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1 Introduction

1 Introduction

1.1 Biomaterial Guidance of Cell Behaviors

During the natural tissue regeneration process, the biophysical cues of extracellular matrix (ECM)
have a profound influence on the cell behaviors, including adhesion, spreading, migration,
proliferation, and differentiation.™ 2 The complex feedback mechanism between cell-cell and cell-
ECM interactions, which regulate the ability of cells to generate cell contractility, modulate cell
spreading, nuclear mechanics, and ultimately convert into activation of intracellular signaling
pathways and gene expression.! In the last decade, novel synthetic biomaterials with tunable
properties have been fabricated to study the effect of ECM on cellular behaviors, such as matrix
stiffness, geometrical cues, surface receptors, and mechanical forces, which can provide a single
or synergistic effects to regulate cell fate in tissue engineering (Figure 1).15% Yet it remains largely
unknown, how cells communicate with ECM and how the microenvironment of physicochemical
and biochemical cues guide cell fate and organ function. Thus, a better understanding of these
issues would greatly advance our knowledge in the role of the ECM remodeling on tumor cell
invasion, wound healing, organ aging, and regenerative processes. The development of engineered
biomaterials that capture as many aspects of the key features as possible to mimic the nature ECM,

which provides indispensable tools for studying cell behavior and cell-based clinical therapy.[*0-13l

Nerve
Dynamic change in compositions/degradation
(ECM proteins, adhesive peptide, trace
elements, enzymatic degradability..) for Cytoskeleton /N
adjustment of cell adhesion, spreading, | Cell Membrane % '
proliferation, differentiation, tissue growth... |

Lungs

Cell Nucleus

Biomechanical forces for tuning cell
adhesion, migration, spreading, cell

Ao % Heart

adhesion, proliferation, stemness _ )
maintenance/differentiation... 7 Bone/
Tendon

Geometry/topography for controlling cell
viability, adhesion, migration, spreading,
cell adhesion, proliferation, stemness

' \
k Spleen
maintenance/differentiation, i )
vascularization/tissue growth... Tissue Regeneration

Kidneys

Figure 1. The artificial materials can mediate cell behavior, which ultimately control the tissue regeneration. Reprinted

from ref.[®! with the kind permission of The American Chemical Society Copyright 2017.

1.2 Dynamic Interactions Between Cells and ECM

Up to now, many biomaterials with well-defined properties have been applied to elucidate the
effects on local microenvironment-mediated cellular behaviors in the static conditions, where both
1
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biochemical and biophysical properties keep constant.' However, the native ECM is a highly
dynamic microenvironment in vivo, which gradually changes its physicochemical cues through
local nascent deposition, matrices degradation or remodeling by surrounding cells.*> 161 On the
other hand, the dynamic microenvironment is also present throughout all the body organs, such as
the pumping of blood by the heart, compressive stresses from skeletal muscle, and small intestinal
peristalsis, which enable us to breathe, move, and digest, respectively.l'” 18 Numerous studies
have suggested that cells and their surrounding microenvironment dynamically influence each
other, particularly for guiding stem cells to maintain their balance between self-renewal and
differentiation, which contribute to tissue regeneration and homeostasis.[*%-24

Therefore, the material with static properties cannot fully represent the native dynamic
microenvironment. Owing to the smart capability to regulate molecular interactions under the extra
stimuli, bioresponsive materials have been devised to mimic the dynamic properties of the natural
ECM, leading to new approach to investigate and precise modulate of the dynamic interaction
between cells and ECM, which can be better used to guide cell fate for medical diagnosis and
therapies.[?24 Recently, we have noted that an increasing number of in vitro studies have
established dynamic manner to regulate cellular behavior with unique optical, electrical, magnetic,
thermal, and mechanical properties and applicable forces or switchable topography, as shown in
Figure 2.[25271 These highly dynamic tunable cell culture systems enable the manipulation of cells
in a controllable way to probe how cells sense and interpret to changes in microenvironments, and
the ultimate goal is to gain important implications in recapitulate aspects of native ECM, which

have implications for disease diagnosis, stem cell therapy, and organ transplantation.

1.3 Bioresponsive materials

Bioresponsive materials can be fabricated by different strategies, including thin films,
functionalized surfaces, and scaffolds, which have been applied to manipulate cell behavior both
in vitro and in vivo. The current dynamic cell culture platforms are classified into five different
categories in this thesis, including photo-responsive materials, electro-responsive materials,
magnetic-responsive materials, temperature-responsive materials, and mechano-responsive

materials.
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Figure 2. The different stimuli-responsive platforms and their biological and biomedical applications. (A) The
dynamic platforms could be designed to respond to different stimulus, such as electrical, thermal, light, magnetic,
biological, mechanical, and (B) applicable forces or switchable topography, which can guide cell behavior in dynamic
manners. Reprinted from ref.?8] and ref.[? with the kind permission of The Royal Society of Chemistry Copyright

2018 and Elsevier Copyright 2017, respectively.

1.3.1 Photo-responsive materials

Photo-responsive materials that can be applied to control the cell behavior involve two different
mechanisms, including irreversible photocleavage and reversible photoisomerization, which can
affect cell functions in a non-invasive fashion.

The irreversible photocleavage functionality was often applied to regulate cell-surface
interactions. Ar&nzazu del Campo and co-workers used this strategy to set up photosensitive cages,
which can guide cell adhesion,*% migration,*%8 and differentiation (Figure 3A-B).34 The
irreversible photocleavage group of 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl ester (DMNPB) at
the amino terminal group of the K residue temporally inhibited the activity of the peptide (e.g.,
(Arg-Gly-Asp) RGD sequence). The linker was photocleaved, which induced peptide available on
the surface at the site of the ultraviolet light (UV) light exposure. Furthermore, they also used this
type of substrate to manipulate cell behavior and direct vascularization of implanted materials in
vivo.[*®! This work showed that the control of bioligands presentation can be utilized to mediate
reparative response to the implanted materials in vivo. Additionally, the protein-patterning
approach had been used to modulate cellular function in three-dimensional gels based on the
photolytic groups, which could be cleaved by light exposure to induce the protein release.®l
Meanwhile, UV responsive systems have been widely applied for cell regulation. It also opens a
new avenue for developing the near-infrared (NIR) light-responsive platform by combining the
upconverting nanoparticles (UCNPs), which can emit photons in the UV regions through NIR light

3
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exposure. Qu and co-workers developed a novel technique for dynamic transferring the molecular
structure through the UCNPs, which converted NIR light into local UV light and cleaved the linker
to guide the cell adhesion. The on-demand cell release can be achieved through NIR light exposure
(Figure 4A). Recently, their group used a similar strategy to control the release of anti-adhesive
effect to modulate cell-matrix interactions and ultimately guide stem cell fate. Their work provided

a new way to modulate the multidirectional differentiation of human mesenchymal stem cells
(hMSCs) through NIR-based upconversion substrate (Figure 4B).[57: 38
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Figure 3. UV light-triggered cell behaviors through the irreversible photocleavage group, which can be applied for

cell adhesion (A), migration (B). Reprinted from ref.% and ref.[33 with the kind permission of Wiley-VCH Copyright
2011 and Elsevier Copyright 2016, respectively.

Compared with the irreversible photocleavable group, photoisomerization reactions provided
a reversible method to construct dynamic cell culture platforms. Reversible photoisomerization is
a molecular behavior with the molecular structure changes, when occurred through photo
irradiation, such as azobenzene and spiropyran. Azobenzene is a well-known photoisomerization
that undergoes reversible conformation from trans (E) to cis (Z) state under light irradiation and
vice versa from Z to E via the visible light exposure.*®] Hence, azobenzene-based switchable
materials have been applied to modulate cell adhesion via control of the bioligand (e.g., RGD)
availability on the surface. As shown in Figure 5A-B, the azobenzene component could be
photochemically transformed between the E and Z configurations. When RGD was in their E
conformation, which enhanced the cell adhesion, whereas adhesion efficiency decreased with
transferring RGD to Z conformation under the UV irradiation.[*>-*?1 Moreover, azobenzene-based
liquid crystal polymer networks (LCNs) could change the geometry and roughness of the substrate
to in situ reversible control the cell migration. This work demonstrated that the topography of the

surface can be controlled to switch cell migration in real-time.”*3l In an alternative approach,
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spiropyran can be also reversibly switched between hydrophilic/zwitterionic. Both hydrophilicity
and zwitterions support the hydrated layer formation, which can be used to reversibly control the
cell adhesion and detachment through alternative irradiation of visible and UV light or combined
UCNPs under NIR light exposure.[*+471 Taken altogether, the utilization of photosensitive groups
offers a method to dynamically control cellular behaviors, including cell adhesion, migration, and

differentiation.
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Figure 4. NIR light-triggered cell behavior through the irreversible photocleavage group by combining the
upconverting nanoparticles (UCNPS) to guide cell adhesion (A), scale bars are 100 pm; and differentiation (B), scale
bars are 50 um. Adapted from ref.E7 and ref.28 with the kind permission of The American Chemical Society Copyright
2014 and Wiley-VCH Copyright 2018, respectively.

1.3.2 Electro-responsive materials

Electrochemical responsive materials can directly enable the switchable of ligand activities under
the electrical potential. Normally, the electrochemical responsive materials can be used for
dynamic regulation of cell behavior involved in three strategies, including charged molecular,“8!
conductive polymers,® 50 and hydroquinone/quinone redox electroactive groups.®* 52
Surface-bound molecules with electrical potential have been widely applied to fabricate rapid
and reversible switching substrates. Similar with photoisomerization, the surface was a reversible
switch from cell-resistance to cell-adhesive with the dynamic application of the electrical potential,

as shown in Figure 6A. In this platform, the charged moiety played the role of the active site to
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modulate RDG peptide access to cells. The charged moiety was repelled from the electrode to
conceal the RGD to cells, when the same potential as the charged moiety was applied. Conversely,
the opposite potential with charged moiety resulted in the exposure of RGD, which induced the
cell adhesion.’®! Moreover, the wetting behavior also can be regulated via conformational
transitions of a self-assembled monolayer (SAM) of charged molecules, which were attracted or
repelled from the surface combing the electrical potential.[8 54

Due to the good electronic conductivity, conductive polymers have been widely used in
biomedical engineering.[ 561 Conductive polymers, such as poly (3,4-ethylene dioxythiophene)
(PEDOT) 71 and polypyrrole (PPy), 126581 have been also explored to dynamically control cellular
behavior. Unlike small charged molecules reversibly switching the surface wettability, the
conductive polymer-based active surface could provide a dynamic change in topography from
nanotube to nanotip with the multicycle electrical potential to direct osteogenic differentiation of
hMSCs, as shown in Figure 6B.

An electrochemically based cell culture platform is another strategy to reversibly regulate
cell behaviors by utilizing the redox reactions. The hydroquinone/quinone redox pair can reversibly
transferring via oxidative potential. The benzoquinone form can covalently bind to bioligands to
guide the cell adhesion and migration.®> > Moreover, the hydroquinone/quinone can also be
directly modified to the cell membranes, which guide cell assembly and disassembly in a dynamic

manner.

A ({’ ’Cw" B c(RGDfK)
pys ® o o
g T‘:v :I
O @)

S §

e e »
50y £0g 507

~ Y » N -

8 & &

glass | [glass

Figure 5. Light-triggered reversibly dynamic cell culture platform to guide cell adhesion. Structure of the c(RGDfK)-
azobenzene(A) and polyethylene glycol (PEG) (B) mixed covalent immobilization on the glass. Reprinted from ref.[*%
with the kind permission of Wiley-VCH Copyright 2016.
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Figure 6. The electro-responsive interface to guide the cellular behavior, including cell adhesion (A) and
differentiation (B), scale bars are 20 nm. Reprinted from ref.5¥ and ref.1? with the kind permission of Wiley-VCH
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1.3.3 Magnetic-responsive materials

Similar to electrical materials mediate cell behavior under the electrical potential, the magnetic
stimulus also requires a magnetic material, such as magnetic nanoparticles (MNPs). Normally, cells
are aligned in many complex tissues, especially for muscles and nerves.[5% 611 The De Laporte’s
group developed a novel anisotropic gel (Anisogel), in where the fibroblasts and nerve cells can
grow and extend unidirectionally with the Anisogel based on aligned fibers or microgels by mixing
superparamagnetic iron oxide nanoparticles (SPIONS) inside under the magnetic field (Figure 7).
This strategy created a simple way to fabricate implantable materials to avoid additional damage

to sensitive tissue, including spinal cord injury (SCI).[62 ¢l

Microgels 3.00 vo! % merged Magnified randon

Figure 7. Superparamagnetic iron oxide nanoparticles (SPIONS)-based Anisogel to dynamically control nerve cells

(dorsal root ganglia (DRG)) with aligned order. Reprinted from ref.[®? with the kind permission of The American

Chemical Society Copyright 2017.
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In order to precisely control the cellular behavior, Bian and co-workers developed a novel
technique to dynamically control the stem cell behavior. The tether RGD ligands was covalently
anchored to the MNPs that were conjugated to the glass substrate through a poly (ethylene glycol,
PEG) linker. The tether length and freedom of the RGD peptides could be controlled by the
magnetic field as shown in Figure 8A. In this study, Bian and co-workers demonstrated that the
restricted RGD tether mobility exhibited enhance cell adhesion, spreading, and osteogenic
differentiation of hMSCs under the magnetic field.[®*l Similar with reversible photoisomerization
and electrical potential, they also presented a dynamically controlled movement of nanocages that
reversibly uncaged or caged RGD under the magnetic field, which could promote stem cell
adhesion and differentiation through magnetic switching between “ON” and “OFF” in vivo.[%]
Moreover, the blockade of immune checkpoints is an effective way for cancer immunotherapy.
The immunotherapy induced immune cells to give an antitumor immune response that relates to
macrophages, including the pro-inflammatory M1 phenotype and the pro-healing M2 phenotype. %6
Generally speaking, the M2-like phenotype displays an immune-suppressive that fosters tumor
growth and promotes resistance to therapy. Yet, macrophages are highly plastic and can also
acquire an anti-tumorigenic M1-like phenotype. The M2 macrophages repolarize to M1
macrophages and are subsequently used to potentiate the anticancer efficiency of immune
checkpoint inhibitors, such as programmed death-ligand 1 (PD-L1).[" ] Bian’s group used the
same above-mentioned strategy to dynamically control the reversible RGDs’ uncaging to
temporally manipulate the adhesion and polarization of M2 macrophages under the magnetic field
both in vitro and in vivo.[®%]

Moreover, Du et al. developed 3D cell structures with magnetic forces. The embryonic stem
cells (ECSs) were assembled and organized into a 3D embryonic body after being internalized with
MNPs under the magnetic forces. The differentiation of the embryonic body can be guided towards
the mesodermal cardiac pathway under the magnetic stretcher.["1 In addition, recent studies have
reported that transient receptor potential vanilloid 1 (TRPV1) and piezo (stretch-activated) ion
channels can be engineered to become sensitive under the magnetic stimulation, which utilized
magnetic forces to control the nervous system.[’*7 Andy Tay, et.al described a 3D magnetic
hyaluronic acid (HA) hydrogel, which was covalently bound with magnetic microparticles (MMPs)
to dynamic control the neuromodulation of primary dorsal root ganglion (DRG) neurons. They
demonstrated that the Ca?* influx in primary DRG was enhanced and reduced the expression of
piezo 2 channels at the same time by seeding on the 3D magnetic HA hydrogels with chronic

magnetomechanical stimulation, which can be useful for modulating pain (Figure 8B).["]
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Figure 8. Magnetic fields trigger cell behavior and fate through dynamic adhesion (A) and magnetomechanical
stimulation (B). Reprinted from ref.[%1 and ref.l’® with the kind permission of The American Chemical Society
Copyright 2017 and Wiley-VCH Copyright 2018, respectively.

1.3.4 Temperature-responsive materials

Temperature-responsive materials exhibit reversible changes in response to the temperature. The
temperature-responsive materials, including classical poly (N-isopropylacrylamide) (PNIPAM)
and its derivatives, gelatin-based natural materials, and poly (e-caprolactone) (PCL)-based shape
memory polymers, have been widely used to design dynamic platforms.[’6]

It is well known that PNIPAM exhibits thermo-responsive reversible hydrophobicity changes
in aqueous solutions around the lower critical solution temperature (LCST) of 32 <€.['": 781 Based
on dynamic hydrophilicity/hydrophobicity changes in response to temperature, PNIPAM and its
derivatives have been applied for cell sheet technology, which can be transplanted to injured host
tissues for regeneration.[’*# Teruo Okano’s group was first reported cell sheet engineering via
PNIPAM-based thermo-sensitive substrate. At 37 <€, the cell can attach and grow on the
hydrophobic PNIPAM surface. When the temperature was decreased to the 20 <€, the surface
changed from hydrophobic to hydrophilic; the cells were detached from the surface and the cell
sheet formed while maintaining cell-cell junctions and basal ECM. Based on this strategy, more
and more dynamic platforms have been developed to improve the cell sheet harvesting by
combining PNIPAM-based hydrogels. As shown in Figure 9, RGD can be imprinted to the
hydrogel, which could re-bind and release RGD at 37 € and 20 <€, respectively, to enhance the
cell sheet formation.[’”® In addition, Weinhart’s group developed a new thermoresponsive
technique based on poly(glycidyl ether) for cell sheet engineering. In their studies, they grafted
poly(glycidyl ether) based copolymers on different substrates for cell sheet fabrication, such as
glass surfaces, gold substrates, and polystyrene (PS) tissue culture substrates.? 8
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Due to the dynamic hydrophilicity/hydrophobicity changes, Wang’s group developed a novel
method to reversibly capture and release circulating tumor cells (CTCs).B4 Anti-EpCAM-
modified bovine serum albumin (BSA) molecules were anchored on the PNIPAM-based surface
through the hydrophobic interactions. At 37 <€, the EpCAM-positive cells could be recognized on
the surface; the anti-EpCAM cells detached from the surface when the temperature decreased to
20 <. Based on this strategy, the temperature-triggered device for reversible capture and release
of the CTCs can be achieved to effectively isolate the CTCs from the peripheral blood of patients,
which is essential for the early stage of cancer diagnostics.®> I

In addition, the PNIPAM-based responsive material can also respond to alternations of
external temperature, including swelling/shrinking, mechanical strength, and porosity, which can
be used for on-demand cell capture, encapsulation and release.’”] Moreover, graphene and gold
nanoparticles that exhibit a photothermal effect under the NIR light irradiation, can generate the
heat to induce the transition of the PNIPAM-based material with the highly localized and reversible

deformation to further manipulate cell capture, release and migration (Figure 10A-B).[68 8
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Figure 10. PNIPAM-based thermo-triggered dynamic platforms for cell capture, release (A) and migration (B), scale
bars are 10 um. Reprinted and adapted from ref.% and ref.[® with the kind permission of Wiley-VCH Copyright 2013
and Nature Publishing Group Copyright 2017, respectively.

Besides PNIPAM and its derivatives, gelatin-based hydrogels have been also applied to
dynamically guide cell behavior, including CTCs isolation and recognition. Lv et al. reported a
CTC-imprinted hydrogel for an effective capture and release cells. The hydrogel was fabricated
though gold nanorods (AuNRs) embedded with gelatin, which could release the cells via
temperature increase to 37 <€ or site-specific release of a single CTC triggered by NIR light-
mediated photothermal activation of AuNRs.®® Using a similar strategy, Redegui et al. also
developed a gelatin-based layer-by-layer (LBL) nanocoating on polydimethylsiloxane (PDMS) for
CTC capture. The effective and precise release cells could be achieved by increasing temperature
or a frequency-controlled microtip, as shown in Figure 11A.°% In addition, PCL-based shape
memory polymers are other classes of temperature-responsive materials to study cell-geometry
interactions. In general, PCL-based shape memory polymers have a capability to change from a
temporary shape to a memorized permanent shape upon application of external temperature.[®>%4
The topography of the surface can be dynamically changed through temperature. The dynamic cell-
orienting study demonstrated that surface topographical changes play a dominant role in cell
alignment (Figure 11B). Hence, the PCL-based shape-memory surfaces could be applied for

spatiotemporal control for probing the dynamic topographical changes in cell behavior.
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Figure 11. Different classes of thermo-triggered materials to guide cell regulation. (A) Gelatin- based materials for
cell release. Reprinted from ref. [° with the kind permission of Wiley-VCH Copyright 2015. (B) PCL-based shape-
memory surfaces for cell alignment. Reprinted from ref.[°? with the kind permission of Wiley-VCH Copyright 2012.

1.3.5 Mechano-responsive materials

Mechanobiology is an emerging field of science between biology and engineering, which was
mainly to probe the cell behavior in response to the biophysical cues within the native cellular
microenvironments. Understanding how mechanical factors are converted into cell signaling with

interaction between cell and ECM is become more important for cellular mechanotransduction,

11
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and biomaterials could be used to study cellular behavior and help us to understand how cells sense
and interpret these cues. [> %71 Recently, mechano-responsive materials have been developed to
capture matrix dynamics. Some of the mechanisms can be attributed into irreversible or reversible
strategies, as shown in Figure 12, which can be softened, stiffened, or reversibly stiffened and
softened with many of the aforementioned external stimuli.[°8 94

To elucidate the complex dynamic interaction between the cell and matrices, previous work
from Anseth and co-workers developed photodegradable PEG-based hydrogels through
photolabile nitrobenzyl ether-derived acrylate moieties, which could be in situ degraded via
external photoirradiation stimuli.'% Based on this strategy, they applied this dynamic hydrogel to
study the mechanical memory of stem cells, which could be softened with light irradiation during
cell culture (Figure 13A). They found that activation of the Yes-associated protein (YAP) and
transcriptional coactivator with PDZ-binding domain (TAZ) as well as the pre-osteogenic runt-
related transcription factor 2 (RUNX2) hMSCs on soft matrix were shown to be involved
mechanical memory, which depended on previous culture time on initially stiff (E ~ 10 kPa).0!!
Moreover, their group also fabricated different stiffness patterns based on this photodegradable
hydrogel with regular or random models. The important results of this study were that hMSCs’ fate

can be modulated by stiffness pattern organization and stiff-to-soft ratios.[*%%
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1 Introduction

Figure 12. Irreversible (A) and reversible (B) chemistries for hydrogels. Reprinted from ref.l®! with the kind

permission of Nature Publishing Group Copyright 2016.

Compared with light-based softening strategies, matrix degradation is an alternative way to
mimic mechanical softening process, which can break the crosslinks via cell-mediated enzymatic
cleavage or passive hydrolysis. For instance, Burdick and colleagues modified HA with
enzymatically degradable peptide (matrix metalloproteinase, MMP) to mediate hydrogel stiffness
by tuning the degradability. The degradability of hydrogel can regulate cell morphology and
ultimately guide the differentiation of h(MSCs in the 3D microenvironment. 2% %41 |n addition, the
hydrogel stiffness can also be decreased through the addition of hydrolysis component. Mooney
and co-workers developed alginate dialdehyde-based microspheres, which were treated as
hydrolyzable porogens and incorporated into bulk alginate hydrogel. More impotently, this void-
forming hydrogel could mediate better the osteogenesis of encapsulated hMSCs to enhance the
bone formation.™*%! Furthermore, temperature-responsive polymers, such as PCL, can also be used
to softening substrate above their melting temperature (Tm) and investigate how dynamic changes
in guiding cell function and fate, such as the sensitivity for dynamic changes in the surrounding
microenvironment, were different for each cell type. The YAP/TAZ nuclear translation of cardiac

progenitor cells also decreased with stiffness softening. (96 1071
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Figure 13. Representative strategy for dynamic control of the stiffness with softening substrates. Reprinted from ref.[201

with the kind permission of Nature Publishing Group Copyright 2014.
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1 Introduction

Moreover, matrix stiffening is a natural phenomenon for the human body, such as wound
healing, tissue fibrosis, and cancer progression.['%®111 To better understand and manipulate the
biological process, a variety of novel strategies have been applied to mimic the ECM stiffening.
Building on similar light-based strategies for substrates softening, the on-demand stiffening of the
hydrogel can also be achieved by light-induced crosslinking. Burdick and colleagues functionalized
HA with methacrylate, which can be first crosslinked with dithiothreitol (DTT) and can switch
from soft to stiff through light-mediated further crosslinking. In a similar strategy, the team
developed a two-step crosslinking with PDMS, which can be crosslinked through platinum-
catalyzed crosslinking, and then to increased crosslinking via thiol-ene click reaction. With
substrates stiffening, cells displayed increased spreading area in both studies.[**2 131 |n addition,
Anseth’s group reported a strain-promoted azide-alkyne cycloaddition (SPAAC) method to study
the dynamically tunable properties through orthogonal photoconjugation and photocleavage
reactions.[*** Recently, they fabricated on-demand stiffening of 3D cell scaffolds based on this
method to encapsulate muscle cells in these networks (Figure 14). This work illustrated the
myoblasts decreased cell spreading and nuclear localization of YAP in respond to increased matrix
stiffness and cell spreading. The YAP nuclear localization increased when delayed the
photocrosslinking reaction.[**® Besides light-triggered mechanical stiffening, Lin’s group also
reported a tyrosine-mediated stiffness stiffening strategy, which could be oxidated into
dihydroxyphenylalanine (DOPA) in the presence of tyrosinase, whereby the DOPA can be further

crosslinked.[116-118]
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Figure 14. Representative strategy for dynamic control of the stiffness with stiffening substrates. Reprinted from

ref.[1151 with the kind permission of The American Chemical Society Copyright 2018.

However, the cyclical changes in native ECM remodeling cannot be captured with one-
directional softening or stiffening. To address this issue, the reversibly tunable stiffness for
dynamic cell culture platform were needed. Addition of chemical reagents was one of the strategies
to achieve mechanically reversible microenvironments. Gillette et al. reported alginate-based

hydrogels, which could be reversibly mediated for stiffness via the addition of Ca?* or sodium
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citrate (Figure 15). In addition, Yoshikawa et al. developed a pH-responsive ABA triblock
copolymer hydrogel, where the Youngs’ modules could be reversibly altered through addition acid
or base with a modest pH change between 7.0 to 8.0. The morphology of C2C12 mouse myoblasts
exhibited reversible transformation between rounded and spread in response to soft (pH 7.0) and
stiff (pH 8.0), respectively.[*1®] Moreover, the reversible stiffness could also be achieved by adding
DNA hybridization-mediated crosslinkers or host-gust-based crosslinkers.[!2% 1211 As mentioned
above, the AuNRs exhibited the photothermal effect under the NIR light irradiation. Another
promising work was reported, in which the stiffness of alginate hydrogels that were incorporated
with temperature-sensitive liposomes could be meditated by NIR light irradiation. The AuNRs
were encapsulated in the liposomes, which acted as a depot for calcium ions’ or calcium chelators’
(diethylenetriaminepentaacetic acid, DTPA) release in response to NIR light. Importantly, this
study demonstrated that the matrix stiffness can be spatially and temporally controlled both in vitro
and in vivo.[*?2 With a similar strategy as mentioned above for light-based strategies, Anseth’s
group developed a photo-responsive HA hydrogel to explain the effort for YAP/TAZ signaling
with reversible modulus, which could soften and then stiffen with orthogonal wavelengths of light.
The cell area and nuclear YAP/TAZ ratio of hMSCs were shown dynamic changes in respond to
dynamic substrate mechanics.[?®®! Recently, they also reported a SPAAC-based protein-polymer
hydrogel to study the role of cyclic mechanical loading to cells based on light stimuli, which
enhanced fibroblast transdifferentiation into myofibroblasts.[*?®1 Furthermore, the matrix stiffness
of azobenzene-based hydrogel could also be reversibly modulated as mentioned above.[*?4 1251
Taken altogether, these platforms with dynamic stiffness have provided newfound avenues to probe

and direct cellular fates in cell outcomes for cell-based therapies.
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1 Introduction

Figure 15. Representative strategy for mechanically reversible microenvironments. Reprinted from ref.[1261 with the
kind permission of Wiley-VCH Copyright 2010.

1.4 The design of reversibly dynamic scaffolds to study the complexity of native
cellular microenvironment

In addition to the dynamic stiffness of ECM, the cells in our bodies are also subjected to cyclic
mechanical loading, especially for those from a blood vessel, heart and muscular tissues. Among
various types of dynamic cues, stress/strain play a crucial role in heart beating and muscle
contraction. Dynamically controlled stress/strain has therefore been applied to mimic such
microenvironment. Recently, Yoon et al. reported a thermosensitive, stretchable, and piezoelectric
substrate (TSPS) to generate cyclic mechanical strain to hMSCs, as shown in Figure 16. It was
found that the hMSCs enhanced myogenic differentiation and improved injured skeletal muscle
regeneration in this dynamic culture system.™?71 This work showed that this dynamic culture system
may serve as a tool for research on stem cell-based therapies. Furthermore, the cyclic stress/strain
stimuli not only influenced cytoskeleton structure, but also enhanced the signaling pathway.
Kaunas et al. demonstrated that both the direction and extent of stretch-induced stress fiber
orientation in bovine aortic endothelial cells can be guided via the activity of the Rho signaling
pathway.l*?] On the other hand, cells in different locations of the embryo also subjected
stress/strain forces during embryonic development.*?! Fu’s group developed in vitro platforms
that could exploit self-organize of stem cells under the dynamic stress/strain forces. More
importantly, their study highlighted that the cell shape of human pluripotent stem cells (hPS) can
be modulated by mechanical stretching or geometrical confinement, which can ultimately mediate
(bone morphogenetic protein) BMP signaling to regulate neuroectoderm patterning.[?! Moreover,
substrate stretching-induced mechanical stress also can trigger the formation of lamin A/C, which

play a central role in nuclear mechanotransduction. !l
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Figure 16. Dynamically controlled stress/strain for cell regulation. Reprinted from ref.[*2”1 with the kind permission
of Wiley-VCH Copyright 2017.

Furthermore, most native tissues exhibited dynamic stress relaxation behavior with
viscoelastic properties and viscoelasticity can also substantially impact cellular responses.[t3-1%]
However, they were typically almost purely elastic in the reconstituted native ECM. To impart
viscoelastic features, pioneering work from Mooney and co-workers developed an alginate-based
hydrogel, which can be dynamically cross-linked by calcium with controlled stress relaxation
rate.[**®] The rate of stress relaxation can be altered by lowering the molecular weight and coupling
of PEG spacers to control the chain mobility and connectivity of a polymer network. This study
illustrated the matrix with faster stress relaxation enhanced actomyosin’s contractability and
nuclear translocation of YAP through the integrin recruitment and clustering. Moreover, cell
spreading, proliferation, and osteogenic differentiation of hMSCs were all enhanced with faster
stress relaxation in these viscoelastic microenvironments.[*3"1 A time scale of the viscoelasticity
can be changed within the recent development of reversible covalent interaction, which would
leverage cross-linking mechanisms via dynamic covalent chemistries, such as hydrazone
bonds, 381401 horonate bonds,#! 142 and allyl sulfide-based chain transfer.l}43-145 For example,
Anseth’ group reported a covalently adaptable network with PEG-based dynamic boronate bonds,
which could be formed into boronic esters with fast stress relaxation between boronic acids and
cis-1,2-diols (Figure 17). This work observed that these fast-relaxing hydrogels can increase the
cell spreading area and YAP/TAZ nuclear localization of hMSCs.I**l In addition, this research

team incorporated allyl sulfide-containing molecules to establish hydrogel network, which could

be degraded via a radical addition—fragmentation chain transfer (AFCT) process to allow for a
radical-initiated thiol-ene exchange reaction. The connectivity and viscoelastic properties of
networks could be controlled by light exposure.145]

In summary, cells reside in a complex dynamic 3D microenvironment in vivo with both
biochemical and physical cues that change over time. It has long been recognized that the
microenvironment can guide cell fate. However, there are remain few successes that truly
demonstrate how external stimuli regulate cell fate with time regulation. As the field of tissue
engineering and regenerative progress, there is a need to develop novel scaffolds approaches and

in vitro models to mimic key aspects of the native ECM and fully capture cell dynamics.

17



1 Introduction

Reversible boronate bonds

€ + d — @G

X HO b ) ‘ D 4
B o @JU
OH HO Y Hd O Y
~ Boronic acids =N
N_o N o
k1 \f 58 \f /\ﬁ}z
2
F B-OH ( =
Ho-2~oH 0
\_ FPBA BX WBA )
~ Rigid cis-1,2-diols
" OH o OzN\ OH
H"/N\g/\/ OF ;"\O)ku/\/ OH
L CAT ND )

Figure 17. Engineering 3D dynamic viscoelastic microenvironments through reversible bonds. Adapted from ref.[146]
with the kind permission of Wiley-VCH Copyright 2018.
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2. Scientific Goals

The endothelial cells (ECs) are major component of blood vessel walls, which play a crucial role
in vascular homeostasis and remodeling.[*4”] ECs adhesion onto scaffolds is a preliminary and
crucial step for long-term vascular repair in the dynamic microenvironment of blood vessel. To
better understand dynamic cell recruitment for endothelialization and vascularization of the

polymer substrate, we tried to design a smart scaffold with “switchable surfaces” to achieve the

cell recruitment within a dynamic manner. In the first project, we will use PNIPAM-based thermo-
triggered dynamic microfiber substrates to modulate the endothelial cells adhesion and release. The
aim of this work is to establish a method to achieve endothelial cell recruitment and overcome the

endothelialization of polymer substrates.

Most dynamic mechanobiology studies focused on 2D substrates with linear elastic
mechanics. However, the native ECM usually exhibit nonlinear elasticity. Moreover, such a
nonlinear mechanical behavior, which has been confirmed to have a great effect on cell
migration,[**® 1491 stem cell differentiation,!**@ and wound healing process.*>Y Therefore, the
second challenge was to understand how cyclic dynamic nonlinear elasticity guide cell behavior in
the 3D microenvironment, especially for the stem cells. hMSCs have high sensitivity to mechanical
stimuli in many reported studies. Although many strategies have been guided hMSCs’ fate in a
dynamic manner, the cells reside in natural 3D ECM consist of fibrous microenvironment.*5? In
the second project, we will fabricate PNIPAM-based electrospun 3D microfiber network, which
could exhibit reversibly swollen and de-swollen transition around LCST. We expect that this design
could provide a platform to understand how cyclic mechanical stimuli guide stem cell fate in the

reconstituted native ECM.

Although the complex feedback mechanisms of cell-material interaction are increasingly
understood, it is still unknown how soft stiffness mediate cell behavior. For instance, hMSCs can
attach and spread on soft PDMS, while they tend to not spread on similarly soft substrates such as
polyacrylamide.*53 154 Recently, surface energy and phosphatidylinositol-mediated signals have
been verified to promote cell spreading and focal adhesion on 2D soft substrates.[*>% 1561 |n the third
project, we plan to generate a new type of PNIPAM-based nanogel-actuated-integrated responsive
soft hydrogels, whose moduli can be in situ reversibly stiffened and softened through covalent
crosslinking coordinated reversibly physical network. This design could explain how dynamic soft
niches regulate hMSCs spheroids’ fate via multicyclic changing temperatures from 25 to 37 <€ in

3D microenvironment.
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Overall, the ECM directs cell function through a complex feedback mechanism. In this thesis,
we will try to elucidate how cells sense and interpret microenvironment in a dynamic manner based

on surface modification, fibrillar fabrication, and smart hydrogels (Figure 18).

Project 1

AN

Thermo-responsive
Dynamic
Microenvironments

P

ibrillar Hydrogel™

Project 2 Project 3

Figure 18. Thermo-responsive dynamic microenvironments to guide cellular behavior on surfaces, on fibers, and in
hydrogels, respectively.
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ABSTRACT: Although mechanisms of how physical forces convert into biochemical signals are
increasingly understood, it is still unknown how soft cues guide cell behavior. Herein, we show
that the commitment and differentiation of encapsulating hMSC spheroids in thermosensitive
three-dimensional (3D) hydrogels are simply altered by interpenetrating poly (NIPAM-HEMA)
nanogel to gelatin methacryloyl (GelMA) network. This cell-laden hydrogel provides dynamic
mechanics with covalent crosslinking coordinated reversibly physical network, which can
regulate hMSCs in situ by reversible stiffening soft niches via multicyclic temperature changes
from 25 to 37 €. The spreading of hMSC spheroids in the hydrogel is strongly dependent on

myosin-dependent traction stress with dynamic mechanical stimuli through focal adhesion kinase
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(FAK) signaling. Notably, the dynamic microenvironment gradually influences the expression
and the distribution from the basal to apical side of nuclear lamin A/C and increases the Yes-
associated protein (YAP) nuclear localization with cycles, which ultimately favors hMSCs
undergoing osteogenesis (but not adipogenesis) in soft microniche. Moreover, we also
demonstrate that the viscoelastic behavior of soft microniche can be guided by temperature
through a nonlinear model. These findings highlight the central roles of the dynamic relationship
between the biomechanical signals and mechanosensitive transcriptional regulators in the cellular
mechanosensing.

1. Introduction

Although only a few stem cell-based therapies are currently available to patients, stem cells
possess tremendous properties to form mature cell types and even miniature organoids in the
laboratory.[!l Human mesenchymal stem cells (hMSCs) are attractive candidates for tissue
engineering, which can be potentially applied for bone, cartilage, fat, and tendon regeneration.[?l
In vivo, most cells are organized in tissues where they are interconnected with other cells and
continuously subjected to mechanical forces including shear, compressive, and extensional forces.
[31 The homeostasis of tissues is ensured by the ability of cells to exploit traction forces to sense
the physical characteristics of their microenvironment.!! Stem cells reside in vivo in a complex
and specialized microenvironment. It is well established that the behavior of hMSCs is strongly
affected by the mechanics of the extracellular matrix (ECM), such as cell adhesion, migration,
polarization, and differentiation, as well as organelle organization and trafficking inside the
cytoplasm.® ¢ The mechanical interactions between the ECM-cell and cell-cell junctions play a
key role in transmitting forces to cells in in vivo microenvironment, which can further regulate
intracellular signaling pathways.U'1% At the cellular scale, the pericellular response can be

viscoelastic, roughness, or surface energy as well as stiffness.[!*14 Most of the known cues on
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cell physiology have been almost exclusively using static biomaterials. However, natural ECM
also exhibits dynamic interactions between the ECM mechanics and cell behavior, i.e., the ECM
remodeling during disease, aging, and regeneration, which exhibit sequential stiffening or
softening over time and the cell niches also impart dynamic cues to regulate organ function.[*57]
Thus, to probe the effects of dynamic manners on stem cell fate is becoming particularly

important in cell biology and the tissue-engineering field.

Recently, we have noted that an increasing number of in vitro studies have established dynamic
cues to regulate stem cells on two-dimensional (2D) systems.[*®-2%] However, the 2D nature of the
culture system limits its further application to mimic a 3D physiological condition. hMSCs
cultured as 3D multicellular spheroids were known to maintain cell-cell contacts and increase
differentiation into various cells.?l Furthermore, hMSC spheroids can be stimulated to
transmigrate from the microniche in response to injury and to differentiate on engraftment.[??
Studies of cell behaviors on soft substrates have employed 2D systems coated with ECM
components, which can act as adhesive anchors.[?> 241 Surface energy and phosphatidylinositol-
mediated signals have been demonstrated to promote cell spreading and focal adhesion on 2D
soft substrates.[?> 261 Yet it remains largely unknown what the effect of dynamic cues on stem-cell

spheroids fate is within 3D soft microniches.

Stimuli-responsive polymer materials are powerful tools to establish dynamic microenvironment.
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most widely studied temperature-sensitive
polymers with a reversible volume that change around the lower critical solution temperature
(LCST) of 32 €.127: 281 GeIMA is a biocompatible gelatin-based polymer that has been widely
used to fabricate cell-laden 3D tissue analogs, due to the natural cell binding motifs, such as

RGD, and tunable physical characteristics.[?® 2% Here, we report on a new type of PNIPAM based
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nanogel-actuated-integrated responsive hydrogels, whose moduli can be in situ reversibly
stiffened and softened. To generate stiffness-cyclable hydrogels, we perform a hybrid material
system composed of photocrosslinkable gelatin methacryloyl (GelMA) hydrogels, which have
been embedded in  stimuli-responsive  poly(N-isopropylacrylamide-co-2hydroxyethyl
methacrylate) (P-NIPAM-HEMA) nanogels that can convert temperature into reversible
mechanical deformations using dynamic cell culture systems for multicyclic changing the
temperature from 25 to 37 € (Figure 1F). The nanogel-actuated hydrogels with a dynamically
tunable mechanical stimulation are similar to the compressive stresses from native skeletal
muscle contraction because the muscle cells mechanically contract under the influence of action
potentials from motor neurons.®) We adapt this platform to achieve soft microniche (elastic
modulus < 0.5 kPa) to investigate the role of reversible dynamic mechanics on hMSC spheroids
mechanosensitivity. We reveal how dynamic mechanics guide cell morphology, nuclear
mechanotransduction and differentiation. We also apply computational tools to elucidate the in-
situ relationship between nonlinear viscoelastic properties and different temperatures with cycles.
The present work offers a platform to probe the complex mechanisms underlying the mechanics
within soft microniche and interactions between cells and reversibly mechanical cues that occur

in human bodies.

2. Results and Discussion

2.1 Preparation and characterization of gelatin methacryloyl (GelMA) and poly(NIPAM-
HEMA) nanogels

The photocrosslinkable (GelMA) prepolymers can be obtained by reacting methacrylic anhydride
with gelatin. *H NMR analysis confirmed that the synthesized GelIMA had 70% methacryloyl
modification, which was calculated from the peaks at 7.4 ppm for the aromatic amino acid

residues of gelatin and the peaks at 5.3 ppm and 5.5 ppm for the double bonds of the
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methacrylate groups (Figure 1A, B).[*2 The poly(NIPAM-HEMA) nanogels were synthesized by
emulsion polymerization (Figure 1C). Dynamic light scattering was employed to determine the
size of the nanogel dispersions in PBS at 4 <C, 25 <C, and 37 <C, respectively. The hydrodynamic
diameters of nanogels dramatically increased from 4 to 25 <C and decreased from 25 to 37 <C,
which related to the volume phase transition temperature (VPTT) of the nanogels with
approximately 27 < (Figure 1D).3*%] The sol-gel phase change of the nanogels was also
observed, which was a solution at room temperature but changed into a soft gel at 37 <C as
shown in Figure 1E. The hydrophobic interactions and electrostatic repulsions between the
nanogels resulted in the formation of the hydrogel.*81 Fourier transform infrared (FTIR)
spectroscopy analysis was used to identify the functional groups of the nanogel. The spectrum of
the nanogels exhibited main peaks at 1645 and 1540 cm™, which represented the chemical bond
for amide | and amide 11 of NIPAM, respectively.[** The band around 1713 cm* was assigned to
the carbonyl group of HEMA,1 which indicated that the poly (NIPAM-HEMA) nanogels
successfully formed (Figure S1, Supporting Information). The modulus-cyclable hydrogel was
fabricated by introducing the thermoreversible nanogel into the GelMA to form interpenetrating
networks throughout UV irradiation (10 mW cm, 365 nm, 80 s) in the presence of lithium
acylphosphinate (LAP) as a photoinitiator,[*8 as shown in Table 1. The dynamic mechanics can
be generated using dynamic cell culture systems for multicyclic changing temperature from 25 to

37 <C to probe stem cell spheroids respond to cyclic moduli alteration (Figure 1F).

Table 1. The composition of nanogel and GelMA in the hydrogel.

Samples Nanogel (w/v %) GelMA Storage modulus
(wW/v %) (Pa, 2510 40 °C)
Low stiffness (LS) 25 15 80-120
Medium stiffness (MS) 25 25 500-2500
High stiffness (HS) 25 3.5 800-4000
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Figure 1. Synthesis and characterization of gelatin methacryloyl (GeIMA) and poly (NIPAM-
HEMA) nanogels. (A) Synthesis of GelMA with the binding of methacrylate groups to the
primary amine groups of gelatin. (B) The *H NMR spectrum of synthesized GelMA, which can
form crosslinked networks upon light exposure (400 MHz, D20). (C) Synthesis of poly (NIPAM-
HEMA) nanogels by emulsion polymerization. (D) Temperature-dependent hydrodynamic
diameter for 0.5 mg/mL poly(NIPAM-HEMA) nanogels in PBS at 4 <C, 25 <C, and 37 <,
respectively. (E) The 50 mg/mL of poly (NIPAM-HEMA) nanogels in 10x PBS reversible
transfer from sol state (25 <C) to gel state (37 <C). (F) Schematic of dynamic mechanics with the
covalent crosslinking-coordinated reversible physical network using light illumination (10 mW
cm2, 365 nm, 80 s) with a photoinitiator (LAP, 0.5 w/v) crosslinks, and subsequent through
dynamic cell culture systems for multicyclic changing temperature from 25 to 37 <C within stem
cell spheroids.

The geometries of the dynamic hydrogels at different temperatures were examined by scanning
electron microscopy (SEM). As shown in Figure 2A, the dynamic hydrogels exhibited typical

microporous structures with dense walls, whereby the pore sizes decreased with the higher
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concentration of the GeIMA at 25 <. The whole porous structure shrank together when the
temperature was increased to 37 <T in contrast to the geometry without changes under the
different temperatures for the pure GelMA (Figure S2, Supporting Information). The results
revealed that the porous structure of responsive hydrogels can be triggered by VPTT. The
oscillatory rheology was further conducted to characterize the nonlinear mechanical response of
the dynamic hydrogels from 20 to 40 T (Figure 2B-D and Supplementary Video S1). The
storage modulus (G) revealed thermoreversible changes and the thermoresponsive stiffening
effect was enhanced from 80 Pa to 120 Pa, 500 Pa to 2500 Pa, and 800 Pa to 4000 Pa for LS, MS
and HS hydrogels, respectively. In contrast, there was no stiffening effect for the pure GeIMA
(Figure S3, Supporting Information). The moduli cyclability can be achieved by multicyclic
changing temperature from 25 to 37 <. Furthermore, frequency sweep tests showed that G at
37 <C was always larger than that at 25 <C under the measured frequency range (0.1-1 Hz), which
indicated a more rigid behavior for the hydrogels at 37 <C (Figure 2E-G). The structural changes
observed in the SEM images were consistent with the temperature-induced stiffness changes.
Taken together, our data reflected the dynamic changes including morphologies and network
moduli, which could provide a 3D dynamically intercellular elements for studying hMSC

spheroids behavior.

We further investigated live/dead assays to examine cytocompatibility of the encapsulated
hMSCs in the hydrogels under the dynamic culture system (multicyclic changing temperature
from 25 to 37 <€) and static culture (constant at 37 <€). The live/dead assay (calcein
AM/ethidium homodimer-1) was performed after 1 day and 7 days in growth media for all the
gels. After 1 day, the stem cell spheroids in different stiffness hydrogels showed excellent
viability post-encapsulation under both static and dynamic culture conditions, respectively. After

7 days, the cells remained more than 90% viable in LS hydrogels, and a significant fraction of the
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cells had spread with the dynamic culture condition. In contrast, cell viability decreased to 81.6%
+1.3% and 80.9% +1.2% for MS and HS hydrogels, and most cells remained rounded under the
static culture conditions, respectively, confirming the cytocompatibility of the photocrosslinking
reaction as determined by the CCK-8 assay (Figure 3). Moreover, low-dose 365 nm light
exposure and dynamic culture condition have a lower influence on cell proliferation (Figure S4,
Supporting Information). Our results demonstrated that cells cultured between “stiff” and “soft”
material for MS and HS hydrogels were better maintained cell viability and permitted cell

spreading, respectively.
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Figure 2. Temperature-dependent geometry and mechanical properties of poly(NIPAM-HEMA)
nanogels interpenetrating with GelMA networks. (A) Typical SEM images of the lyophilized
hydrogel network at 25 and 37 <C, respectively. Scale bar: 25 um. (B-D) Storage modulus (G)
and loss modulus (G") as a function of temperature for dynamic changes for LS, MS and HS
hydrogels from 20 and 40 <C, respectively (1 Hz, 0.1% strain). (E-G) The representative
frequency sweep spectrum after equilibrium of G’ for LS, MS and HS hydrogels at 25 and 37 <C,
respectively.
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Figure 3. Viability and metabolic activity of hMSCs encapsulated in the dynamic hydrogels. (A)
Live/dead staining of hMSC spheroids in the dynamic hydrogels after 1 day and 7 days under the



static and dynamic culture conditions. Calcein-AM/ethidium homodimer staining for living
(green) and dead (red) cells, respectively. Scale bar: 250 um. (B) CCK-8 assay of hMSC
spheroids viability after 1 day and 7 days in the dynamic hydrogels under the static and dynamic
culture conditions. N.S, not significant; * p < 0.05.

2.2 Focal adhesion mechanosensing for interaction with hMSC spheroids in dynamic
hydrogels

Extracellular matrix stiffness sensing of the cells activates a cascade of biochemical signals,
which can regulate cytoskeleton rearrangements and focal adhesion formation.® 41 Focal
adhesions (FAs) at the cell-ECM interface play a crucial role in cell spreading, motility, and
differentiation through the focal adhesion kinase (FAK) signaling pathway.[***3l To further
evaluate cell spheroids-ECM interactions during the response to cyclic mechanical stimuli,
hMSCs were encapsulated in the dynamic hydrogels for 3 days under the static and dynamic
culture conditions, respectively (Supplementary Video S2). Representative immunofluorescence
of FAs protein vinculin showed that the FAs’ size markedly increased in dynamic culture
conditions. In addition, cell spheroids subjected to the dynamic culture condition exhibited a
gradual change of shape with highly spread and elongated morphologies compared with those in
static conditions (Figure 4A and Figure S5 Supporting Information). Furthermore, correlative
analysis of the total FA area per cell spheroids showed that the FAs in the dynamic culture
conditions were larger than those in the static conditions (Figure 4B), suggesting that the dynamic
matrix could provide more anchoring opportunities for FAs to facilitate cell motility and adhesion,
especially in soft matrices. The shape and the size of the cell during the cycle are not only
dependent on its growth but also on cell-cell and cell-matrix forces.!® 2 Thus, we used fractal
analysis to quantify cytoskeletal density changes under the dynamic culture condition.* The
cytoskeleton arrangement was assigned a fractal dimension (Ds), as shown in Figure 4A. By

looking into the cytoskeleton distribution of whole cell spheroids, the Ds values under the
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dynamic culture conditions were significantly higher than those under the static conditions
(Figure 4C). Inhibition of FAK phosphorylation, which was a robust regulator to regulate the
response to mechanical signals,“5! we treated cells with FAK inhibitor-14. The cells displayed a
rounded phenotype on both soft and stiff hydrogels under the dynamic culture conditions (Figure
S6A, Supporting Information). Furthermore, no significant differences were observed in total FA
per cell spheroids and fractal dimension (Figure S6B-C Supporting Information). Altogether, our
data supported that the cell spheroids in the soft matrix could easily favor the formation of mature
FAs and cytoskeleton rearrangement, which enhanced the cell-ECM adhesion and cell spreading
under dynamic culture conditions. The cyclic mechanical stimuli may act as a potential direct

signaling role for FAK in cell-matrix interactions.
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Figure 4. Dynamic hydrogels regulate integrin-mediated cell spheroids adhesion. (A)
Representative immunofluorescence images of the hMSC spheroids DAPI (blue), vinculin (red)
and the results of corresponding 2D fractal dimension (D) under the static and dynamic culture
conditions for 3 days, respectively. Scale bar: 10 um. (B and C) Quantitative analysis of the total
FA area per cell spheroids and Ds value in each spheroid region of interest (n=20 spheroids per
each condition from 3 independent experiments). * p < 0.05, ** p < 0.01 and *** for p < 0.001.

2.3 Soft microniches influence intracellular biological signals, and differentiation of h(MSC
spheroids under the dynamic culture conditions

According to previous studies,[*® 9 the cytoskeletal tension would lead to activation of the

subcellular transcriptional coactivator Yes-associated protein (YAP), which can gauge
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mechanical stimulation into the genetic signaling pathway and eventually guide the hMSCs’
differentiation.[*® 471 Using our dynamic hydrogels, we hypothesized that the cellular activation
in response to the dynamic mechanical microenvironment may also exist for cell spheroids in the
3D microenvironment. Thus, we investigated the role of the YAP location during static and
dynamic culture conditions. The immunofluorescence staining of YAP in hMSC spheroids
revealed distinct intracellular localization; YAP was located in the cytoplasm (deactivated state)
of hMSC spheroids with 4 days of static culture in LS hydrogels. In contrast, YAP was primarily
in the cytoplasm and gradually changed into the nucleus (activated state) as the number of cycles
(from 5 to 20) under the dynamic culture conditions (Figure 5A). Moreover, the YAP nuclear
translocation was faster and persisted in the nuclei after 10 cycles than that under the static
condition for MS and HS hydrogels, respectively (Figure 5B, C). In control experiments, YAP
was located in the nucleus of the hMSCs when cultured on the tissue culture plates (TCPS) under
both culture conditions (Figure S7, Supporting Information). To further understand the
mechanism by cyclic mechanical stimuli to stem cell spheroids, the cell encapsulated in LS
hydrogels under the dynamic culture condition were treated with (10pM) Y27632, an inhibitor of
the RhoA-associated protein kinase (ROCK), which induced non-muscle myosin Il-mediated
contractility and actin filament levels.[*® 4% As previously shown,®® YAP translocation was also
inhibited upon Y27632 daily during the 20 cycles within growth-media incubation for both
hydrogels under the dynamic culture condition (Figure 5A, D and Figure S8, Supporting
Information). Correspondingly, the expression of YAP under the dynamic culture conditions was
significantly higher than that cultured under the static conditions for 4 days (Figure 5E).
Furthermore, we visualized the confocal images of cell cytoskeleton by immunostaining. In the
static condition, the hMSCs retained a rounded shape with higher circularity. However, the

hMSC spheroids’ shape exhibited visible trailing migrating with elongated phenotypes for LS,
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MS and HS hydrogels, respectively, and the cell spreading area also dramatically increased under
the dynamic culture conditions as opposed to rounded cells under the static conditions (Figure 5F
and Figure S9, Supporting Information). Together, these data supported the positive correlation
between the extent of YAP activation and dynamic hydrogels with cycles. The dynamic

mechanical stimuli can mediate hMSC spheroids’ behavior by enhancing myosin activity.
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Figure 5. The role of cyclic mechanical loading on YAP activation. (A-C) Confocal 3D
reconstructions and quantification of YAP nuclear: cytoplasmic intensity ratio after 5, 10, 20
cycles for LS, MS and HS hydrogel in the presence of a ROCK inhibitor, Y-27632, respectively.
YAP (green); Scale bars: 20 pm. n=100 spheroids per each condition. (D) Immunostaining of
hMSC spheroids for F-actin (red), YAP (green) and cell nucleus (DAPI, blue) within LS
hydrogels following 20 cycles dynamic culture in growth media with 10 pM Y27632 treatment.
Scale bars: 25 pm. (E) Quantitative analysis of the YAP nucleus localization and gene expression
level for 4 days under both culture conditions. The expression of target gene normalized by
GAPDH and static culture conditions. (F) Immunostaining and quantitative analysis of hMSC
spheroids per cell spreading area within LS and HS hydrogels following 4 d growth-media under
the static and dynamic incubation. F-actin, red; DAPI, blue. Scale bars: 50 pm. n=200 spheroids
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per each condition. The cells seeded on the TCPS were used as controls. N.S, not significant; * p
<0.05, ** p <0.01 and *** p < 0.001 for significant difference.

Furthermore, nuclear lamin A/C played central roles at the intersection between cytoplasmic
signaling and nuclear events, which was located under the inner nuclear envelope and linked to
numerous human diseases.[®> 521 Emerging evidence indicated that external mechanical forces
also trigger changes in nuclear envelope structure and gene expression.®® % To address how
multicyclic mechanical stimuli altered the structural organization of the nuclear envelope, we
encapsulated stem cell to LS hydrogels with defined reversibly mechanical loading to manipulate
the compressive forces under the dynamic culture conditions. We found that the lamin A/C-
dependent distinct evolution of nuclear morphology in response to the multicyclic mechanical
loading, as shown in Figure 6A and Figure S10. 3D-reconstructed yz-confocal cross-sections of
the lamin A/C immunostained nuclei clearly showed that the basal-to-apical intensity ratios
gradually decreased with the cycles during cell spreading. In contrast, the lamin A/C stained both
sides equally well under the static conditions (Figure 6B, C), which was consistent with previous
studies performed using a 2D cell culture.® %61 As nuclear morphology projected to the xy-
confocal cross-sections showed an elongated nuclear shape and an enlarged nuclear area (Figure
6D, E). Moreover, the expression levels of lamin A/C also increased within LS hydrogels by
cyclic mechanical loading under the dynamic culture system (Figure 6F). Together, these results
demonstrated that the cyclic mechanical stimuli modulated not only the global cell orientation by
FAK signaling, but also elucidated the 3D-nuclear deformation by suggesting an important role

of the lamin A/C in response to cellular mechanotransduction with cycles in soft microniches.
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Figure 6. Lamin A/C-dependent differential formation of nuclear deformation in response to
cyclic mechanical loading on stem-cell spheroids in the 3D microenvironment. (A)
Representative immunofluorescence staining for nuclear morphology of lamin A/C. Insets
display details of F-actin and nucleus in the apical region. Nuclear yz-confocal cross-sections
(bottom right) and (B) respective intensity distribution profiles along the z-axis from the boxed-in
nuclear region (red rectangle) for stem-cell spheroids (C) Average basal-to-apical peak intensity
ratios of lamin A/C as a function of cycles for spheroids in LS hydrogels. (D-E) Quantification
of nuclear circularity and nuclear area after 5, 20, 50 cycles in LS hydrogels under the static and
dynamic culture conditions, respectively. (F) Lamin A/C expression level of hMSC spheroids
under static and dynamic culture conditions (50 cycles) within LS hydrogels by Western blots.
The cells seeded on the TCPS were used as controls. Experiments were performed in Six
replicates per condition, and n > 30 spheroids were examined per condition from 3 independent
experiments. N.S, not significant; * p < 0.05, ** p < 0.01 and *** p < 0.001 for significant
difference.
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It was reported that hMSCs on the stiff surface favored osteogenesis but on the soft surface they
favored adipogenesis with static matrices.[°” 581 Furthermore, there was a systematic relationship
between the nuclear lamin A/C and differentiation of hMSCs.’® To test the functional role of
dynamic mechanics’ changes in controlling cell differentiation, we further investigated the
encapsulated hMSC spheroids after 7 days of culture in the bipotential differentiation medium
(1:1 v/v osteogenic and adipogenic media) under static and dynamic culture conditions.
Consistent with previous studies,® the predominant adipogenesis for cells in the soft gels, which
were observed in LS hydrogels under the static condition. Immunofluorescent staining of the
osteogenesis biomarker RUNX2 and adipogenic biomarker PPARy demonstrated that
osteogenesis was progressively favored over adipogenesis under dynamic culture conditions for
LS and MS hydrogels, respectively (Figure 7A, B). Differentiation became increasingly biased
towards osteogenesis within HS hydrogels under the dynamic culture conditions as well as
hMSCs cultured on the TCPS under both culture conditions (Figure 7C and Figure S11,
Supporting Information). The hMSC spheroids were also stained with alkaline phosphatase
(ALP), a standard marker for differentiated osteoblasts and Oil Red O for lipid droplets, an
indicator of the degree of adipogenesis, respectively. A substantial amount of lipid droplets
formed in LS hydrogels under the static conditions. Compared to this observation, the lipid
droplets decreased and a positive staining area for ALP exhibited for LS hydrogels under the
dynamic culture conditions. The similar trends were also observed for MS and HS hydrogels
under both culture conditions, respectively, as well as determined from the mean percentages of
the osteogenic and adipogenic commitments (Figure 7A-C). Finally, the hMSC spheroids’
osteogenic commitments were verified by analyzing the expression of the RUNX2 and PPARYy
via RT-gPCR, respectively. As shown in Figure 7D-E, it observed an increase in the RUNX2

gene expression under the dynamic culture conditions in agreement with the immunofluorescence,

97



ALP staining, and further confirmed by the decrease in PPARYy gene expression. Furthermore,
hMSC spheroids are very important for target-injured tissues with transmigration and stimulated
local angiogenesis by secretion of cytokines.!? Vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) played a major role for endothelial cell proliferation.®* The
MRNA expression of an angiogenic biomarker of VEGF and FGF was also significantly
enhanced under the dynamic culture conditions (Figure 7F-G). Collectively, these data
demonstrated that dynamic mechanically modulated hydrogels are an effective strategy to guide
the fate and enhance the angiogenesis potential of hMSC spheroids. Furthermore, we also

highlighted the complex relationship between the YAP and lamin A/C for osteogenic

differentiation in soft microniches with multiple mechanoresponsive elements simultaneously.
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Figure 7. Influence of dynamic modulus on the differentiation of AMSC spheroids during the 3D
culture after 7 d. (A-C) Representative immunofluorescence images of the hMSC spheroids in the
bipotential differentiation medium for the osteogenesis biomarker RUNX2 (green) and
adipogenic biomarker PPARy (red) DAPI, blue (left); representative images of alkaline
phosphatase (osteogenesis) and oil-droplet (blank arrows) staining of hMSC spheroids (right top);
quantification of the percentage of the RUNX2-positive and PPARy-positive cells under the static
and dynamic culture conditions (right below) for LS, MS, and HS hydrogels, respectively. Scale
bars: 50 pm. (D) Expression of osteogenesis biomarker RUNX2, (E) adipogenic biomarker
PPARY and the angiogenic biomarkers of VEGF (F) and FGF (G) for hMSC spheroids under the
static and dynamic culture conditions. The expression of target genes normalized by GAPDH and
static culture conditions. Experiments were performed in three replicates per condition and n = 40
cells were examined per condition from 3 independent experiments. The cells seeded on TCPS
were used as controls. N.S, not significant; * p < 0.05, ** p < 0.01 and *** for p < 0.001.

2.4 Modeling the nonlinear viscoelastic material response of soft microniches

Recent studies have shown that substrate viscoelasticity can significantly affect the behavior and
function of cells.[> 122 In order to mimic the mechanical response of the created soft microniche,
we have determined the nonlinear viscoelastic characteristics based on oscillatory rheometer
experiments of LS hydrogels for a range of temperatures between 25-40 <C by using the energy-
based method.!% ¢ For a better understanding of the capability of this nonlinear viscoelastic
material model, we solved two cases, where a harmonic (sinusoidal) strain with amplitudes of 1%
and 10% caused stresses computed from the material model with the obtained parameters as
shown in Table 2. As shown in Figure 8A, the response was exhibited in Lissajous-Bowditch
curves for two different amplitudes of 1% (left) and 10% (right), respectively. The effect of the
temperature was obvious in twofold: first, the slope changed that signalizes a stiffening of the
material; second, the dissipation measured as the area within the hysteresis curve, which
increased denoting a more viscous response in higher temperatures. Both changes were seen from
the parameters affecting the equation linearly, ci1 was responsible for the stiffening effect,
whereas c3 directly influenced the viscosity. In order to observe the consequences of nonlinear

parameters, we introduced the significant response changes of c2 and cs4 in different amplitudes.
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The viscous character in large displacements was significant different with that in relatively small

displacement, especially for T =40 <C (Figure 8A).

Table 2: Material parameters obtained by the energy-based method for the model. The relation

between stress, strain, and strain rate is o =(c, +c,ll )e+(c, +c,II ,)é

Tin°C c.inPa Czin Pa czinPas csin Pas®
25 202 -224 1.95 0.21
30 279 -1174 1.25 -0.08
35 359 -1165 3.25 -0.57
37 382 446 3.98 231
40 395 -1790 2.40 3.85

We emphasized that the nonlinear viscous effect was of paramount importance in case of
investigating the dynamics at the cell level leading to an effective change in transport or diffusion
phenomena. With increased temperature, viscosity changes altered the overall reaction force that
hMSC spheroids can sense and manipulate the spreading area for soft microniches under dynamic
culture conditions. In comparison, the viscosity was a negligible effect on the hMSC spheroids’
spreading for a higher stiffness matrix under the static culture conditions as the viscous character
was mostly suppressed for very slow processes. Herein, we demonstrated that the nonlinear
mechanical response induced a significant change in viscous behavior even in 1 Hz cyclic
loading, which may help the FAs extend their lifetime as the hMSC spheroids can gradually
sense the relaxation in mechanical response. Figure 8B briefly summarize our previous key
finding illustrated by a schematic diagram when hMSC spheroids grow in the dynamic hydrogels.
The cell spheroids in the soft microniches can enhance the maturation of FA complexes and the
rate of F-actin polymerization under the dynamic culture conditions. Moreover, cellular response

to the stiffness led to downstream up-regulation of the biochemical signal YAP into the nucleus,
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increased the expression of lamin A/C, and ultimately switched from adipogenesis to
osteogenesis simply by dynamic culturing. Altogether, our results demonstrated the local stiffness
and viscosity could exert a synergistic effect for hMSC spheroids differentiation in soft

microniches under dynamic culture conditions.
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Figure 8. Influence of dynamic local stiffness and viscosity of soft microniches to direct stem
cell fate (A) Stress-strain response of the proposed material model at two large strain amplitudes.
(B) Schematic illustration of the potential mechanism underlying the synergistic effect of the
local stiffness and viscosity to guide the differentiation of stem cell spheroids under the dynamic
culture conditions.

3. Conclusion
In summary, we present a new tool for studying how reversible dynamic mechanics direct the
hMSC spheroids’ shape and FAs via a covalent crosslink-coordinated, physically reversible

multicyclic network from 25 <C to 37 <C. The dynamic hydrogel provides an effective means to
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drive the hMSC spheroids’ spreading and downstream signaling-related cell fate under the
dynamic culture conditions. Our study also shows how soft microniches can dramatically affect
the osteogenic phenotype of the cell, which cannot be attributed to the well-known stiffness effect.
Furthermore, the present study also reveals new insight into the synergistic effect of local
stiffness and viscosity that regulate the response of hMSC spheroids to the surrounding
microniche. This strategy for a mechanics-modulated hydrogel in a multicycle-dependent manner
can be potentially to improve our understanding the role of dynamically mechanoresponsive

elements in guiding stem cell fate for cell therapeutics and regenerative medicine.

4. Experimental Section

Materials: N-isopropylacrylamide (NIPAM, Sigma-Aldrich, 99%) was recrystallized three times
from n-hexane and dried under vacuum before use. Potassium persulfate (KPS, Sigma-Aldrich,
99%), sodium dodecyl sulfate (SDS, Sigma-Aldrich, 98.5%), N, N-methylene bis(acrylamide)
(MBA, Sigma-Aldrich, 98%), and 2-hydroxyethyl methacrylate (HEMA, Alfa Aesar, 97%) were
also used.

Synthesis of poly (NIPAM-HEMA) nanogels: Poly(NIPAM-HEMA) nanogels were synthesized
via free radical emulsion polymerization. Briefly, NIPAM (1.1203 g, 9.9 mmol), HEMA (50 L,
0.1 mmol), MBA (31 mg, 0.2 mmol), and SDS (57.9 mg, 0.2mmol) were mixed together in 47
mL of DI-water in a 100 mL Schlenk flask with continuous stirring, and the system was degassed
for 30 min. After degassing, the reaction system was injected 3 mL of KPS aqueous solution (27
mg, 0.1 mmol) and sealed to start the polymerization at 70 <C under the argon protection for 4 h
with mechanical stirring. The product of poly (NIPAM-HEMA) nanogels was dialyzed against
Milli-Q water using 12-14 kDa molecular weight cutoff tubing for 7 days with a daily water
change. After purification, the nanogels were concentrated by heating at 60 <C, and 200 pL of

nanogels dispersion was dried to calculate the concentration.
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Encapsulation of human mesenchymal stem cells (hMSCs): hMSCs (purchased from Lonza)
were cultured in basal media (high-glucose Dulbecco's Modified Eagles Medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin) and expanded to in
between passage 3 and 5 before use. For the encapsulation of cells in the gels, the cell pellets
were obtained by centrifugation. The 4 x10° cells/mL in culture media were then mixed with the
cold (~10 <C) GelMA (dissolved in 10 xPBS with LAP 0.3% (w/v)) and poly (NIPAM-HEMA)
nanogels (50 mg/mL) liquid in a ratio of 1:1:2 (Table 1). 1x10°hMSCs were cultured in 100 plL
of hydrogels or on the TCPS on the 96-well plate. The solution was exposed to 365 nm UV (10
mW cm™) for 80 s. Afterward, it was transferred to the 37 <C incubator containing 5% CO; for
gelation to occur. After 6 h culture, the experimental system multiple cycles started from 37 <C to
25 T for the dynamic culture. Briefly, the cells were incubated at 37 <C for 20 min and switched
to 25 <C for 20 min in a labeled 1 cycle using variable temperature incubator with mK2000 series
high precision temperature controller (INSTEC, USA). The rate of increase and decrease
temperature was 1 <C/min. The cells were 3D cultured by using high-glucose DMEM media
supplemented with 10% FBS, 1.0% penicillin/streptomycin (Gibco), and 1.0% antimitotic
antimycotic (Gibco) for immunocytochemistry, viability and proliferation analysis. mMRNA
expression of angiogenic genes was evaluated after 7 days of cell culture. The differentiation of
the gel-encapsulated hMSC spheroids was investigated after 7 days of dynamic culture
conditioning with a co-induction differentiation medium (1:1 v/v osteogenic and adipogenic
media, Gibco). The medium was changed every 3~4 days during the differentiation. For all the

experiments, static culture conditions at 37 <C and 5% CO- served as a control.

Cell viability and proliferation assays: Cell viability was determined using a viability/cytotoxicity
kit (Thermo Fisher) according to the manufacturer’s instructions. After 96 h of dynamic and

static cultures, the culture medium was replaced with fresh medium containing 0.5 uM calcein
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AM and 4.0 uM ethidium homodimer-1 for 20 min incubation. The fluorescence images were
recorded using the Carl Zeiss microimaging fluorescence microscope. A cell counting Kkit-8
(CCK-8, Thermo Fisher) was used to measure cell proliferation according to the manufacturer’s
instructions. Briefly, after 24 h and 96 h dynamic and static culture, 10 L of the CCK-8 solution
was added to each well of 96-well plates, and cells were incubated at 37 <C for 4 h. The
absorbance intensity of each sample was determined at a wavelength of 450 nm using a
microplate reader (infinite M200PRO, TECAN, Switzerland). All experiments were repeated

three times and six parallel replicates were read for each sample.

Immunocytochemistry: The samples were washed with PBS three times and fixed with 1% (v/v)
paraformaldehyde at room temperature for 30 min. Subsequently, the fixation solution was
removed, and the samples were washed thrice with PBS before permeabilization with 0.1%
Triton-100 in PBS for 1 h. The non-specific binding epitopes were blocked with 5% (w/v) BSA
(bovine serum albumin) for 1 h after permeabilization with a quick rinse three times with PBS.
The primary antibodies were prepared in 5% (w/v) BSA, including anti-YAP IgG (1:400, rabbit;
Cell Signaling); anti-lamin A/C 1gG (1:400, mouse; Cell Signaling); anti-RUNX2 IgG (1:400,
mouse; Cell Signaling) for osteogenic differentiation analysis; anti-PPARy 1gG (1:400, rabbit;
Cell Signaling) for adipogenic differentiation analysis; anti-Vinculin 1gG (1:400, mouse; Cell
Signaling) for focal adhesion analysis. The samples were incubated with the primary antibodies
at 4 <C overnight. After that, the primary antibodies were removed and washed with 0.5 wt%
Tween-20 in PBS for 3 times. After washing, the secondary antibody (1:1000, goat anti-rabbit
IgG Alexa Fluor 488, 594 or anti-mouse 1gG Alexa Fluor 488, 594; molecular probes) in 1%
(w/v) BSA were applied to samples for 1 h at room temperature. After incubation, the secondary
antibody solution was removed and rinsed 3 times with 0.5 wt% Tween-20 in PBS. Finally, the

samples were stained with DAPI (4’-6-diamidino-2-phenylindole) (1:1000, molecular probes)
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and Alexa Fluor 647-phalloidin (1:500, molecular probes) in PBS for 10 min at room temperature.
Following three additional items of washing with PBS, the samples were observed under an
inverted confocal microscope (Leica confocal microscope SP8 with a >x63/1.43 NA oil immersion
objective, Germany). All the staining images were taken under the same exposure conditions for
analyzing the relative fluorescence intensity. Six parallel replicates were read for each sample.
The used drugs and concentrations were: Y27632 (10piM, Sigma-Aldrich) and FAK inhibitor-14

(50pM, Sigma-Aldrich).

Time-lapse imaging: The following laser wavelengths were used to acquire images of cell trace™
CFSE immunolabelled cells 488nm to merge bright field image cells in the hydrogel. During
live-cell image acquisition (from 25 to 37 <C and 10% COy), each cell was imaged live for 30 to
60 min, with a scanning ratio of 1min per frame.

Image analysis: Cell spreading area, the shape factor and volume were quantified based on F-actin
staining and nucleus form z-direction confocal imaging. The focal adhesion analyses were
performed based on vinculin staining. The fluorescent intensity and contrast were drawn along
the representation morphology of each cell under the 8-bit greyscale images. The area and
integrated density were measured by the calibrate function. At least 200 cells were evaluated for
each independent sample. For measurements of YAP nucleus localization in scaffolds, the images
were thresholded on each color channel to determine the nucleus and cytoskeleton area outside of

the nucleus. The YAP nucleus localization ratio was calculated according to Equation 1.[!8!

Nuclear YAP intensity
Area of nucleus
Cell YAP intensity—nuclear YAP intensity ( 1 )
Area of cell-area of nucleus

Nucleus YAP (nuc / cyt ratio) =

All the above-mentioned images were presented as maximum intensity and analyzed by Fiji and

we determined the 2D fractal dimension organization with a custom-developed MATLAB
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program (MATLAB, Natick, MA) divided images into a series of regions of 100 pixels? spaced at

20 pixels and individually averaged to filter out noise throughout the cell study.

Fitting model of the nonlinear behavior: Cyclic measurements by using the rheometer were
optimized for linear rheology with a linear material equation. In the case of nonlinear material
behavior, the moduli were fail to be used directly, especially for large amplitude oscillatory
strain.[®> %61 As large displacements were expected in such a soft tissue type material, strain
amplitude has been varied from 0.01% up to 10% at a fixed frequency of 1 Hz providing a great
range of mechanical response incorporated in the inverse analysis (Figure S12, Supporting
Information). By using the energy-based method, > %4 we generate a linear regression problem
out of measurement data even in the case of nonlinear material equations. The solution of a linear
regression problem is unique and fast such that several material models can be tried in order to
identify a simple but accurate material equation. The following material equation-giving relation
between stress, o, strain ¢, and strain rate £-has been successful for capturing the response for

the whole measurement according to Equation 2-4.

6 =(C +C,Il )e+(c,+c,ll ) 2)
I, =tr(e’) = ;5 3)
I, =tr(&?) = 4,4, “4)

where we apply summation convention over the repeated indices i,j from 1 to 3. This material
model is in 3D space and in the case of the rheometer measurement, only the shear component of
the strain remains such that we can gather information solely on the second invariant. In general,
all three invariants existing in 3D space are necessary to describe materials response adequately.

All determined parameters are compiled in Table 2.
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The inverse analysis is based on converting the moduli, G', G", into two energies over the whole

and quarter period according to Equation 5-6.

v

e = [ oydt=2G"5}x (%)
0

1/(4v)
e, = [ oy4dt=G's] (6)

0

where the strain amplitude, ¢,, and frequency, v, are known for one measurement. By having

more than 4 measurements, we can obtain four material parameters by using the linear regression
by means of minimizing the sum of squared errors between measurement and computation. The

outcome with the material model in Equation 2 was presented in Figure S13.

Statistical analysis: All data were expressed as the means + standard deviations (s.d) with
independent experiments (n = 3). The statistical analysis was performed using a one-way or two-
way analysis of variance (ANOVA) with the Tukey significant-difference post hoc test using
Origin 9.0 software. The date is indicated with (*) for p < 0.05, (**) for p < 0.01 and (***) for p
<0.001.

Data availability: All the data generated or analyzed with MATLAB scripts during this study are

available from the corresponding author on request.
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The nanogel-actuated-integrated responsive hydrogels are able to modulate the stiffness in
soft microniche with covalent crosslinking coordinated reversibly physical network, which can
regulate the differentiation of stem-cell spheroids. The central roles of the dynamic relationship
between the biomechanical signals and mechanosensitive transcriptional regulators in the cellular

mechanosensing are presented.
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Gelatin methacryloyl (GelMA)

GelMA was fabricated according to a well-established method.™™ In brief, 10 g porcine skin
gelatin (type A, Sigma-Aldrich) was dissolved in 50 mL Dulbecco’s phosphate-buffered
saline (DPBS, Sigma-Aldrich) at 60 <C under vigorous stirring for 1 h, followed by the
dropwise of 8 mL of methacryloyl anhydride (MA, 94%, Sigma-Aldrich) for a 3 h reaction to
synthesize gelatin with methacryloyl modification. The resulting mixture was dialyzed against
DI water by a dialysis tubing with a molecular weight cut off 12-14 kDa for 7 days at 40 <C to
remove salts and unreacted MA. After freeze-drying for 4 d, the GeIMA was characterized by
H NMR (deuterium oxide, Sigma), which was recorded on a Bruker ECX 400 to quantify the

degree of acrylation and then stored at -20 <C for further use.

Lithium phenyl-2,4,6-trimethyl-benzoyl-phosphinate (LAP)

The photoinitiator LAP was synthesized as described previously.’?l Briefly, 2,4,6-trimethyl
benzoyl chloride (3.2 g, 0.018 mol, Sigma-Aldrich) was added dropwise to an equimolar
amount of continuously stirred dimethyl phenyl phosphonate (3.0 g, 0.018 mol, Sigma-
Aldrich) via a Michaelis-Arbuzov reaction for 18 h under the argon protection. After that, the
four-fold excess of lithium bromide (6.1 g, 0.072 mol) in 100 mL of 2-butanone (both from
Sigma-Aldrich) was added to the reaction mixture from the previous step, which was then
heated to 50 <C. After 10 min, a solid precipitate formed. The mixture was cooled to ambient
temperature, allowed to rest for 4 h, and then filtered. The filtrate was washed and filtered 3
times with 2-butanone to remove unreacted lithium bromide. The excess solvent was removed

by vacuum.

Hydrogel morphologies and rheological characterization
All the samples were put into a 37 <C incubator to form the physical gel or double network

gel. Once the network formed, all the samples were quenched by liquid nitrogen and then
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freeze-dried to observe the hydrogel morphology using a field-emission scanning electron
microscopy (FE-SEM, Hitachi S-7400, Japan). A universal stress Malvern rheometer kinexus
lab (Germany) with a 20 mm cone-plate geometry was used to characterize the dynamic
oscillation experiments for all samples (n = 6) with storage modulus (G’) and loss modulus
(G") after the onset of gel crosslinking and equilibrium. The gap was setup at 0.5 mm with
different temperatures from 20 <C to 40 <T at a heating rate of 5 < min at a constant strain
of 0.1% and a frequency at 1 Hz. Strain amplitude sweeps were conducted from 0.01 to 10%
at 1 Hz, while oscillatory frequency sweeps were carried out from 0.1 to 1 Hz at 0.1% strain,

after determining the linear viscoelastic region.

Nanogel characterization

Dynamic light scattering (DLS) measurements were obtained using Malvern Zetasizer Nano
ZS (Malvern Instruments GmbH, Herrenberg, Germany) to measure the hydrodynamic
diameter of poly(NIPAM-HEMA) nanogels (0.5mg/mL in Phosphate buffered saline (PBS),
pH = 7.4) at a different temperature. Attenuated total reflectance Fourier transform infrared
(FT-IR/ATR) spectra were collected on a JASCO FT/IR-4100 infrared spectrophotometer

equipped with an ATR accessory (JASCO, Japan).

Alkaline phosphatase (ALP) and Oil Red O (ORO) staining

After 7 days of dynamic culturing in co-induction differentiation medium, the samples were
fixed with 1% paraformaldehyde for 2 min, followed by quick rinsing with PBS, and then
incubated with 4% (v/v) naphthol AS-MS phosphate (Sigma-Aldrich) and 0.1% (w/v) fast
blue RR salt (Sigma-Aldrich) in PBS solution for 20 min. Additional samples were stained for

Oil Red O (Sigma-Aldrich) by incubation in 60% ORO solution in PBS for 20 min.

Western bolt
The hydrogels were lysed in RIPA lysis buffer with protease and phosphatase inhibitors

(Thermo Fisher), and the concentration of protein was measured by using a BCA protein
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assay kit (Thermo Fisher). 50 g of protein was separated by 10 % SDS-PAGE and the

protein was then transferred to a PVDF membrane (Bio-Rad). The membrane was blocked in
5 % BSA for 3 h and then incubated with primary antibody GAPDH (rabbit; Cell Signaling),
lamin A/C (mouse; Cell Signaling), which were diluted to 1:1,000 (v/v) in blocking buffer for
incubation of the membranes overnight at 4 <€, respectively. Then it was incubated with
HRP-labeled secondary antibodies (Abcam) against the species of primary antibodies under a
dilution of 1:8,000 (v/v) for 1 h at room temperature, after washing with tris-buffered saline
Tween-20, the HRP signals were detected and visualized using ChemiDoc™ MP imaging

system (Bio-Rad, USA).

Gene expression analysis

The RT-gPCR analysis was performed for 3D cultures. In brief, RNA was isolated and pooled
via TRI reagent from five hydrogel samples under the same conditions. RNA was precipitated
in isopropanol, washed by 75 % (vol/vol) ethanol/water, and quantified by spectrophotometry
(Thermo Fisher; Nano-Drop). Total RNA was reverse transcribed to cDNA using
SuperScript™ 1V VILO™ Master Mix (Invitrogen). RT-gPCR was then performed using
SYBR Green reagents (Bio-Rad) on the PIKOREAL 96 Real-Time PCR system. Relative
MRNA expression levels of RUNX2, PPARy, VEGF, and FGF were normalized to the

housekeeping gene GAPDH using the delta-delta Ct method. Primer sequences are listed

below:

Gene Name Forward Primers (5°-3”) Reverse Primers (5°-3”)

GAPDH GCAAGAGCACAAGAGGAAGAG | AAGGGGTCTACATGGCAACT

YAP TGTAGTGGCACCTATCACTC CCATCTCATCCACACTGTTC
RUNX2 GGTATGTCCGCCACCACTC TGACGAAGTGCCATAGTAGAGATA
PPARYy CGGTTTCAGAAGTGCCTTG GGTTCAGCTGGTCGATATCAC
VEGF GCT TACTCTCACCTGCTTCTG CTGTCATGGGCTGCTTCT T
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FGF AAAGGCAAGATGCAGGAGAG GAGCAGAGCATGTGAGCTAAT
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Figure S1. FTIR spectroscopy of poly (NIPAM-HEMA) thermoresponsive nanogel.
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3.5% GelMA

Figure S2. Typical SEM images of the lyophilized hydrogel for 3.5% GelMA at 25 € and
37 €, respectively. Scale bars: 20 pm.
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Figure S3. Storage modulus (G') as a function of temperature for pure 1.5% and 3.5% GelMA
from 20 to 40 <C, respectively (1 Hz, 0.1% strain).
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Figure S4. hMSCs proliferation on TCPS were quantified 1 day and 7 days after light
treatment under the static and dynamic culture conditions, respectively. All data were
expressed as the means =standard deviations (s.d) with independent experiments (n = 3). N.S,
not significant.
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Figure S5. Representative immunofluorescence images of the hMSC spheroids DAPI (blue),
vinculin (red) under the static and dynamic culture conditions for 3 days, respectively. Scale
bar: 50 pm.
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Figure S6. Representative immunofluorescence images of the hMSC spheroids DAPI (blue),
vinculin (red) and the results of corresponding 2D fractal dimension (Df) under dynamic
culture conditions with daily FAK inhibition treatment (50iM) for 3 days within LS and HS
hydrogels, respectively. Scale bar: 25 um. (B and C) Quantitative analysis of the total FA area
per cell spheroids and Df value in each spheroid region of interest (n =20 spheroids per each
condition from 3 independent experiments). N.S, not significant.
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Figure S7. YAP was located in the nuclei of the hMSCs on the TCPS for 20 cycles under the
static and dynamic culture conditions. Scale bars: 50 pm.
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Figure S8. Immunostaining of hMSC spheroids for F-actin (red), YAP (green) and cell
nucleus (DAPI, blue) within MS and HS hydrogels following 20 cycles dynamic culture in
growth media with 10 pM Y27632 treatment, respectively. Scale bars: 25 pm.
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Figure S9. Immunostaining and quantitative analysis of hMSC spheroids per cell spreading
area within MS hydrogels following 4 d growth-media under the static and dynamic
incubation. F-actin, red; DAPI, blue. Scale bars: 50 pm.
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Figure S10. Lamin A/C-dependent differential formation of nuclear deformation in response
to cyclic mechanical loading on stem-cell spheroids in LS hydrogels after 5, 20, 50 cycles
under the static and dynamic culture conditions, respectively. Lamin A/C (green); F-actin
(red); nucleus (blue). Scale bars: 5 pm.
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Figure S11. Immunocytochemistry of the hMSCs on the TCPS for 7 days under the static and
dynamic culture conditions for co-induction differentiation. Osteogenesis biomarker RUNX2
(green) and adipogenic biomarker PPARY (red); DAPI, blue. Scale bars: 50 pm.
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Figure S12. The G' and G" were measured from 0.01% to 10% strain amplitude at different
temperature with frequency at 1 Hz and the data is presented on a log-log scale.
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Figure S13. The result of the inverse analysis, continuous lines obtained from the proposed
material model and dots were supplied by measurements on a log-log scale.

Supporting Videos

Video S1. Dynamic rheological characterization from 20 to 40 € with 1 cycle.

Video S2. hMSC spheroids (stained with cell trace™ CFSE) were encapsulated in the soft
Microniches with controlled temperature from 25 to 37 <C.
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4. Conclusions and Future Perspectives

Control of biochemical (e.g., integrin bioligands, growth factors, and drugs) and biophysical (e.qg.,
stiffness, porosity, and geometry) properties of scaffolds to modulate dynamic signals influencing
cell behavior is crucial for the fundamental understanding of mechanisms in cellular processes,
such as regeneration, embryonic development, and tumor invasion. In this thesis, thermo-triggered
reversible dynamic microenvironments were investigated mainly based on the thermoresponsive
polymer PNIPAM to mimic intricate feedback loops between multi-responsive 3D ECM and cells
that exist in vivo. Moreover, we also established a cyclic compressive stress of harnessing
mechanical stimuli to study the mechanotransductive response, which provided a versatile
approach to preclude the era of modern mechanobiology with computational tools.

In the first project, we successfully fabricated a biodegradable PCL scaffold via
electrospinning, which can achieve the dynamic adhesion of endothelial cells. The cRGD-
functionalized PNIPAM and antifouling linear polyglycerol (LPG) were anchored on the
microfiber matrix based on polydopamine-triggered reactions. At low temperature (25 <€), the
human umbilical vein endothelial cells (HUVECSs) were quickly attached to the surface via integrin
avB3-CRGD interaction. However, the increase of the temperature to 37 <€ concealed the cRGD-
PNIPAM to the LPG surface, which induced the cell release from the surface. (see Section 3.1).
Compared with pure hydrophobic and hydrophilic interaction, using thermo-triggered PNIPAM
only, cRGD-PNIPAM grafted surface exhibited higher cell attachment and release efficiency,
especially under dynamic flow conditions. Moreover, the ratio of the adhesive factor on the surface
was related to the attachment efficiency onto the scaffolds. The fiber matrices provided a suitable
microenvironment for accelerating targeted endothelial cells spread and growth after primary
screening. Therefore, this tunable dynamic system could dynamically modulate targeted cell
attachment and detachment, which could be potentially applied for cell recruitment in vascular
tissue engineering or cell isolation for downstream detection of diseases.

Furthermore, in order to understand how cells transduce material properties in the nonlinear
dynamic microenvironment, we designed a dynamic nonlinear elastic of the fibrillar network to
study the cell behavior under the reversible dynamic mechanical stimulation (RD-MS) with
computational tools.

In the second project, we utilized a copolymer of acryloyl carbonated polycaprolactone P(CL-
co-AC)*1 with a responsive copolymer of N-isopropylacrylamide and 2-hydroxyethyl
methacrylate P[(NIPAM-co-HEMA)] to introduce the fibrous character of native ECM by
electrospinning. The synthetic thermally responsive hybrid microfibrous network shrunk at 37 <C

and swelled at 25 <C, which allowed hMSCs to assimilate with their surroundings under the
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dynamic tuning of the local stiffness and geometric deformation by RD-MS. The nonlinear elastic
fibrous networks increased focal adhesion ligand density, cell spreading, and polarization by
recruiting fiber assembly under the RD-MS (see Section 3.2). In addition, compared to the hMSCs
cultured under normal culture conditions, the tunable mechanics with multiple cycles from 37 to
25 <C highlighted the intimate control of cell-matrix interactions, which promoted nuclear
translocation of YAP and osteogenic differentiation. The hMSCs could benefit more from
integrating the combination of multiple stimuli under the RD-MS, such as stiffness, swelling
behavior, and porosity, which may serve as a dynamic platform to closer mimic the complex natural
system in vivo.

In the third project, we show that the commitment and differentiation of encapsulating hMSC
spheroids in thermosensitive 3D hydrogels were simply altered by an interpenetrating poly
(NIPAM-HEMA) nanogel to a gelatin methacryloyl (GelIMA) network. This cell-laden hydrogel
provided dynamic mechanics with a covalent crosslinking-coordinated with reversible physical
network, which could regulate hMSCs in situ by dynamically stiffening soft niches via multicyclic
changing temperatures from 25 to 37 € (see Section 3.3). Notably, the dynamic microenvironment
gradually influenced the distribution from the basal to apical side and expression of nuclear lamin
AJ/C and increased the YAP nuclear localization with cycles, which favors hMSCs undergoing
osteogenesis (but not adipogenesis) in soft microniches. These findings highlight the central roles
of the dynamic relationship between the biomechanical signals and mechanosensitive
transcriptional regulators in the cellular mechanosensing.

To mimic natural ECM properties, this dynamic platform has provided a powerful tool to
probe the effects of dynamic signals on cell behavior through mechanotransduction in many in
vitro studies. We have provided a new insight into how cyclically reversible in situ changes in
matrix mechanics affect cell fate based on thermo-triggered microenvironment in this thesis.

However, there remain several challenges that need to be overcome in this field:

1.  The temperature-triggered dynamic platform was very easy to operate and controlled cell
adhesion, migration, and differentiation in vitro. However, it was difficult to integrate into
the in vivo tissue microenvironment, where the temperature was relatively constant.
Therefore, novel strategies for designing new materials can focus on providing in vivo
spatiotemporal mechanics cues to make progress towards bridging the gap between in vitro

and in vivo studies.

2. Although mechanotransduction has drawn much attention in the past five years, further

studies can be focused on the specific mechanosensing mechanisms, such as embryonic
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development, vascular microenvironment, and cardiac fibrotic remodeling. Moreover,
traction fore microscopy and computational tools can be employed to explain more

complicated mechanisms.
Therefore, the development of the dynamic biomaterials for cell-ECM interactions will

contribute to the understanding of the role of ECM in cell signaling, stem cell differentiation, and

tissue repair.
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5. Kurzzusammenfassung

Die Kontrolle der biochemischen (z.B. Integrin-Bioliganden, Wachstumsfaktoren und
Medikamente) und biophysikalischen (z.B. Steifigkeit, Porosit& und Geometrie) Eigenschaften
von GerCstarchitekturen zur Modulation dynamischer Signale, welche das Zellverhalten
beeinflussen, ist entscheidend fUr das Verstandnis grundlegender Mechanismen zellul&er Prozesse
wie Regeneration, Embryonalentwicklung und Tumorinvasion. In dieser Arbeit wurden thermo-
getriggerte reversibel dynamische in vitro Mikroumgebungen untersucht, die auf dem
haupts&hlich thermoresponsiven Polymer PNIPAM basieren, um in vivo existierende komplizierte
Rickkopplungsschleifen zwischen multiresponsive 3D-ECM und Zellen nachzuahmen. Dariber
hinaus wurde zyklische Druckbelastung als mechanischer Reiz genutzt, um mechanotransduktive
Reaktion zu untersuchen. Diese Methode bietet einen vielseitigen Ansatz zur Einleitung der Ara

der modernen Mechanobiologie mit computergestiizten Werkzeugen.

Im ersten Projekt haben wir erfolgreich ein biologisch abbaubares, elektrogesponnenes PCL-
Faserger (st entwickelt, um die dynamische Adh&ion von Endothelzellen zu erreichen. Das cRGD-
funktionalisierte PNIPAM und das lineare Polyglycerin (LPG) mit Antifouling-Eigenschaften
wurden auf einer Mikrofasermatrix verankert durch Polydopamin-getriggerte Michael-Addition
bzw. Schiff-Base-Reaktion. Bei niedriger Temperatur (25 <€) fand eine schnelle Bindung der
Endothelzellen an die Oberfl&che (ber Integrin-ovBs-cCRGD-Interaktionen statt. Die
Temperaturerhchung auf 37 <€ schirmt das cRGD-PNIPAM auf der LPG-Oberfl&he ab (siehe
Abschnitt 3.1). Dabei konnte gezeigt werden, dass die funktionalisierten Geriste die selektive
positive Adh&ion von menschlichen Nabelvenenendothelzellen (HUVECs) auf dynamische Weise
kontrollieren k&nnen. Zudem korreliert das Verhdtnis des Adh&ionsfaktors auf der Oberfl&he
mit der Effizienz der Bindung an die Geri(ste. Daritber hinaus boten die Fasermatrizen eine
geeignete Mikroumgebung, um die cRGD-vermittelte Ausbreitung und das Wachstum von
Endothelzellen zu beschleunigen. Im Vergleich zu reiner hydrophober und hydrophiler Interaktion
mittels thermogetriggertem PNIPAM zeigte die cRGD-PNIPAM-Oberfl&chen eine verbesserte
Zellanhaftungs- und Freisetzungseffizienz, insbesondere unter dynamischen Fliel®edingungen.
Dies zeigt, dass das hier entwickelte einstellbare System die gezielte Zellanhaftung und -abl&Gung
dynamisch modulieren kann und fUr die Zellrekrutierung im vaskul&en Tissue Engineering oder

die Zellisolierung zur nachgelagerten Erkennung von Krankheiten genutzt werden k&nnte.

Um zu verstehen, wie die Zelle Informationen zur Materialbeschaffenheit der nichtlinearen

dynamischen Mikroumgebung weiterleitet, haben wir eine dynamische nichtlineare Elastizité& des

fibrill&en Netzwerks entworfen, um das Zellverhalten unter reversible dynamischer mechanischer

Stimulation (RD-MS) mit Hilfe von Computer-basierten Berechnungen zu untersuchen. Im
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zweiten Projekt verwendeten wir Elektrospinnen sowie ein Copolymer aus acryloylcarbonisiertem
Polycaprolacton P(CL-co-AC) %81 und ein responsives Copolymer aus N-Isopropylacrylamid und
2-Hydroxyethylmethacrylat P[(NIPAM-co-HEMA)], um einen der ECM &nlichen faserigen
Charakter zu erhalten. Das synthetische thermisch responsive hybride mikrofaserige Netzwerk
schrumpfte bei 37 <C und schwoll bei 25 <C. Diese Eigenschaft ermdglichte es hMSCs ihre
Umgebung durch dynamische Abstimmung der lokalen Steifigkeit und geometrischen Verformung
durch RD-MS anzupassen. Die nichtlineare Elastizita von faserigen Netzwerken erh&nte die
Dichte der fokalen Adh&ionsliganden, die Zellausbreitung und die Polarisation durch die
Rekrutierung von Faseranordnungen unter dem RD-MS (siehe Abschnitt 3.2). Dariber hinaus
ermcylichte die abstimmbare Mechanik mit mehreren Zyklen von 37 bis 25 <C im Vergleich zu
normalen Kulturbedingungen eine Kontrolle der Zell-Matrix-Interaktionen der hMSCs und
fcrderte die nukleare Translokation von YAP und die osteogene Differenzierung. Dies zeigt, dass
hMSCs von der Kombination mehrerer Reize wie Steifigkeit, Schwellverhalten und Porosit& durch
RD-MS profitieren, welches als dynamische Plattform das komplexe natCrliche System in vivo

besser nachahmt.

Dartber hinaus wurden erste Arbeiten an linearen elastischen 2D-Substraten fir
mechanobiologische Studien durchgefthrt, und erste 3D-verkapselnde weiche Materialien
entwickelt. Im dritten Projekt zeigen wir, dass die Differenzierung von hMSC-Sph&oiden in
thermosensitiven 3D-Hydrogelen durch ein interpenetrierendes Poly(NIPAM-HEMA)-Nanogel zu
Gelatinemethacryloyl(GelIMA)-Netzwerk veréndert werden kénen. Dieses zellbeladene Hydrogel
liefert der dynamischen Mechanik ein kovalentes, vernetzendes, koordiniertes, reversibles
physikalisches Netzwerk, das hMSCs in situ durch dynamisch versteifte weiche Nischen Uber
multizyklische Wechseltemperaturen von 25 bis 37 <€ regulieren kann (siehe Abschnitt 3.3).
Insbesondere die dynamische Mikroumgebung beeinflusst die Verteilung der basalen zur apikalen
Seite sowie die Expression von nuklearem Lamin A/C und erhchte die YAP-Lokalisation im
Nukleus mit jedem Zyklus, was hMSCs beginstigt, die sich einer Osteogenese (aber nicht einer
Adipogenese) in weichen Mikronischen unterziehen. Diese Ergebnisse betonen die zentrale Rolle
der dynamischen Beziehung zwischen den biomechanischen Signalen und den mechanosensitiven

transkriptionellen Regulatoren.
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7 Abbreviations

7. Abbreviations

ECM extracellular matrix

DMNPB  3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl ester
uv ultraviolet light

NIR near-infrared

UCNPs  upconverting nanoparticles

hMSCs  human mesenchymal stem cells

LCNs liquid crystal polymer networks

SAM self-assembled monolayer

PEDOT  poly (3,4-ethylene dioxythiophene)

PPy polypyrrole

MNPs magnetic nanoparticles

Anisogel anisotropic gel

SPIONs  superparamagnetic iron oxide nanoparticles
SCI spinal cord injury

DRG dorsal root ganglia

PEG poly (ethylene glycol)

PD-L1 programmed death-ligand 1

ECSs embryonic stem cells
HA hyaluronic acid
MNC magnetic nanocage

AuNP gold nanoparticle
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7 Abbreviations

PNIPAM

PCL

LCST

CTCs

BSA

AUNRs

PDMS

LBL

YAP

TAZ

RUNX2

MMP

DTT

SPAAC

DOPA

ECs

poly (N-isopropylacrylamide)
poly (e-caprolactone)
lower critical solution temperature
circulating tumor cells
bovine serum albumin
gold nanorods
polydimethylsiloxane
layer-by-layer
yes-associated protein
PDZ-binding domain
runt-related transcription factor 2
matrix metalloproteinase
dithiothreitol
azide-alkyne cycloaddition
dihydroxyphenylalanine

endothelial cells

143



8 Appendix

8. Appendix

8.1 List of Publications from this Thesis

1. J Zhang, C Cheng, JL Cuellar-Camacho, M Li, Y Xia, W Li, R Haag. Thermally Responsive
Microfibers Mediated Stem Cell Fate via Reversibly Dynamic Mechanical Stimulation.
Advanced Functional Materials, 2018, (47), 1804773.

2.J Zhang, W Chen, L Yu, M Li, F Neumann, W Li, R Haag. Selective Endothelial Cell Adhesion
via Mussel-Inspired Hybrid Microfibrous Scaffold. ACS Applied Nano Materials, 2018, 1 (4),
1513-1521.

3. J Zhang, H Yang, BE Abali, M Li, Y Xia, and R Haag. Dynamic Mechanics-modulated
Hydrogels to Regulate the Differentiation of Stem-cell Spheroids in Soft Microniches and
Modeling of the Nonlinear Behavior. Small, 2019, 1901920.

4. C Cheng, J Zhang, S Li, Y Xia, C Nie, Z Shi, JL Cuellar-Camacho, N Ma, R Haag. A Water-

Processable and Bioactive Multivalent Graphene Nanoink for Highly Flexible Bioelectronic Films
and Nanofibers. Advanced Materials, 2018, 30 (5), 1705452.

144



8 Appendix

8.2 Curriculum vitae

The CV isnot included for privacy reasons.

145-146


Jianguang Zhang
打字机
The CV is not included for privacy reasons. 




