning in artificial biomater-
ials, which allows rational creation of tissue mimics in vitro.
These are useful not only for fundamental understanding the
development and disease progressing processes but also for
physiologically relevant drug screening platform.

3.4. Subcellular-to-molecular control by photoresponsive
biomaterials

Cellular activities are highly dependent on molecular-to-sub-
cellular structures of ECM due to their cytoskeletal structures
and the presence of intracellular membranous and non-mem-
brane organelles."®>"®® To this end, photoresponsive dynamic
materials are useful to resolve spatiotemporal aspects of the
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cellular hierarchical characteristics. However, direct control of
ECM cues on a molecular resolution by photoirradiation is
extremely challenging due to the diffraction limit. Instead, the
impact of dynamic aspects of subcellular-to-molecular cues
can be illustrated by functionalizing nanostructured materials
with photoresponsive molecules. For example, gold nano-
particle arrays prepared by block copolymer nanolithography
become dynamic by functionalizing gold nanoparticles with
photocleavable PEG and cRGD ligand (Fig. 9A)."*” On this
surface, the impact of nanoscopic as well as cRGD spacing on
cell adhesion and migration can be discussed in the nano-
meter order. HeLa cells on nanoarrays showed unique pheno-
types, such as detachment of cell-cell cohesion and loss of col-
lective features, due to hampering FAK phosphorylation signal-
ing between Y397 and Y861 by reduced clustering of integrin
molecules (Fig. 9B).

Meanwhile, azobenzene-containing biomaterials
control the shape of the material at the subcellular level by uti-
lizing structural changes of the molecules through photo-
induced surface relief (PSR) mechanisms.'®® Santoro, Cui and
coworkers developed nanostructures with poly(dispersed red
1 methacrylate) (pDR1m) azopolymer that changed from a ver-
tical pillar to an elongated vertical bar shape upon photoirra-
diation (Fig. 9C).'® Static nanostructure substrates show that
vertical structures can induce well-defined curvatures on the
cell membrane and cytoskeleton factors. By dynamically chan-
ging this nanostructure using azobenzene isomerization,
U20S cells responded rapidly to changes in the nanostructure
via the actin fiber and actin nucleation factor Arp2/3 complex
(Fig. 9D). Netti et al. developed azopolymeric photoactive inter-
faces to control cellular decisions and fate. The surface topo-
graphy changes from ordered parallel patterning to flat or grid
by a laser beam, inducing cyclic cellular and nuclear stretches
and determining mesenchymal stem cell fate."*°

Photoresponsive materials, especially reversible ones, can
also be used to investigate cellular responses to oscillatory or
dynamic mechanical forces applied to the cell-ECM inter-
actions. Selhuber-Unkel et al. reported on cRGD-modified azo-
benzene interfaces (Fig. 9E).'°’ Due to the extremely rapid
thermally relaxing nature (reverse-isomerization) of this
specific push-pull type azobenzene molecule, continuous
irradiation of this molecule results in oscillatory motion and
forces exertion to the cells. A high-frequency molecular oscil-
lation upregulated the expression levels of adhesion-associated
genes, such as paxillin, talin, vinculin, and zyxin (Fig. 9F).
These results suggest that cells can sense small oscillatory
forces at the photoisomerization rate and molecular-level
strain of azobenzene. Salaita et al. developed cRGD-functiona-
lized optomechanical actuator (OMA) nanoparticles based on
pPNIPAAmM embedded with Au-nanorods (AuNRs) to mechani-
cally stimulate cell surface receptor forces.'®> The photother-
mal transductor of AuNRs converts near-infrared (NIR) illumi-
nation to localized heat, causing phase transition of the
pNIPPAm and gel shrinking, delivering piconewton forces to
cells through immobilized cRGD peptides. This method
enables the control of T-cell adhesion, migration, and acti-
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Fig. 9 Subcellular-to-molecular control by photoresponsive biomaterials. (A) Preparation of photoactivatable nanopatterned substrates on gold
nanoparticle array based on block copolymer nanolithography. (B) Immunofluorescence images (up) and average fluorescence intensities (down) of
pY397, pY861, and total FAK in cells migrating on the photoresponsive homogenous and nanopatterned surfaces. (C) Schematic illustration of a
nanostructure with poly(dispersed red 1 methacrylate) (pDR1m) azopolymer that changed from a vertical pillar to an elongated vertical bar using
azobenzene isomerization upon photoirradiation. (D) Brightfield and fluorescence images of Lifeact-transfected U20S cells on photoresponsive
nanostructure before and after photoirradiation. (E) Schematic illustration of RGD-coupled azobenzene oscillation behavior toward biomaterials via
light irradiation. (F) Change of gene expression levels to RGD-functionalized azobenzene oscillation. (G) The strategy of cRGD-functionalized opto-
mechanical actuator (OMA) nanoparticles based on pNIPAAm embedded with Au-nanorods (AuNRs) to mechanically stimulate cell surface receptor
forces. A and B: Reproduced from ref. 187, Copyright 2014. C and D: Reproduced from ref. 189 with permission from the American Chemical
Society, Copyright 2020. E and F: Reproduced from ref. 191 with permission from John Wiley & Sons, Copyright 2017. G: Reproduced from ref. 192
with permission from Springer Nature, Copyright 2015.

vation of T-cell receptors (Fig. 9G). Additionally,
C2C12 myoblasts cultured on OMA nanoparticles enhanced
nuclear YAP1 accumulation and ERK phosphorylation.'®
Recently, del Campo et al. developed light-driven rotary motors
based on over-crowded alkene molecules bearing terminal cell
adhesive ligands, such as RGD and anti-CD3."** The uni-direc-
tional motion of the molecular rotor increased the entangle-
ments of the PEG chain connecting the motor and the sub-
strate surface, therefore a tensional force is applied to mem-
brane receptors and induce focal adhesion maturation and T
cell activation.

6128 | Biomater. Sci, 2022, 10, 6116-6134

Meanwhile, Haag et al. took advantage of spontaneous
thermal reverse isomerization property, rather than photo-
induced isomerization reaction itself, of a spiropyran com-
pound to manipulate the dynamics of tethered RGD ligand."®’
The concept is similar to the above mentioned oscillating azo-
benzene molecule-tethered surface,"" where the photochemi-
cal reaction is used to produce metastable state of the photore-
sponsive moiety and their time-dependent relaxing processes
were used to study dynamic nature of cellular responses. In
the UV-irradiated hydrophilic charged merocyanine (MC) state,
the ligand diffusion increases while cellular traction force is

This journal is © The Royal Society of Chemistry 2022
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dissipated. The spontaneous and gradual thermal reverse iso-
merization into a hydrophobic spiropyran (SP) state makes the
adhesive force of the ligand to the substrate with the self-
strengthening feature. Using this surface, the authors have
identified selective activation of asf; integrin in the earlier
stage of adhesion and into o,p3-mediated
adhesion.

The use of photoresponsive proteins is mostly limited to
proof-of-concept experiments; however, some studies have uti-
lized the photoresponsive proteins for a fundamental under-
standing of cell-ECM interactions. Wegner et al. developed a
reversibly controllable cell adhesion scaffold based on the blue
light switchable protein LOV2."® The RGD sequence inserted
within the LOV2 is initially hidden in the dimerized state
under dark conditions but becomes exposed upon blue light
irradiation. This group also innovated another approach to
control cell adhesion using green light-responsive CarH
protein.'”” Wang, Bian, and Cao have utilized a light-respon-
sive protein, pdDronpa, as a linkage between a cell-adhesive
ligand to the substrate for manipulating the ligand tether-
ing."®® Owing to the photo-reversibly dimerizing property of
pdDronpa, the author have successfully controlled YAP nuclear
translocation in response to blue/green irradiation, resulting
in changes in adipogenic/osteogenic differentiation in
MSCs."*

In this way, the development of new tools as well as seeking
adequate biological targets is crucial for the contribution of
dynamic photoresponsive materials to fundamental biology.

conversion

4. Conclusions and future scope

Before closing this review, we discuss the future prospects of
biomaterials for fundamental biological studies with reference
to current limitations and bottlenecks.

Compared to static materials, limited number of studies
elegantly used dynamic biomaterials for obtaining biological
insights. One reason is that these materials are not readily
available to biological scientist. Therefore, materials scientists
need to propose ideally one-pot synthesis methods or simple
protocols for preparing dynamic materials. The integration of
materials science and biology is expected to advance the
understanding of cell behavior and responsiveness occurring
within living organisms. From a perspective of time, dynamic
materials, in principle, provide a useful platform for mimick-
ing time-evolving biological events over various time ranges.
To address rapid biological processes, the speed of response of
materials to light (or other external stimuli) is crucial.
However, most matrix changes in development and disease
occur on a day-to-year scale. Therefore, the primary goal is to
reduce these long processes to an experimentally accessible
time range in laboratory. However, it remains unclear whether
such time shortening could bias important biological pro-
cesses, thereby resulting in incorrect outcomes. Furthermore,
we must consider phototoxicity to discuss longer time-scale
events. Therefore, the concept of bioadaptive materials,
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materials that sense biological signals and responses autono-
mously, would be useful. Also, it is difficult to manipulate
targets located at distal sites, such as nuclear shape and chro-
matin structures in the cell interior, cell-cell junction biology,
and cells located in living bodies. The use of nanoparticles,
not discussed here, is one solution, although their precise
manipulation is not easy at high spatiotemporal resolution. In
this sense, the combination of advanced devices and optical
technologies, or radical changes in material design strategy,
such as in situ synthesis of materials via self-assembly, are
required. Finally, the utilization of cutting-edge biological and
engineering technologies is highly recommended, not only for
material designs but also for their applications. For example,
biomaterial design can be accelerated by adopting artificial
intelligence and material informatics. In addition, patient-
derived iPS cells and disease-mimetic cells/tissues recon-
structed using genome editing have become easily available.
Use of these new technologies will further accelerate material
design and ensure that studies are more physiologically and
pathologically significant.
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