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Abstract
Abstract
Osteoarthritis (OA) is a chronic disease normally caused by trauma or pathological disorder. Its
symptom normally starts from the degeneration of cartilage, resulting in an irregular tough
surface, and might progressively extend to subchondral bone, leading to the abnormal joint
function and disability. Due to the avascular and condensed structure of cartilage, and the
limited number of progenitor cells, it is challenging for regeneration of cartilage defects.
Furthermore, because of the distinct structure of cartilage and subchondral bone, stem cell-
alone or biomaterial-alone based strategy might not be able to simultaneously fulfil the
requirement for regeneration of cartilage and subchondral bone. Hence, in this thesis, a variety
of smart materials, such as thermosensitive poly (N-isopropylacrylamide-acrylic acid) hydrogel
and magnetic field-responsive scaffold, were fabricated, characterized, and utilized for three-
dimensional (3D) culture of mesenchymal stem/stromal cells (MSCs) in vitro. It was found that
MSCs showed quite good cell viability and these smart materials promoted the capacity of
multi-lineage differentiation due to either functional enhancement of cell aggregates in the
thermosensitive hydrogels or synergy of a dynamic magnetic field, mechanical stimulation,
structural topography, dynamic culture, extracellular matrix (ECM)-mimicking materials, and
inductive biomolecules in the magnetic field-responsive scaffolds. When allogeneic MSC
aggregates were delivered in vivo by the thermosensitive hydrogel, osteochondral defects were
fully regenerated, which demonstrated that the thermosensitive hydrogel might be a promised
vehicle for the delivery of stem cells and facilitate the osteochondral regeneration. Moreover,
those autologous chondrogenesis-induced MSCs either in the thermosensitive hydrogel or in
the magnetic field-responsive scaffolds were also able to be engineered into a neo-cartilage
patch or tissue, respectively, which might also have potential application in cartilage and bone
regeneration. In conclusion, the fabricated smart materials including a thermosensitive hydrogel
and a magnetic field-responsive scaffold, may assist in stem cell therapy for promising efficacy

of OA treatment.
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Chapter I
1.1 Background
Osteoarthritis (OA) as a chronic joint disease often causes cartilage degeneration, which may
even deteriorate remodeling of subchondral bone under serious situations, resulting in pain or
even disability. [1] A normal cartilage structure consists of a typical three-layer architecture: a
superficial layer contains horizontally orientated flat chondrocytes, while middle layer and deep
layer are occupied with round chondrocytes with a random distribution and condensed
chondrons orientated in a vertical direction, respectively. The components and organization of
its extracellular matrices (ECMSs), such as type 2 collagen, proteoglycans, and hyaluronan,
allow cartilage to absorb shocks and bearing loads, one of its physiological functions. [2] In
contrast to the avascular structure of cartilage, subchondral bone is rich in blood vessels, which
are responsible for transportation of nutrients, wastes, and gases. Besides, the majority of
components in bone is type 1 collagen and inorganic minerals, hydroxyapatite. Upon
maturation, especially for patients with OA, the hypertrophic chondrocytes will initiate cell
apoptosis and be calcified for endochondral ossification. [3] Without the layers of cartilage,
patients suffer pain because of lack of a buffering structure to absorb shocks and bearing loads.
OA is one of the ten most disabling diseases in developed countries and affects approximately
9.6% of men and 18.0% of women over 60 years old in the world. [1] In 2013, OA composed
4.3% of the combined costs, approximately 16.5 billion US dollars, for all hospitalization in
US, which was the second most costly disease. [4]
Unfortunately, such a distinct difference of the structure between cartilage and subchondral
bone makes it challenging for restoration of osteochondral tissues using a single therapeutic
strategy. [1] Mesenchymal stem/stromal cells (MSCs) as one type of multipotent adult stem
cells have shown promising clinical results for treatment of OA-induced cartilage degeneration.
[5] However, both intravenous and intra-joint injection of MSCs requires substantial cells to
overcome the issues of poor cell survival and retention at the defect sites without compromising

the therapeutic efficacy. [6] Therefore, various scaffolds/hydrogels are fabricated to facilitate
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implantation of MSCs. Theses engineered scaffolds/hydrogels are not only designed to mimic
the structure of cartilage ECMs, but also functionalized to regulate the fate of MSCs. [7] In
contrast to conventional geometrical cues for regulation of MSCs, interaction of smart materials
with MSCs through changes in external stimuli guides MSCs to differentiate into specific
lineages for enhanced therapeutic efficacies. [8]

This thesis mainly focuses on fabrication of different smart materials and how they are used to
regulate the fate of stem cells for cartilage and bone tissue engineering. Although a variety of
thermo-responsive hydrogels have been previously studied for tissue engineering, this thesis
firstly reports enhanced multi-lineage cell differentiation in vitro and osteochondral
regeneration in vivo by formation of cell aggregates in situ using an ultra-soft thermo-
responsive 3D hydrogel. Cell migration in the hydrogel is first evidenced and a hypothesis of
the underlying mechanism is evaluated. A neo-cartilage patch is then fabricated for treatment
of degenerated cartilage with irregular superficial defects. Furthermore, this thesis also reports
successful fabrication of another one smart material, a magnetic field-responsive scaffold, and
first shows enhanced chondrogenesis and osteogenesis of MSCs in vitro due to synergic effects
of a series of external stimuli, which may be a novel strategy for cartilage and bone tissue
engineering.

1.2 Aims and Objectives

OA-induced cartilage degeneration and subchondral bone remodeling are challenging to be
completely restored using only one therapeutic strategy, therefore, the aim of the thesis is to
fabricate two novel smart materials, a thermo-responsive hydrogel and a magnetic field-
responsive scaffold, and explore their regulatory effects on the fate of stem cells and potential
applications in cartilage and bone tissue engineering. The overall objectives are listed as below.
Objective 1: Fabrication of MSCs aggregates in a thermo-responsive hydrogel as an in-vitro

3D platform for enhancing differentiation of MSCs.
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Objective 2: Development of a novel therapeutic strategy for osteochondral regeneration in
vivo by formation and delivery of MSC aggregates by an injectable thermos-sensitive hydrogel.
Objective 3: Bioengineering an in vitro neo-cartilage patch by cell aggregation and fusion
within a thermo-sensitive hydrogel for regeneration of a cartilage with irregular superficial
defects.
Objective 4: Development of an in-vitro platform for implementing multiple stimuli on MSCs
to induce their chondrogenesis and osteogenesis in the magnetic field-responsive scaffolds.
1.3 Chapter outline
In this thesis, two smart materials, a thermo-responsive hydrogel and a magnetic field-
responsive scaffold, were fabricated and explored for regulation of MSCs in vitro and in vivo
with potential applications in cartilage and bone tissue engineering. The general outline of this
thesis is described as below.
Chapter 1: Introduction of the thesis regarding gaps, aims and objectives, and chapter outline.
Chapter 2: literature review of recent research strategies for treatment of OA with an emphasis
on cell-based therapy illustrating mechanisms and applications of hydrogel-mediated
fabrication of cell aggregates and scaffold-based therapy using thermo-responsive and magnetic
field-responsive materials for regulation of stem cell fates.
Chapter 3: Formation of uniform cell aggregates in a thermo-responsive hydrogel, which
impeded cell proliferation but enhanced multi-lineage differentiation of MSCs in vitro.
Chapter 4: Osteochondral regeneration in vivo due to enhanced paracrine effects of MSC
aggregates, which promoted homing of endogenous stem/progenitor cells, angiogenesis,
immuno-modulation and cell chondrogenesis.
Chapter 5: Interaction between MSCs and the soft thermo-responsive hydrogel facilitated
micro-tissue formation by cell migration-mediated cell aggregation and the resultant MSC-
derived chondrocytes were harvested and forced to fusion into a neo-cartilage patch in vitro for

potential application in superficial cartilage regeneration.
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Chapter 6: Fabrication of an in-vitro platform consisting of magnetic field-responsive scaffolds
and a rotating magnet device to study the synergic effect of a dynamic magnetic field,
mechanical stimulation, ECM-mimicking materials, dynamic culture, structural topography on
chondrogenesis and osteogenesis of MSCs in vitro.
Chapter 7: Conclusions and future directions of this thesis.
1.4 Reference
[1] Li MH, Xiao R, Li JB, Zhu Q. Regenerative approaches for cartilage repair in the treatment
of osteoarthritis. Osteoarthritis and Cartilage 2017;25:1577-87.
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2.1 Osteochondral structure
Hyaline cartilage, or articular cartilage, exists widely in joints, such as shoulder, hip and knee.
Developmentally, hyaline cartilage is formed by the condensation of mesenchymal
stem/stromal cells (MSCs) at the early stage of skeletogenesis. [1] Condensation of MSCs is
mediated by interactions of cell-substrate and cell-cell, and is believed to play an important role
in chondrogenesis by initiating a series of critical fate-determining signaling pathways. [2, 3]
Upon maturation, cartilage forms a typical three-layer structure, allowing efficient bearing of,
and transferring of loads, enabling the smooth movement of a joint. The superficial layer of
hyaline cartilage consists of compact flat chondrocytes guided by the horizontal orientation of
collagen fibrils, mainly type 2 collagen; the round chondrocytes randomly distribute in the
middle layer; the chondrocytes in the deep layer are surrounded by rich type 6 collagen and are
organised as vertically orientated chondrons. Hypertrophic chondrocytes in the deep layers
express abundant type 10 collagen and ultimately calcify for endochondral ossification. [4]
Among all components, extracellular matrices (ECMs) account for approximately 95% to 99%
of the total cartilage volume, while the entrapped chondrocytes represent only 1% to 5%.
Although chondrocytes have a limited proliferative capacity, they actively synthesise and
remodel the extracellular matrix (ECM) proteins that comprise the cartilage, including collagen,
proteoglycan, and hyaluronan, endowing cartilage with mechanical strength for normal
physiological functions. In contrast to the avascular structure of a cartilage, subchondral bone
is rich in blood supply and composed of substrates mainly including type 1 collagen and
hydroxyapatite. [5]
2.2 Osteoarthritis and therapeutic strategies
Osteoarthritis (OA) is a chronic joint disease that results in the gradual degeneration of cartilage.
Even though the underlying mechanism of OA remains unclear, it is believed that injury, aging,
gender, and inflammation are contributing factors. In cases of severe OA, degeneration of

cartilage can cause abnormal remodeling of the subchondral bone, resulting in joint pain and
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even disability. [6] OA is one of the ten most disabling diseases in developed countries and
affects approximately 9.6% of males and 18.0% of females over the 60 years old. [7] Recent
therapeutic strategies designed to treat OA include injection of bio-/chemo- therapeutics for
prevention of matrix degeneration and/or inflammation, and implantation of cells and/or
scaffolds designed to stimulate tissue regeneration. However, due to the distinct organization
of cartilage and subchondral bone, it is challenging to restore normal functions of the whole
osteochondral tissue simply using a single strategy for treatment of OA. [8]

2.2.1 Bio- and chemo- therapeutics for treatment of OA

Currently, the strategies used to treat OA involves inhibiting matrix-degrading enzymes, such
as matrix metalloproteinases (MMPs) [9], and/or pro-inflammatory factors, such as interleukin-
1 (IL-1) [10] and tumour necrosis factor alpha (TNF-a) [11], by direct injection of chemical or
biological inhibitors that inhibit relevant pathological signaling pathways. Moreover,
recruitment of endogenous stem/progenitor cells with chemo- or cytokine- attractants, such as
TGF-B [12] or stromal cell-derived factor-1 (SDF-1) [13], or co-delivery of multiple growth
factors, such as insulin-like growth factor-1 (IGF-1), basic fibroblast growth factor (FGF-2),
transforming growth factor beta (TGF-f£), and bone morphogenetic proteins (BMPSs), to
stimulate cartilage and bone regeneration, may be also a potential treatment option for OA. [14,
15] However, the involved signaling pathways for activation of ECM degradation and/or pro-
inflammation are complex, therefore, combination therapy involving the targeting/inhibition
may be necessary for optimal treatment of OA. Moreover, the potential side effect of such
inhibitors may also need to be assessed since signaling pathways may be required for normal
physiological activities. The physiological differences between cartilage and subchondral bone
also requires delivery of more than one growth factor in a sustainable and controlled manner
for osteochondral regeneration, which may demand assistance from scaffolds/hydrogels.

2.2.2 Cell-based therapy for treatment of OA
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Studies show that implantation of cells, such as autologous chondrocyte implantation (ACI),
enabled successful cartilage restoration. [16, 17] However, the limited proliferative capacity of
chondrocytes and dedifferentiation of chondrocytes when culturing and expanding in vitro limit
this treatment to only small defects and require the retrieval of non-load-bearing cartilages,
usually involving painful invasive surgery. [18] Alternatively, implantation of mesenchymal
stem/stromal cells (MSCs), either derived from autologous or allogeneic sources, has been
shown to provide comparative efficacy to ACI. [19, 20] MSCs display regenerative and
differentiation capacity (i.e. into chondrocytes and osteocytes), immunomodulatory capacity
(i.e. anti-inflammation and immunosuppression) and the capacity to recruit endogenous
stem/progenitor cells to home to the defect sites by secreting chemoattractant molecules that
may collectively act to limit OA-induced cartilage degeneration. [18] Despite these features,
studies show that following intravenous injection, the majority of the MSCs accumulated in the
lung, while only a small number of cells reached the degenerative defect site. [21] Even though
an intraarticular injection of MSCs might avoid such an issue, new challenges arise, such as
low cell retention and survival in situ, which in turn requires a large number of cells delivered
by multiple injections to demonstrate efficacy. [22]
It was reported that formation of cell aggregates in vitro might be an effective method to retain
cells in situ at a high cell viability. [23, 24] Moreover, in comparison with individual cells, cell
aggregates have been shown to be capable of enhanced multi-lineage differentiation [25],
produce extensive ECMs [26], and secrete growth factors for anti-inflammation and
immunosuppression [27-30] and angiogenesis [31]. Although there are various methods to
fabricate cell aggregates including spontaneous aggregation, substrate-mediated aggregation,
and technology-assisted aggregation, formation of cell aggregates relies mainly on cell
aggregation and/or cell proliferation with the influence of various factors in different

combination including cell binding sites, stiffness, molecular hydration, anti-adsorption of
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proteins, spatial confinement, and forces, such as gravity, centripetal force, centrifugal force,

magnetic force, electrical force, and shear force. (Figure 2.1)
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Figure 2.1 Underlying main mechanisms and methods for fabrication of cell aggregates.

2.2.2.1 Spontaneous aggregation-mediated fabrication of cell aggregates

When cell suspensions are added on a non-treated tissue culture plate in the absence of RGD
cell binding peptides, individual cells settle down by intrinsic gravity facilitating cell-cell
contact and interaction. To minimize surface free energy [32, 33], the individual cells tend to
spontaneously aggregate together through surface proteins including cadherins [34], N-
cadherin and 11-cadherin for bone marrow-derived MSCs (BMSCs) [35], and E-cadherin for
umbilical cord-derived MSCs (UCMSCs) [36]. Such spontaneous aggregation is more evident
in embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), which normally
form embryoid bodies during morphogenesis. [37-39] Due to differences in cadherin and
integrin expression on individual cells, cells with a higher density of cadherin, but a lower levels
of integrin, may relocate to the centre of a cell aggregate, while cells with a lower levels of
cadherin, but higher density of integrin expression relocate to the periphery. [40] Moreover, the
production and accumulation of ECMs is also initiated by cell-cell contact, which may further
stabilize the cell aggregates by regulating cell morphology: central with round cells but
periphery with spindle-like cells. [41] In addition, the ECMs in the cell aggregates may also

play an important role in transduction of biomechanical signals between the extracellular
10
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surrounding environment and intracellular cytoskeletons for an optimal force balance. [42]
However, since cell aggregation on the non-adherent plate is initiated by random amoeboid-
like movement of the individual cells [33], size distribution of formed cell aggregates can be
broad [43]. Previous reports suggest that the size of a cell aggregate is critical for its biological
function, such as anti-inflammation [27], osteogenesis [43] and viability [43]. Therefore, spatial
confinement, together with the non-adherent surface, is utilized for fabrication of uniform cell
aggregation, such as hanging drops and v-96 well plates, in which a certain number of cells are
restricted in a limited space and spontaneously aggregate into a single cell aggregate with a
controllable size depending on the initial cell seeding density and the geometrical space
configuration. [43] Moreover, mechanical force can also be introduced to accelerate cell-cell
contacts and not rely on random amoeboid-like movement of cells, such as pellet culture in a
polypropylene tube by centrifugal force [44] and agitating culture in a rotating bioreactor by

shear force [45]. (Figure 2.2)

(i) Non-adhesion plate

( ] (iv) Pellet culture (v) Rotating incubator culture
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dosle
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| |

Figure 2.2 Spontaneous cell aggregation-mediated fabrication of cell aggregates by culturing
cells (i) on a non-adhesion plate, or (ii) in a v-96 well plate, or (iii) hanging drops on the lid of
a tissue culture plate, or (iv) as a pellet in a polypropylene tube, or (v) in a rotating incubator.

2.2.2.2 Substrate-mediated fabrication of cell aggregates

Cell aggregates can also be formed with the assistance of substrates in a two-dimensional (2D)
or three-dimensional (3D) manner [46]. These substrates include chitosan-based membranes
[47-49], hydrophilic polymer-coated surfaces which form hydrogen bonds to prevent adhesion

of cells and adsorption of proteins [24, 49, 50], or thermo-sensitive polymer-coated surfaces
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which thermally lift the attached cells, functionalizing as a brush to prevent the detached cells
re-binding to the underlying RGD peptides [51, 52]. (Figure 2.3) Although there are already
some published reviews summarizing substrate-mediated fabrication of cell aggregates and
their mechanism [41, 46, 53, 54], none of publications comprehensively examine the impact of
hydrogels on formation of cell aggregates. Therefore, the following review is a systematic
examination of current published data which focuses on 2D and 3D hydrogel-mediated

fabrication of cell aggregates including their mechanism and potential applications.

(i) Chitosan membrane (ii) Thermosensitive polymer-coated surface (iii) pHEMA-coated surface
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(iv) Hydrogel-coated surface (v) Thermosensitive PDA-coated 2D hydrogel  (vi) 2D hydrogel micro-wells/concaves/grooves
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(vii) Hydrogel microparticles in v-96 well plate (viii) Static hydrogel-coated 96well plate (ix) Rotating hydrogel-coated 96 well plate
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Figure 2.3 Substrate-mediated fabrication of cell aggregates by culturing cells (i) on the
chitosan membrane, or (ii) on a thermo-sensitive polymer-coated surface and thermo-lifting for
cell harvest, or (iii) on a Poly(2-hydroxyethyl methacrylate) (P HEMA)-coated surface, or (iv)
on a hydrogel-coated surface, or (v) on thermo-sensitive 2D hydrogels with micro-patterned
coating of polydopamine (PDA), or (vi) on 2D hydrogels micro-wells or concaves or grooves,
or (vii) on hydrogel micro-particles in a v-96 well plate, or (viii) in a static hydrogel-coated 96
well plate, or (ix) in a rotating hydrogel-coated 96 well plate, or (x) in 3D hydrogels without
(left) or with RGD cell binding sites (right).

2D hydrogel-mediated fabrication of cell aggregates
Hydrogels, rich in water, are widely utilized for cell culture and show promising results for

fabrication of cell aggregates. When using as a 2D surface, the mechanism of cell aggregation
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on the 2D hydrogels mainly depends on the absence of cell binding sites and inhibition of
protein adsorption by molecular hydration (derivatives of alginate/ cellulose/ PEG) [55-64], or
shielding of cell binding sites (aggregation of bone marrow homing peptide 1-bis linear self-
assembling peptides (BMP1-bis(LDLK)3) [65] or thermal expansion of Tetronic hydrogel [66]).
Compared to single-cell-to-spheroids (STS) on non-adherent plates, micro-patterned cell-layer-
to-spheroids (CLTS) constructed on a thermo-sensitive hydrogel, not only retain the produced
ECMs but also preserve the integrin-mediated cell-ECMs interaction, which is essential for the
formation and stabilization of cell aggregates. Different fabrication methods enable cell
aggregates capable of distinct biological properties. [66] Besides, stiffness of 2D hydrogels can
also play a role on the cell aggregation since both soft [65] and tough [55] hydrogels were
previously reported to facilitate generation of cell aggregates, although the effect still needs to
be further confirmed using the same hydrogel at various degrees of stiffness. Even though cells
are bound to RGD peptides by initial cell-substrate interaction, cell aggregates could still be
formed by subsequent cell-cell interaction caused by spatial confinement-mediated cell-cell
contacts and substrate-mediated enhancement of cell proliferation. [67, 68] Introduction of
spatial confinement [56-59, 69-71] and mechanical force [60, 61] can facilitate fabrication of
uniform cell aggregates at an appropriate size with enhanced biological properties in the
absence of a necrotic centre. (Figure 2.3) Details of 2D hydrogel-mediated fabrication of cell

aggregates can be found in Table 2.1.
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Figure 2.4 Technology-assisted fabrication of cell aggregates by (i) magnetic field attraction of
cells at an air-liquid-interface (left) or in a porous scaffold (right), or (ii) negative
dielectrophoresis of cells at a lower electric field in a photo-responsive hydrogel, (iii)
encapsulating cells in hollow microgels using electrospray, or (iv) encapsulating cells in
microgels with a core-shell structure using microfluidic flow-focusing single emulsion (left) or
double emulsion (right), or (v) 3D printing cells in hydrogels.

14



qT

Table 2.1 2D hydrogel-mediated fabrication of cell aggregates.

Material Fabrication Special Type of cell Size of cell Result Mechanism | Application | Ref.
method property aggregate
Bone marrow | Solid-phase Fmoc- | Self-assembly | Human neural ~100 um in | Compromised cell | Very short Not suitable | [65]
homing based chemistry stem cells (hNSCs) | diameter proliferation and fragments or | for neural
peptide 1-bis poor neural aggregation regeneration
linear self- differentiation of nanofibers,
assembling markers (8111 and the soft
peptides tubulin for neuron, | mechanical
(BMP1- GFAP for strength
bis(LDLK)3) astrocytes, induce cell
GALC/0O4 for aggregates
oligodendrocytes)
Tetronic- 12 (wiv)% N/A hASCs 50-200 um | Maintenance of Absence of Cell therapy | [71]
tyramine tetronic-tyramine in diameter | cell stemness and | cell binding and in-vitro
hydrogel with an depending | multi-lineage sites and tissue
embossed surface on cell differentiation inhibition of | reconstructi
(HES) was seeding capacity; enhanced | protein on
prepared and densities of VEGF secretion | adsorption by
chemically and surface | compared to that in | molecular
crosslinked by 0.1 roughness | cell aggregates hydration and
(vIv)% H20; and fabricated on spatial
0.0025 mg/m HRP commercial low restriction of
on PDMS master attachment plates | concaves on
molds with HES
different surface
roughness
Tetronic- Conventional Thermo- Human turbinate ~100 um in | Higher expression | Expansion of | 3D cell [66]
tyramine and | micro-contact sensitive mesenchyme stem | diameter of extracellular thermo- culture and
polydopamine | printing (LCP) of cells ("nTMSCs) matrix (ECM) sensitive therapeutic
polydopamine proteins hydrogels cell delivery
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onto in situ (fibronectin and when cooling | in
gelation of end laminin) and leading to regenerative
group-functional stemness markers | detachment of | medicine
Tetronic hydrogel compared to that of | micro-
spheroids patterned cell
generated by the layers and
low attachment simultaneous
surface; enhanced | cell spheroid
tri-lineage cell formation.
differentiation
(osteogenesis,
chondrogenesis,
and adipogenesis).
Gelatin Water-in-oil N/A Adipose-derived Size Enhanced cell Cell attached | Developmen | [67]
method and sieve stem cells (ASCs) | increased as | proliferation by on the GMPs | t of cell
for fabrication and the number | increasing the and spheroids
classification of of surface of aggregated on | for stem cell
gelatin micro- incorporate | incorporated low- therapy and
particles (GMPs) d GMPs GMPs in the cell attachment organoid
increased aggregates concave wells | production
and
restricted
by the size
of the low-
attachment
concave
well (< 200
pHm in
diameter)
Cellulose Casting into films | N/A Human adipose- Size Enhanced Absence of Tissue [64]
with cellulose derived stem cells | increased as | osteogenesis cell binding engineering
solution (4 wt% in (hASCs) an increase sites and
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LiOH/urea in the cell inhibition of
aqueous solution) seeding protein
density and adsorption by
culture time molecular
hydration
Agarose Casting into Thermo- Human umbilical | <200 um Stable cell Absence of Used as pre- | [69]
micro-wells with a | sensitive vein endothelial in diameter | aggregates and cell binding vascularized
diameter of 200 cells (HUVECsS), enhanced sites and aggregate
pum and a depth of human foreskin angiogenesis for inhibition of | building
220 pm fibroblast (HFF), HUVECSs/HFF/AS | protein blocks for
and adipose- Csina1/9 cell adsorption by | engineering
derived ratio molecular of large
mesenchymal stem hydration and | vascularized
cells (ASCs) spatial tissue by 3D
restriction of | printing
micro-wells
Amikagel Ring-opening N/A human embryonic | Size Enhanced Absence of A platform | [55]
polymerization stem cell-derived increased as | pancreatic islet- cell binding for islet
between amine pancreatic progenit | an increase | specific gene and sites and organoid
groups of or cells (hESC-PP) | in the cell protein expression; | inhibition of | engineering
amikacin hydrates and HUVECs seeding increased the protein
and epoxide density percentage of adsorption by
groups of (100-500 committed molecular
poly(ethylene pm in population; hydration and
glycol) diglycidyl diameter) induced mature high stiffness
ether (PEGDE) beta-like cells with

increased specific
gene and protein
expression and
functional insulin
production; mature
islet-specific gene
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expression when
co-aggregating
with endothelial
cells

Methacrylated | Schiff base Photo- hASCs Defined Define cell Absence of In-vitro [56]
alginate reaction between | sensitive sizes (such | spheroid sizes, cell binding platform
(OMA)/ multi- | OMA and 8-arm as 200 um | maintain uniform sites and with defined
arm PEG PEG for the first in diameter | size distribution, inhibition of | signals for
cross-linking; UV- for and enhanced protein regulation of
initiated osteogenesi | osteogenesis adsorption by | tissue
photopolymerizati S) molecular formation
on of OMA with hydration and
photomasks for spatial
the second cross- restriction of
linking micro-wells
Methylcellulos | 12 (wt/v)% N/A Human cardiac Cell Enhanced stemness | Absence of Cell therapy | [70]
e (MC) solution MC was progenitor cells seeding and growth factor | cell binding for
coated on the (hCPCs) density- secretion; sites and myocardium
micro-well plate dependent | enhanced cell inhibition of | injury
(~100 pm engraftment and protein
in diameter | retention adsorption by
for 5000 molecular
cells hydration and
seeding in spatial
24 h) restriction of
micro-wells
PEGDA A concave Photo- hiPSCs 155 umin | Maintenance of Absence of In-vitro [57]
structure sensitive diameter pluripotency on cell binding embryogenes
fabricated by with a day 3 while sites and isand
dynamic optical seeding spontaneous inhibition of | patient-
projection density of protein derived

8T
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stereolithography 100 k differentiation in adsorption by | disease
and UV-initiated cellssmLin | 10 days molecular modelling
polymerization 3 days hydration and | with iPSC
spatial EBs
restriction of
concaves

PEG- UV-initiated Photo- Dental pulp stem ~100 um in | Enhanced cell Possibly due | Cartilage [68]

methacrylated | photopolymerizati | sensitive cells (DPSCs) diameter chondrogenesis to RGD- tissue

gelatin on of precursor mediated engineering

(GelMA)-HA | solution (20 initial cell-

(wWt/v)% scaffold
PEGDMA, 10 contact and
(Wt/v)%GelMA, subsequent
and 0.1 (wt/v)% cell-cell
thiol-modified contact in
HA) with the addition to
assistance of a spatial
nanopatterned restriction of
polyurethane grooves
acrylate (PUA)

mold (ridge x

groove x height:

800x800x500 nm)

PEG Micro-well (600 Photo-sensitive | ADSCs ~291 umin | Enhanced cell Absence of Cartilage [58]
pum in diameter) diameter on | chondrogenesis cell binding tissue
fabrication by soft day 5 sites and engineering
lithography (UV- inhibition of
initiated protein
polymerization) adsorption by

molecular
hydration and
spatial
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restriction of

micro-wells
PEG Micro-well (150 Photo-sensitive | mESCs Micro-well- | Enhanced Absence of Tissue [59]
and 450 um in dependent, | cardiogenesis and | cell binding engineering
diameter) and size endothelial lineage | sites and
fabrication by soft increased in | differentiation in inhibition of
lithography (UV- the PEG the PEG hydrogel | protein
initiated hydrogel and enhanced adsorption by
polymerization) but stable in | endothelial lineage | molecular
the RGD- differentiation in hydration and
modified the RGD-modified | spatial
PEG PEG hydrogel restriction of
hydrogel micro-wells
Methylcellulo | N/A Thermo- Human umbilical | 100-300 Enhanced Absence of Vascularizati | [60,
se (MC) sensitive vein endothelial pm in angiogenic gene cell binding on 61]
hydrogel cells (HUVECsS) diameter expression sites and
and cord-blood dependent inhibition of
mesenchymal stem | on the cell protein
cells (cbMSCs) seeding adsorption by
density and molecular
rotary speed hydration;
increased
cell-cell
contact
caused by
rotating-
induced
centripetal
force. A too
higher rotary
speed

constricted
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cell
aggregation

Methylcellulo | 12 (wt/v)% MC in | Thermo- mBMSCs ~200 umin | Improved cell Absence of Cell therapy | [62]
se (MC) hot phosphate sensitive diameter in | retention and cell binding
buffered saline 24 h integration in vivo | sites and
inhibition of
protein
adsorption by
molecular
hydration
HA Micro-well (40- Photo-sensitive | mMESCs Dependent | High cell viability | Absence of In-vitro cell | [63]
200 pm in on cave size cell binding study
diameter, 50 um in and initial sites and
depth) fabrication cell seeding inhibition of
by soft lithography density; protein
(UV-initiated double in adsorption by
polymerization) size in one molecular
week hydration
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3D hydrogel-mediated fabrication of cell aggregates
Generation of cell aggregates in a 2D manner is mainly used for cell study in vitro, as additional
harvest processes may be required for application in vivo. Ho et al. recently reported robust
bone formation using a two-step process of fabricating bone marrow-derived mesenchymal
stem/stromal cell (BMSC) aggregates with hanging drops and embedding in RGD-modified
alginate hydrogels for subcutaneous implantation in vivo. [72] Similarly, Oltolina et al.
fabricated cardiac progenitor cell aggregates on methylcellulose (MC) hydrogel-coated micro-
wells in vitro and subsequently implanted the cell aggregates into injured myocardium in vivo,
and showed enhanced cell engraftment and retention. [70] Huang et al. also reported restoration
of blood fusion and rescuing tissues from degeneration when human umbilical vein endothelial
cells (HUVEC)-MSC hybrid cell aggregates were fabricated on MC coated micro-wells and
implanted to ischemic hindlimbs in vivo. [60, 61] Hence, in-situ formation of cell aggregates in
3D hydrogels may represent an “ecasy-to-use method” for in-vitro and in-vivo applications.
(Figure 2.3) When entrapping cells in 3D hydrogels that lack cell binding sites, cell aggregation
is induced by a molecular hydration process that serves to prohibit adsorption of proteins and
spatial restriction of internal pores. [25, 73-81] In softer hydrogels, with a relatively higher
interconnectivity, cells have a high likelihood of encountering each other, thereby forming cell-
cell contacts by amoeboid movement. [82, 83] It was also reported that the size of cell
aggregates increased in 3D hydrogels of decreasing mechanical strength. [84, 85] When RGD
peptides or other ECMs were incorporated by either physical blending or chemical bonding,
the entrapped cells were able to attach to hydrogels and migrate in a more efficient manner,
mesenchymal migration. [85-89] Initial cell-substrate interactions, together with spatial
confinement, could also lead to an increase of cell-cell contacts and cell aggregation. [84, 86-
88, 90-92] Enhancement of cell proliferation, by innate properties of hydrogels, might
predominate or coordinate cell aggregation during formation of cell aggregates. [39, 81, 86, 87,

93, 94] Organization of an internal structure [78] and hydrolysis of hydrogels [88] have also
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been found to contribute to the formation of cell aggregates. It is notable that most of 3D
hydrogels used for fabrication of cell aggregates belong to smart materials which can respond
to external stimuli, such as thermo-sensitive hydrogels that are able to reversibly respond to a
change in the external temperature [25, 39, 73, 78, 79, 86, 90, 92] or photo-sensitive hydrogels
that are responsive to light radiation [76, 84, 94, 95]. Such properties enable wide applications
of 3D hydrogels for fabrication of cell aggregates both in vitro and in vivo. While fusion of cell
aggregates might be not desirable for an in-vitro cell study [43], such as drug screening [96], it
is normally necessary for both in-vitro and in-vivo tissue engineering or regenerative medicine
purposes [46, 97], especially scaffold-free tissue engineering [98-100]. Previous reports suggest
that cell aggregates can enhance ECMSs production. [26, 31, 101] The accumulation and
preservation of these ECMs bridge cell aggregates in the 3D hydrogels and assist in the fusion
of cell aggregates. [25, 46, 84] Lin et al. recently reported that the fusion ratio of differentiated
cell aggregates tended to be lower than that of cell aggregates without induction, indicating the
importance of the sequencing of both the multi-aggregation and cell differentiation steps during
engineered tissue preparation. [79] By varying the properties of 3D hydrogels, such as stiffness,
the fusion process can be well controlled for in-vivo applications and may be applicable for
long-term cell aggregate culture in vitro. [41, 84, 85] For in-vitro applications, 3D hydrogels
can mimic the in-vivo tumour microenvironment and serve as a platform for studies of the
impact of individual factors on tumorigenesis, as demonstrated in pancreatic cancer cells [102,
103], prostate cancer stem cells [104, 105], and breast cancer cells [106]. Details of 3D
hydrogel-mediated fabrication of cell aggregates are presented in Table 2.2.
2.2.2.3 Technology-assisted fabrication of cell aggregates
However, depending on the stiffness and interconnectivity of hydrogels, it can take more time
to fabricate cell aggregates in the 3D hydrogels compared to 2D substrates. To overcome the
limitation, some technologies have been developed to increase cell-cell contact by magnetic

force [107, 108], electrical force [95], spatial confinement, such as microfluidic flow focusing
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[81, 109, 110], electrospray [104], and 3D printing [39, 86, 111]. (Figure 2.4) Details of
technology-assisted fabrication of cell aggregates for 2D and 3D hydrogels are described in

Table 2.1 and 2.2.
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Table 2.2 3D hydrogel-mediated fabrication of cell aggregates.

Material Fabrication Special | Culture | Type | Size of cell Result Mechanism Application | Ref.
method property | method | of cell | aggregate
Poly (N- Free radical Thermo- | 3D Human | ~100 um in | Quiescence of Spatial restriction and A platform | [25]
isopropylacr | polymerization | sensitive | casting bone- diameter cell proliferation | amoeboid cell for studying
ylamide-co- culture derived but up- migration and absence | cell
acrylic acid) mesenc regulation of of cell binding sites led | differentiati
hymal cell to initial cell on in vitro
stem/str chondrogenesis, | aggregation, while or
omal osteogenesis, ECMs accumulation implantatio
cells and and low mechanical n of the pre-
(MSCs) adipogenesis in | strength of hydrogels differentiate
and cell vitro facilitated fusion of cell | d cells for
line aggregates by ECMs- tissue
mediated mesenchymal | regeneration
migration
Icariin- Free radical Thermo- | 3D Rabbit | N/A Enhanced cell Initial cell-substrate Osteochond | [90]
hyaluronic | polymerization | sensitive | casting bone chondrogenesis | interaction induced ral
acid- culture marrow and osteogenesis | subsequent N-cadherin- | regeneration
collagen - in vitro and mediated cell-cell
type | derived osteochondral interaction
MSCs regeneration in
Vivo
Hydroxypro | Etherification | Thermo- | 3D Human | Size Higher A higher concentration | Scalable [86]
pyl chitin of hydroxyl sensitive | printing | induced | increased as | concentration of | of HPCH and a lower expansion
(HPCH) groups of culture pluripot | the Matrigel leading | concentration of of hiPSCs
and chitin with ent concentratio | to cell Matrigel impeded cell
Matrigel propylene stem nof HPCH | proliferation migration and induced
oxide in cells or Matrigel | competitive to cell proliferation-
aqueous (hiPSC | increased static suspension | predominated formation
S) (100-600 culture; a higher | of cell aggregates; A
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NaOH/urea reprogr | umin concentration of | lower concentration of
solution ammed | diameter) HPCH but a HPCH and a higher
from lower concentration of
human concentration of | Matrigel led to the
periphe Matrigel leading | formation of cell
ral to more uniform | aggregates because of a
blood size distribution | synergy of cell
monon of cell proliferation and cell
uclear aggregates; aggregation.
cells formation of cell
(hPBM aggregates
Cs) inducing
spontaneous cell
differentiation
Poly(ethyle | Coupling Thermo- | 3D Human | 200 pm in Higher Spatial restriction and Injectable [73]
ne glycol)- | reaction sensitive | casting tonsil- | diameter expression of low mechanical 3D cell
poly(propyl | between PEG- culture derived stemness, strength of the hydrogel | scaffolds
ene glycol)- | PPG-PEG and mesenc angiogenic, and | and absence of cell for stem cell
poly(ethyle | PDC hyme anti- binding sites therapy
ne glycol)- stem inflammatory
pyridine- cells biomarkers;
1,5- (TMSC enhanced multi-
dicarboxylat S) lineage
e differentiation
(PEG-PPG-
PEG-PDC)
Poly (L- Activation N/A 3D hASCs | Size Enhanced Spatial restriction and Vascularize | [74]
glutamic with 1-ethyl-3- casting increased as | angiogenesis absence of cell binding | d adipose
acid) (3- culture anincrease | and sites; swollen effect of | tissue
(PLGA) dimethylamino of the cell adipogenesis PLGA hydrogel engineering
propyl) seeding outweighed the charge
carbodiimide density (<
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hydrochloride 200 pm in effect on adsorption of

(EDC) and diameter) adhesive protein

crosslinking

with adipic

dihydrazide

(ADH)
Bisphospho | Self-assembled | Thixotro | 3D hMSCs | ~100 umin | Enhanced cell Spatial restriction and Application | [75]
nate-grafted | nanocomposite | pic casting diameter proliferation and | low mechanical of cell
hyaluronic | hydrogel culture osteogenesis strength of the hydrogel | spheroids:
acid (HA- | formation in and absence of cell N/A;
BP), 20 min with 2 binding sites hydrogel
acrylated (W/v)% HA- application:
bisphospho | BP, 0.25 M 3D matrix
nate (Ac- Ac-BP on cell
BP), (conjugated behaviour
magnesium | with 0.002 M and
chloride RGD peptide biological
(MgCly) (GCGYGRGD process

SPG)), and

0.25 M MgCl,
Methacrylat | Photopolymeri | Photo- 3D hiPSCs | A larger Enhanced neural | Spatial restriction and 3D model [76]
ed zation of sensitive | casting - size in soft | differentiation low mechanical for central
hyaluronic | hyaluronic culture derived | hydrogels and robust strength of the hydrogel | nervous
acid (Me- acid and neural | than stiff neurite and absence of cell system
HA) methacrylic progeni | hydrogels outgrowth in binding sites (CNS)

anhydride tor cells | (mainly soft hydrogels disease

(hiPSC- | distributed study
NPCs) | atarange of
~100 um? in
area)

11 481deyd
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PLGA PLGA solution | N/A 3D hASCs | Size Enhanced OEGs increased the Bone and [77]
dissolved in casting increased as | angiogenesis hydration of PLGA fat tissue
dimethyl culture an increase hydrogels and impeded | engineering
sulfoxide in the protein adsorption on
(DMSO) culture time the polymer material
crosslinked (<200 pm leading to low cell
with in diameter) attachment
oligo(ethylene
glycol)s
(OEGs) and
lyophilized at -

20 °C, -80 °C,
or-196 °C

Methoxypol | Ring-opening | Thermo- | 3D Rabbit | Size Enhanced Absence of cell binding | Cartilage [78]

yethylene polymerization | sensitive | casting chondr | increased as | chondrogenesis | sites in the hydrogel; tissue

glycol- of N- culture ocytes | an increase low wettability of - engineering

poly(alanine | carboxyanhydr in the sheet packed fibers; a

) (MPEG- ide (NCA) culture time narrow space increasing

PA) form of L- cell-cell interaction;
alanine using hydration preventing
amine- protein adsorption
terminated
mPEG

RGD RGD-modified | N/A 3D Mouse | <50 umin | Enhanced RGD peptides-mediated | Cartilage [91]

peptide alginate was casting chondr | diameter chondrogenesis | cell-substrate tissue

((glycine)4— | crosslinked culture ocyte interaction induced engineering

arginine— with calcium cell line subsequent N-cadherin-

glycine— sulfate solution (ATDC mediated cell-cell

aspartic 5) interaction

acid—

serine—

proline)-
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modified

alginate

PNIPAAmM- | N/A Thermo- | 3D hiPSCs | ~100 umin | Enhanced Spatial restriction and Bio- [79]

PEG sensitive | casting and diameter differentiation low mechanical fabrication

culture hESCs of cortical and strength of the hydrogel | of neural

midbrain and absence of cell tissues
dopaminergic binding sites
neurons

Poly(ethyle | Ring-opening | Thermo- | 3D TMSCs | <100 um in | Enhanced RGD peptides-mediated | Injectable [92]

ne glycol)- | polymerization | sensitive | casting diameter chondrogenesis | cell-substrate system for

poly(L- of N- culture interaction induced stem cell-

alanine)- carboxyanhydr subsequent N-cadherin- | based tissue

poly(L- ide (NCA) mediated cell-cell engineering

aspartate) form of L- interaction and therapy

(PEG-PA— | alanine (NCA-

PD), A) and 4-

kartogenin | benzyl-L-

(KGN), and | aspartate

arginylglyc | (NCA-Dz)

ylaspartic using amine-

acid (RGD) | terminated

coated mPEG

layered

double

hydroxides

(LDHs)

PLGA/chito | Surface- N/A 3D Rabbit | 80-100 um | Enhanced Swollen effect of Osteochond | [80]

san (CS) for | initiated ring- casting ASCs in diameter | chondrogenesis | PLGA hydrogels ral

the top open culture outweighed the charge | regeneration

layer, and polymerization effect on adsorption of

PLGA- for PLGA- adhesive protein

graft- graft-
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hydroxyapat
ite/CS/PLG
A for the
bottom

layer

hydroxyapatite
synthesis; ion
crosslinking
between
PLGA-graft-
hydroxyapatite
, CS, and
PLGA,;
chemical
bonding
between
PLGA and CS
by EDC and
N-
hydroxysuccini
mide (NHS);
lyophilization
at -80 °C

Heparin-
PEG with
FGF-2 and
Nodal

Michael-type
addition
reaction by
microfluidic
flow focusing
with gelation

N/A

3D
encapsul
ation
culture

mMESCs

~200 pm in
diameter

Enhanced
endodermal
differentiation
with the affinity
of growth
factors to the
heparin
microgel

Spatial restriction and
cell proliferation and
absence of cell binding
sites

Scalable
platform for
general
embryoid
body (EB)-
based
differentiati
on or
developmen
t of tailored
cell delivery
vehicles

[81]
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HA Initially rapid | N/A 3D Human | ~50 umin | Formation of an | Spatial restriction and Engineering | [93]
thiol/acrylate casting Primary | diameter acini structure absence of cell binding | ofa
reaction culture salivary sites; slow Kinetics of functional
(Michael-type stem/pr disulfide bond implantable
addition ogenito formation and a high salivary
reaction) and r cells degree of gel swelling | gland
the (hS/PC permitted cell
subsequently S) proliferation in the
slow hydrogel for formation
sulfhydryl of the acini structure
oxidation

Collagen I- | Michael-type | Photo- 3D Chondr | Size Enhanced Initial cell-substrate in-vitro [84]

HA-RGD addition for sensitive | casting oproge | increased chondrogenesis | interaction induced platform for
functionalizati culture nitor during subsequent N-cadherin- | study the
on of 8-arm- cells culture (< mediated cell-cell influence of
PEG with ATDC5 | 50 pm in interaction; low matrix
RGD, collagen diameter mechanical strength of | physiologic
I, or HA; UV- after 24 h; hydrogels al properties
initiated photo- ~100 pm in on limb-bud
polymerization diameter in condensatio
for the second 14 days) nand
binding of the chondrogen
remaining esis
double-bond
groups in 8-
arm-PEG

Gelatin/algin | 15 (wt/v)% Thermo- | 3D mESCs | Size Enhanced cell Cell proliferation- High- [39]

ate gelatin and 4 sensitive | printing increased proliferation and | mediated formation of | throughput
(wt/v)% culture during cell | maintenance of | cell spheroids instead of | ESC
alginate in 0.5 culture (50 | pluripotency cell aggregation expansion
(wt/v)% pm and 110 and size-
sodium pgm in controllable
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chloride diameter on EB
solution; gel day 3 and 7, production
formation respectively
when cooling ); reduction
the gelatin in the
solution and uniformity
structure of EBs but
maintenance little
after calcium influence on
ionic the average
crosslinking EB size
with an
increase in
the cell
seeding
density
HA UV-initiated Photo- 3D Porcine | 150-200 um | Enhanced cell Cell proliferation and Tissue [94]
photopolymeri | sensitive | casting chondr | indiameter | proliferation and | spatial restriction and engineering
zation and culture ocytes chondrogenesis | absence of RGD application
leaching of binding sites
gelatin
microspheres
(0.35 g/mL,
150-200 pm in
diameter)
RGD Carbodiimide | N/A 3D hMSCs | Size Enhanced Cell migration- Building [88]
peptide chemistry for casting increased collagen mediated cell-cell blocks for
((glycine)4- | grafting RGD culture with an deposition and contact and aggregation | tissue
arginine- into alginate increase in | osteogenesis but | instead of cell engineering
glycine- and the cell impeded cell proliferation in addition | with
aspartic crosslinking seeding proliferation to enhanced hydrolysis | hMSCs-
acid-serine- density of hydrogels in
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proline)- with calcium osteogenic induction ECM
grafted ions medium microtissues
alginate
Nanofibrillar | Michael-type | N/A 3D HepaR | 40 ymin Enhanced N/A Hepatic cell | [112]
cellulose addition casting G liver | diameter in | expression of culture for
(NFC) and reaction culture progeni | one week hepatocyte drug and
HA-gelatin- tor cells markers, chemical
PEGDA metabolic testing and
(HG) activity, and tissue
formation of engineering
bile duct
compartment in
the core of cell
aggregates
RGD- Aqueous N/A 3D hMSCs | A large cell | Enhanced cell Stiffness and RGD- Tissue [87]
modified carbodiimide casting aggregate proliferation and | mediated cell migration | engineering
alginate chemistry culture osteogenesis in addition to cell
hydrogel proliferation at the early
stage and fibronectin
fibril assembly and
actin stress fiber
formation at the later
stage
Gelatin with | Negative- Photo- 3D ESCs 50 to 300 Enhanced cell Cells were driven by Cell therapy | [95]
methacrylic | dielectrophores | sensitive | casting pum in differentiation electrical force to and tissue
anhydride is (n-DEP) and culture diameter in accumulate in situ regeneration
(GelMA) UV-initiated 6 min (size within the GeIMA
photopolymeri increased hydrogel after
zation by photopolymerization.
increasing

the distance
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of the band

electrode)

Alginate or | Cell N/A 3D hMSCs | 30-80 um in | Enhanced cell Spatial restriction of the | Microscale | [109]
RGD- encapsulation encapsul diameter in | osteogenesis oil shell and the tissue
modified by water-in- ation 150 min hydrophilic end of the | engineering
alginate oil-in-water culture surfactant (Pico-Surf)

double prevented cell adhesion

emulsion (DE)

microfluidic

flow focusing

without

gelation step
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Chapter 11
2.2.3 Scaffold-based therapy for treatment of OA
To mimic the ECM-cell interactions found in-vivo, fabricated scaffolds generally need to be
biocompatible with no demonstrable cytotoxicity and porous for efficient mass and gas
exchange. [113] When fabricated scaffolds are applied in the context of tissue regeneration in
vivo, the biodegradability of the scaffold should be addressed. [114] Furthermore, the influence
of fabricated scaffolds on proliferation and differentiation of stem cells are also of great interest
for cartilage and bone tissue engineering. Studies have revealed that in addition to stiffness,
scaffold topography, such as fiber size and orientation, can also regulate the fate of stem cells.
[115-119] In addition to simply providing structural support for stem cell proliferation, studies
are now focusing on active control of scaffolds/hydrogels for regulation of stem cell behaviour.
[120] Smart materials can respond to external stimuli, such as temperature change, light
illumination, stress change, or an external dynamic magnetic field, variation in 3D organization
or stiffness, or occurrence of mechanical movement, heat, or electricity. [121-123] The

responsive behaviour of smart materials can, therefore, be used to regulate the fate of stem cells.
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Figure 2.5 Injectable thermo-sensitive hydrogels as a vehicle for delivering cells and/or
exogenous growth factors for bone and cartilage tissue engineering. Thermo-sensitive
hydrogels form gel in situ after implantation to retain cells at the defect sites. The fate of stem
cells can be regulated by physical and biochemical stimuli in vivo. Some thermo-sensitive
hydrogels can induce formation of cell aggregates in situ, which advances the healing process.
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2.2.3.1 Thermo-responsive materials
Thermo-responsive materials are one category of smart materials that can respond to a
temperature change. For example, when the temperature is above the lower critical solution
temperature (LCST) or below the upper critical solution temperature (UCST) the hydrogel will
form. Moreover, the hydrogel can also be liquefied when temperature is out of the gelation
range. As the formation of hydrogels depends mainly on hydrophobic repulsion and/or
physically ionic crosslinking, thermo-sensitive behaviour of hydrogels is often reversible. [121]
Thermo-responsive hydrogels are widely used as a two-dimensional form for generation of cell
spheroids [66] or cell sheets [124-126], which can be easily harvested and utilized as building
blocks for tissue engineering or 3D printing in vitro [69], or directly implanted for tissue
regeneration in vivo [62, 127]. Furthermore, thermo-responsive hydrogels have been
extensively used as a 3D in-vitro platform for stem cell differentiation or a delivery vehicle for
in-vivo injection of cells and/or bio-reagents into tissue defect sites. Importantly, as tissue
defects are often irregular in size and structure, thermo-responsive hydrogels are able to
completely fill the defect by in situ gelation, which may lead to better tissue regeneration. [128]
The retention of implanted stem cells in the context of a thermosensitive hydrogel serves to
both enhance their survival and facilitate cell differentiation in situ. Furthermore, the hydrogel-
cell hybrids allows the cells to be exposed to in-vivo mechanical stress and a complex milieu
of biomolecules, which promote tissue regeneration adopts normal function. [4, 121, 129-131]
(Figure 2.5) The encapsulated stem cells can also be differentiated into specific cell lineages by
intrinsic  properties of thermo-responsive hydrogels, such as stiffness of poly(N-
vinylcaprolactam) (PNVCL) hydrogels [132], or conjugation of peptides in poly(ethylene
glycol)-b-poly(L-alanine)  (PEG-L-PA) hydrogel and RGD  peptides-modified
poly(organophosphazene) hydrogels [133, 134], or incorporation of biomolecules, such as
TGF- B3 in PNIPAAmM-co-AAc hydrogels [135]. Thermo-responsive hydrogels, when applied

as an injectable vehicle for non-invasive implantation of stem cells in vivo, can facilitate self-
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assembly of cell aggregates in situ. This approach provides the optimal strategy for tissue
regeneration owing to the enhanced function of mesenchymal stem/stromal cell aggregates,
such as immunomodulation and multi-lineage differentiation. [90] Compared to thermo-
responsive hydrogels, thermo-responsive scaffolds are rarely used for application in tissue
engineering. [136-138] Maeda et al. recently fabricated a thermo-responsive scaffold by
electrospinning poly (N-isopropylacrylamide) into nanofibers for cell storage application. [137]
Compared to casted thin films, thermo-responsive shrinkage and dissolution of electrospun
scaffolds are much quicker and more sensitive. The unique thermo-sensitive property of these
electrospun scaffolds could be used for the fabrication of cell aggregates with a controllable
size by simply capturing a certain number of cells in the shrunk poly (N-isopropylacrylamide)
scaffolds at a pre-defined size at 37°C. In these circumstances, the cells are forced into cell
aggregates due to absence of cell binding sites in poly (N-isopropylacrylamide) scaffolds and
confined space- and force- mediated cell-cell interaction. After formation, uniform cell
aggregates are able to be released from the thermo-responsive scaffolds at room temperature.
The harvested cell aggregates, with a controllable size and uniform distribution, can be used
for bone and cartilage tissue engineering. Details of thermo-responsive hydrogels for bone and

cartilage tissue engineering can be found in Table 2.3.
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Table 2.3 Thermo-responsive hydrogels for cartilage and bone tissue engineering.

Material Assisted Biodegradability Thermo- Dimension | Stem cell type | Differentiation | Application | Ref.
crosslinking sensitive type
method behaviour

2.5 wt.% chitosan | lonic Degradable Sol-gel 3D Human Osteogenesis Bone [139]
and 1 wt.% crosslinking transition at exfoliated regeneration
gelatin+Sr of beta 36 °C deciduous

glycerophosp teeth (SHEDS)

hate (B-GP) MSCs
12 mg/mL chitosan | Ironic Degradable Sol under 3D Human and rat | Chondrogenesis Cartilage [140]
and 4 mg/mL crosslinking 37 °C and gel BMSCs regeneration
hydroxyethyl of B-GP and above 37 °C
cellulose (CH- covalent for 20 min
HEC) crosslinking

of glyoxal
Poly(ethylene / Degradable lon 3D ASCs Chondrogenesis | Cartilage [133]
glycol)-b-poly(L- concentration regeneration
alanine) (PEG-L- -dependent
PA)
Zinc-doped lonic Degradable Sol at4 °C 3D mMSCs Osteogenesis Bone [141]
chitosan/nanohydro | crosslinking and gel at regeneration
xypatite/beta- of B-GP 37 °C
glycerophosphate
(Zn-CS/nHAp/ B-
GP)
PNIPAAmM-co-AAc | / No / 3D hBMSCs Chondrogenesis Cartilage [135]
with TGF- 33 engineering
Tetronic-tyramine | / No Sol at 4 °C 2D hMSCs Osteogenesis and | Cell patch [124]
with fibronectin or and gel at adipogenesis
RGD 37 °C
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Poly(organophosph | / Degradable Sol-gel 3D Rabbit MSCs | Osteogenesis Bone tissue | [134]
azene)-RGD transition at engineering
37°C
Poly(N- / No Molecular 3D hMSCs Chondrogenesis Cartilage [132]
vinylcaprolactam) weight- tissue
(PNVCL) dependent engineering
(higher
molecular
weight
decreased
LCST from
34°C to 32°C)
Collagen I and / Degradable Sol-gel 3D hBMSCs Osteogenesis 3D printing | [142]
agarose (low transition at for bone
gelation 28°C for tissue
temperature) agarose and engineering
25.9°C after
addition of
collagen |
3% chitosan and lonic Degradable Gel at42°C | 3D hBMSCs Nucleus pulposus | Intervertebr | [143]
0.5 M B-GP crosslinking for 10 min (NP) cell al disc
of B-GP differentiation;ch | (IVD)
ondrogenesis regeneration
Poly(N- / No Sol-gel 3D Rabbit BMSCs | Osteogenesis Bone tissue | [144]
isopropylacrylamid transition at engineering

e-co-acrylic acid)
and hydroxyapatite
and bone
morphogenic
protein-2 (BMP-2)

37 °C
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2.2.3.2 Magnetic field-responsive materials
Magnetic field-responsive materials are another category of smart materials that can respond to
an external magnetic field by either deformation of their initial structures or emission of heat.
The magnetic field-responsive behaviour of a scaffold/hydrogel relies on the embedding within,
or surface coating of magnetic nanoparticles by either electrospinning, dipping, or layer-by-
layer assembly. [145-152]
Influence of magnetic field on fate of MSCs
The cell membrane consists of many ion channels which are responsible for maintenance of the
membrane potential. External stimuli are recognised and transferred into intracellular electrical
signals by influx or efflux of ions to mediate a change in the membrane potential. It is well
known that a magnetic field can remotely influence ionic fluid across the cell membrane and
change membrane potential in a non-invasive manner, resulting in an intracellular biological
change. [153] Accordingly, the influence of magnetic field on stem cell fate has been
extensively studied. For example, a study by Kim et al. showed that proliferation and osteogenic
differentiation of human bone marrow-derived mesenchymal stem/stromal cells could be
regulated by a magnetic field, with magnetic fields of an intensity of 15 mT showing superior
performance in cell proliferation and osteogenesis compared to 3 mT and 50 mT. [154]
Moreover, electromagnetic field with a magnetization of 1.6 mT and a frequency of 50 Hz, but
not 25 Hz, for 8 h per day over a period of 21 days, was able to stimulate chondrogenesis in the
absence of TGF-B1. [155] Furthermore, Parate et al. recently showed that chondrogenesis could
be stimulated with a single pulsed electromagnetic field with a frequency of 15 Hz and a
magnetization of 2 mT for 10 min. [156] These studies revealed that the influence of a magnetic
field on the fate of stem cell differentiation and proliferation depends on several parameters
including magnetization and frequency of a pulsed electromagnetic, time and frequency of
exposure. Details of the influence of a magnetic field on fate of MSCs can be found in Table

2.4.
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Table 2.4 Influence of magnetic field on fate of MSCs.

Type State | Intensity | Frequency Cell Influence of biological Mechanism Application Ref.
source functions

Electromagnetic | Pulsed |2 mT 75 Hz hBMSCs | Impeded cell proliferation A pulsed Bone tissue [157]
field (EMF) but enhanced osteogenesis | electromagnetic field | engineering

with mRNA expression and | interfered with

protein secretion of ALP, calcium-dependent

collagen I, osteocalcin, and | osteogenic pathways

osteopontin
Electromagnetic | Pulsed |2 mT 15Hz,10 | hBMSCs | In vitro test: enhanced A pulsed Cartilage tissue [156]
field min once chondrogenesis with mRNA | electromagnetic field | engineering

expression of SOX9, Col Il, | triggered initial

and aggrecan; quantification | influx of calcium,

of collagen Il and sulfated resulting in enhanced

GAGs; cell chondrogenesis

immunohistochemical

staining for collagen Il and

Safranin O staining for

sulfated GAGs
Electromagnetic | Pulsed | 1mT 15Hz, 8 Rat In vitro test: enhanced cell | An electromagnetic N/A [158]
field h/day BMSCs | osteogenesis with mMRNA field enhanced cell

and protein expression of
RUNX2, BMP-2, and
osteocalcin; quantification
of ALP activity

osteogenesis by
extracellular signals
which regulated
kinase (ERK)1/2 and
protein kinase A
(PKA) and mitogen-
activated protein
kinase (MAPK)
related signaling
pathways
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Electromagnetic | Pulsed | 1.6 mT 25 Hzand | Rabbit In vitro test: biocompatible | An electromagnetic Control and [155]
field 50 Hz, 8 ASCs and enhanced cell field regulated cell healing of
h/day chondrogenesis with mRNA | chondrogenesis connective tissue

expression of Col Il (similar | through the TGF- defects

impact of 50 Hz to TGF-B1) | dependent pathway

and SOX9 (synergy of 25

Hz EMF and TGF-B1);

Alcian Blue staining for

sulfated GAGs
Electromagnetic | Pulsed | <40 uT | 0.1-0.3 Hz, | hASCs In vitro test: enhanced cell | Synergy of an Bone tissue [159]
field 24 min/day osteogenesis with mMRNA electromagnetic field | engineering

expression of RUNX2, and osteogenic

osteocalcin, osteopontin, induction medium

Col I, and ALP;

quantification of ALP

activity and calcium

deposition; Alzarin Red S

staining
Magnet (15 mm | Static 3,15,50 | N/A hBMSCs | Invitro test: enhanced cell | A moderate static Bone tissue [154]
in diameter, 1 mT proliferation and magnetic field (15 engineering
mm in thickness) osteogenesis in osteogenic | mT) had the superior

induction medium with impact on cell

MRNA expression of ALP, | proliferation and

RUNX2, osteocalcin, osteogenesis

osteopontin, osterix,

osteonectin; quantification

of ALP activity and calcium

deposition
Magnet (6 cm in | Rotative | 0.4 T 7.5Hz, 2 Human In vitro test: biocompatible; | A dynamic magnetic | Treatment of [160]
diameter) h/day umbilical | no influence on cell growth | field regulated the c- | obesity

cord and osteogenesis; inhibited | Jun N-terminal
MSCs cell adipogenesis with kinase (JNK)-
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MRNA expression of
FABP4 and PPAR- y2;
protein expression of
PPAR- y2 and
immunofluorescent staining

dependent Wnt
signaling pathway

Electromagnetic | Pulsed |1mT 50 Hz, 8 hBMSCs | In vitro test: enhanced A magnetic field Stem cell therapy | [161]
field days and neural differentiation with enhanced neuron for
mouse quantification and differentiation by the | neurodegenerative
ESCs immunofluorescent staining | early growth diseases
for Tujl and NeuroD1 and | response protein 1
TH; mRNA expression of (Egrl)-dependent
ChAT, GAD67, HB9, and pathway
Pitx3
Electromagnetic | Pulsed |1mT 50 Hz hBMSCs | In vitro test: decreased cell | An electromagnetic | Stem cell therapy | [162]
field proliferation and mMRNA field upregulated for
expression of early neuronal | expression of ferritin | neurodegenerative
marker (Nestin), while light chain, diseases
enhanced mMRNA expression | thioredoxin-
of neuronal differentiation dependent peroxide
marker (MAP2) and reductase, and
intracellular calcium tubulin -6 chain
Electromagnetic | Pulsed | 10 mT 50 Hz, 3 or | Rat In vitro test: enhanced cell | An electromagnetic N/A [163]
field 6h BMSCs | proliferation independent of | field temporally

time; increased cells at the
G1 phase of a cell cycle and
cell proliferation for a
longer time of exposure to
magnetic field; no influence
on cell growth and cycle in
16 h

promoted cell growth
by increasing cells at
the G1 phase of a cell
cycle
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Influence of magnetic nanoparticles on fate of MSCs
Magnetic nanoparticles (MNPs) not only respond to a magnetic field, but also harbour a
permanent magnetic moment. [164] FesO4 and y-Fe;O3 nanoparticles are the most common
MNPs used for stem cell labelling and have been applied to cell tracking in vivo [165], for
accurate targeted delivery [166-168] and for high cell retention [169, 170]. To keep magnetic
nanoparticles stable in the solution and enhance their efficiency of up-take, various surface
modification methods have been explored. [164, 169, 171] and different coating materials
provide distinct effects on the fate of stem cells. [172, 173] However, a study of Wang et al.
showed that MNPs as a whole, but not dissolved iron oxide or the coating materials, played a
role in promoting cell osteogenesis. [174] Hence, the influence and mechanism of various
materials for the surface functionalization of MNPs on biological functions of MSCs require
further comprehensive studies. Once taken up by cells, MNPs can trigger a series of
intracellular signaling pathways and eventually influence the fate of stem cells with [175, 176]
or without [174] the assistance of an external magnetic field. Since cells respond to a
mechanical stimuli by the mechano-sensitive channels on the cell membrane, magnetic
nanoparticles can be used for studying how stem cells respond to the external mechanical
stimulation by binding RGD-functionalized MNPs to integrins on the cell membrane and
monitoring the electrophysiological change across the membrane to determine the function of
specific ion channels for mechano-sensing. [177] When mounting magnetic nanoparticles to a
potassium channel on the cell membrane, TREKZ1, an external dynamic magnetic field was able
to directly induce mechanical stimulation to the stem cells in a remote and controllable manner.
This approach led to a change in the membrane potential and triggered intracellular signaling
pathways, resulting in enhanced tissue regeneration of load-bearing tissues, such as cartilage
and bone. [178] Details of the influence of magnetic nanoparticles on the fate of MSCs can be

found in Table 2.5.
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Table 2.5 Influence of magnetic nanoparticles on fate of MSCs.

Type | Synthesis Surface Size Magnetization | External Cell Influence of Mechanism | Application | Ref.
method | modification magnetic | source biological
field functions
Fe3Os | Emulsifica | Polydopamin | 56-68 N/A No Rat Non-cytotoxicity | FesOa Stem cell [179]
tion of e nmin BMSCs | and non-apoptosis | enhanced therapy
FesOsand diameter and no adverse cell
polymeriz effect on cell adhesion
ation of growth and and homing
dopamine differentiation by
in situ (adipogenesis and | upregulatin
osteogenesis) g
under 50 pg/mL; | expression
increased the cell | of C-X-C
number at the S chemokine
phase of a cell receptor 4
cycle; enhanced and C-C
secretion of motif
VEGF and cell receptor 1;
migration in vitro | enhanced
via the transwell | cell
assay and invivo | migration
(homing to the by
inflammable ear | increasing
after tail vein migration-
injection) related
proteins c-
Met
Y- Co- Citrate 64.90+ | 60.7 emu/g 0.3-0.45T | Mouse | Reduced cell Static Cell therapy | [166]
Fe>Osz | precipitati 1.53 nm of magnet | BMSCs | viability; no magnetic with
on of adverse influence | field led to
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ferrous in on cell temporary | magnetic
and ferric diameter morphology, loss of cell | targeting
salts proliferation, and | viability;
solution differentiation together

(osteogenesis and | with up-

adipogenesis); taking

normal secretion | citrate

of anti- coated y-

inflammatory Fe203
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cells accumulated | after
at heart. intracardiac
injection
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mm, width concentration less | labelled
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Magnetic field-responsive scaffolds/hydrogels for bone and cartilage tissue engineering
The incorporation of magnetic nanoparticles can change the surface properties of scaffolds
including roughness, mechanical strength and wettability, which may influence the initial cell-
substrate interaction, leading to enhanced cell adhesion and spreading. [145, 152, 180, 181] The
coating magnetic nanoparticles on the surface of scaffolds could functionalize as many
individual micro-scale magnetic fields, regulating the fate of adjacent stem cells through
relevant signaling pathways, such as iron—sulfur cluster assembly protein 1 (ISCA1)-dependent
and BMP-2/Smad/Runx2-dependent pathways. [145, 150, 182, 183] (Figure 2.6) Furthermore,
the incorporation of superparamagnetic iron oxide nanoparticles and exposure of the scaffold
to an alternating magnetic field at a high frequency, can generate heat (hyperthermia effect)
within a relatively short time, providing a novel way of treating malignant osteoma. [184-187]
Samal et al. recently reported a biocompatible magnetic scaffold fabricated by salt-leaching and
dip-coating with MNPs using silk fibroin protein displayed excellent hyperthermic performance,
increasing a temperature up to 8 °C within 100 s. [148] The same group fabricated another
magnetic scaffold with gelatin by casting viscous gelatin and a poly(acrylic acid)-coated MNPs
hybrid into multi-layers and crosslinking via carbodimide chemistry. Such a magnetic scaffold
was able to increase the surrounding temperature up to 18 °C within 70 s when exposing to an
alternating magnetic field at a frequency of 293 kHz and a magnetization of 30 mT. [146]
Jedlovszky-Hajdu et al. successfully co-electrospun magnetic scaffolds incorporated with
poly(succinimide) and oleic acid-coated MNPs, which were capable of hyperthermia with a
temperature increase of 7 °C within 60 s. [188] Alternatively, iron oxide magnetic nanoparticles
can also be used as photothermal conversion agents to kill cancer cells by heating after exposing
to near infrared (NIR) light. [182, 189] The photothermal behaviour of iron oxide nanoparticles
also allowed a controllable release of bio-reagents from the magnetic scaffolds and these bio-
reagents rapidly penetrated into cancer cells for a better treatment of malignant osteoma. [183]

Furthermore, magnetic scaffolds/hydrogels can also respond to stimulation of a dynamic
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external magnetic field by deformation of their structures, which might function as actuators
for mechanical stimulation of stem cells to regulate their differentiation through mechano-
related signaling pathways. [151, 190-192] Details of magnetic field-responsive materials for

tissue engineering can be found in Table 2.6.

Electromagnetic field '
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. . E St cells i 4 .
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Electroniagnetic field

Figure 2.6 Stem cells are cultured (i) in magnetic field-responsive hydrogels with incorporation
of chemo-/bio- reagents-loaded magnetic nanoparticles (MNPs), or (ii) on scaffolds with MNPs
coated on the surface of nanofibers by dip-coating or layer-by-layer assembly (left) or
embedded in nanofibers by co-electrospinning (right).

2.3 Conclusion

In summary, using smart materials for efficient cell delivery and actively regulating the fate of
stem cells, may provide a novel approach to treat OA. In this thesis, two smart materials were
fabricated and explored for their potential applications in cartilage and bone tissue engineering.
A thermo-sensitive poly (N-isopropylacrylamide-co-acrylic acid) hydrogel was first evaluated
as an in-vitro platform for study of MSCs, which showed enhanced multi-lineage differentiation
due to formation cell aggregates in situ. (Chapter 3) The hydrogel was further used as a delivery
vehicle for injection of MSC aggregates into an osteochondral defect in vivo, which showed

excellent cartilage and bone regeneration due to synergy of enhanced paracrine effects and
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multi-potency of MSC aggregates. (Chapter 4) Moreover, the interaction between MSCs and
the hydrogel was examined over an extended period and revealed that cell aggregates were
formed in response to cell migration-mediated cell aggregation. The resultant MSC-derived
chondrocytes were harvested from the thermo-responsive hydrogel and forcing into a neo-
cartilage patch in vitro for potential application in cartilage regeneration. (Chapter 5)
Furthermore, a magnetic field-responsive scaffold was fabricated and utilized as a novel in-
vitro platform to regulate MSC behaviour and was found to enhance chondrogenesis and
osteogenesis of MSCs in the 3D smart scaffold, which may have potential applications in
cartilage and bone tissue engineering. (Chapter 6) Results of these studies reveal that the
thermo-responsive hydrogel and the magnetic field-responsive scaffold together with MSCs

might be novel and promising therapeutic strategies for cartilage and bone regeneration.
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Table 2.6 Magnetic field-responsive scaffolds/hydrogels for tissue engineering.

Material | Phase | Fabrication | Magnetic | Dimension | Cell | State | External Results Mechanism | Application | Ref.
methods intensity magnetic
field
Gelatin Hydro | Chemical N/A 2D Rat | Static | 100 mT of | In vitro test: Pulsed Cartilage [149]
gel crosslinking BM an minimal electromagn | repair
with y- SCs electroma | cytotoxicity; etic field
glycidoxypr gnetic promoted cell enhanced
opyltrimeth strength growth; chondrogen
oxysilane and 40-70 | enhanced esis of
(GPTMS) Hz of a chondrogenesis | MSCs
and frequency | with mRNA grown on a
physical for 20 min | expression of magnetic
crosslinking Col 11, aggrecan, | hydrogel
with - and SOX9 and
cyclodextrin Toluidine Blue
by staining for
host—guest polysaccharides
interaction; and
incorporatio immunohistoche
n with 10 mical and
mg/mL immunofluoresc
F304 ent staining for
nanoparticle collagen 11
s (20-30
nm)
CoFe204 | Scaffo | GO 38.9 2D hAS | Dyna |1mT of Biocompatible Pulsed Tissue [151]
nanoparti | Id fabricated emu/g for Cs mic an in vivo; impeded | electromagn | engineering,
cles with a GOI/CFO electroma | cell growth etic field biosensors
(CFO)/ modified and 0.41 gnetic compared to enhanced and
Graphen Hummers’ | emul/q for strength cells cultured on | cell actuators
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(GO)/ decorated PVDF of a absence of and neural
polyviny with PVP- frequency | electromagnetic | differentiati
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difluorid by neural
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(GOICFO, 5 expression of

nm) and Nestin, B-

homogeneo tubulin 111,
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n of 1% nerve growth
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PVDF) in

dimethylace

tamide/acet

one (60/40

v/v) for

electrospinn

ing
PLGA Scaffo | Double 8.105 3D Mou | Static | N/A In vitro test: N/A The [193]
and Id emulsion emu/g se biocompatible; magnetic
FesOq4 fabrication MS supported cell property of
magnetic of micro- Cs growth; scaffolds
nanoparti scaffolds enhanced cell was used
cles (269.83 = chondrogenesis for targeting
(MNPs) 10.982 pum) with mRNA delivery of

with high expression of stem cells
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bonding Col II; Alcian engineering
with Blue staining for by injection
polyethyleni sulfated GAGs. and remote
mine (PEI)- guidance
coated
MNPs by
amino
bonds
poly-ge- Scaffo | Needleless | 6.8+0.3 2D Porc | Static | No In vitro test: Incorporatio | Bone tissue | [152]
caprolact | Id electrospinn | Am?/kg ine enhanced cell n of MNPs | engineering
one ing with and BM proliferation and | enhanced
(PCL) PCL 6.1+0.3 SCs osteogenesis the cell
and solution and | Am?/kg at with proliferation
MNPs MNPs (50- | 10 K and quantification of | and
100 nm) 300 K, ALP activity in | osteogenesi
respectivel osteogenic S
y induction
medium
PCL and | Scaffo | Electrospin | 1.0-11.2 2D Rat | Static | No In vitro test: Magnetism | Bone tissue | [150]
MNPs Id ning PCL emu/g BM enhanced cell of MNPs engineering
solution and | (value SCs adhesion, affected the
MNPs increased spreading, and ion
(citricacid | as more penetration into | channels in
surface MNPs scaffolds in a cell
functionaliz | incorporat dose-dependent | membrane;
ation, 12+ | ed into manner, incorporatio
1.34 nm) electrospu enhanced cell n of MNPs
n PCL osteogenesis in PCL
scaffolds) with scaffolds
quantification of | changed the
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ALP activity wettability,
and mRNA mechanical
expression of strength and
Col I, roughness
osteopontin, and | of scaffolds,
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VivO test: cell
biocompatible adhesion,
and spreading
biodegradable and
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formation
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were dipped cell osteogenesis | of MNPs
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CHAPTER III

ENHANCED MULTI-LINEAGE DIFFERENTIATION OF HUMAN
MESENCHYMAL STEM/STROMAL CELLS WITHIN POLY (N-
ISOPROPYLACRYLAMIDE-ACRYLIC ACID) MICROGEL-FORMED
THREE-DIMENSIONAL CONSTRUCTS

83



Chapter 111

Statement of Authorship

Title of Paper

Enhanced Multi-Lineage Differentiation of Human Mesenchymal Stem/Stromal Cells within Poly
(N-isopropylacrylamide-Acrylic Acid) Microgel-Formed Three-Dimensional Constructs

Publication Status

[V Published [~ Accepted for Publication

M Unpublished and Unsubmitted work written in

[~ Submitted for Publication manuscript style

Publication Details

Zhang, J.; Yun, S.; Bi, J.; Dai, S.; Du, Y.; Zannettino, A. C. W.; Zhang, H., Journal of Materials
Chemistry B 2018, 6 (12), 1799-1814. doi: 10.1039/c8tb00376a.

Principal Author

Name of Principal Author (Candidate)

Jiabin Zhang

Contribution to the Paper

Performed experiments, analysed data, writing manuscript.

Overall percentage (%)

80%

Certification: This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary author of this paper.

Signature | Date l 2 é / 0 ?/Z 0/ (\7

7

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i. the candidate’s stated contribution to the publication is accurate (as detailed above);

. permission is granted for the candidate in include the publication in the thesis; and

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Seonho Yun

Contribution to the Paper

Experiment design and evaluation of data.

Date { 6/ o7 / 29[ ‘]

Signature

Name of Co-Author Jingxiu Bi

Conlribution to the Paper Proof read the manuscript and evaluation.
Signature

Dale (()/ u‘)l/c)ﬂ'l;}

84



Chapter 111

Name of Co-Author Sheng Dai
Contribution to the Paper Proof read the manuscript and evaluation,
Signature Date 2b{0R (2"
Name of Co-Author Yuguang Du
Conlribution to the Paper Proof read the manuscript and evaluation,
Signature Dale 21 7 | 7 /S
/
Name of Co-Author Andrew Zannettino
Contribution to the Paper Proof read the manuscript, experiment design, and evaluation of data.
Signature Date | 16 July 2019
Name of Co-Author Hu Zhang
Conlribution to the Paper Proof read the manuscript, experiment design, and evaluation of data.
Signal < g -~ \
v Pate | Fuky 18,3019

Please cut and paste additional co-author panels here as required.

85



Chapter 111

Enhanced Multi-Lineage Differentiation of Human
Mesenchymal Stem/Stromal Cells within Poly (N-
Isopropylacrylamide-Acrylic Acid) Microgel-Formed

Three-Dimensional Constructs

Jiabin Zhang?, Seonho Yun?, Jingxiu Bi!, Sheng Dai* Yuguang Du®, Andrew C.W.

Zannettino®*, Hu Zhang*

1School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia
2Adelaide Medical School, The University of Adelaide, Adelaide, SA 5001, Australia
3Institute of Process Engineering, Chinese Academy of Sciences, Beijing, 100190, China
“School of Engineering, Newcastle University, Newcastle, NE1 7RU, United Kingdom
“Corresponding author: E-mail: hu.zhang@adelaide.edu.au (H.Z.), E-mail:
andrew.zannettino@adelaide.edu.au (A.C.W.Z.)

Published: Journal of Materials Chemistry B 2018, 6 (12), 1799-1814, DOI:

10.1039/c8tb00376a.

86



Chapter 111
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hMSCs derived from normal donors were induced multi-lineage differentiation in the
thermosensitive p(NIPAAmM-AA) microgel-formed 3D constructs.
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3.2 Abstract
Human mesenchymal stem/stromal cells (hMSCs) are a potential cell source of stem cell
therapy for many serious diseases and hMSC spheroids have emerged to replace single cell
suspensions for cell therapy. Three-dimensional (3D) scaffolds or hydrogels which can mimic
properties of the extracellular matrix (ECM) have been widely explored for their application in
tissue regeneration. However, there are considerably less studies on inducing differentiation of
hMSC spheroids using 3D scaffolds or hydrogels. This study is the first to explore multi-lineage
differentiation of a stem cell line and primary stem cells within poly (N-isopropylacrylamide)
(p(NIPAAM))-based thermosensitive microgel-formed constructs. We first demonstrated that
poly (N-isopropylacrylamide-co-acrylic acid) (p(NIPAAm-AA)) was not toxic to hMSCs and
the microgel-formed constructs facilitated formation of uniform stem cell spheroids. Due to
functional enhancement of cell spheroids, hMSCs within the 3D microgel-formed constructs
were induced for multi-lineage differentiation as evidenced by significant up-regulation of
messenger RNA (mMRNA) expression of chondrogenic and osteogenic genes even in the absence
of induction media on day 9. When induction media were in-situ supplied on day 9, mRNA
expression of chondrogenic, osteogenic and adipogenic genes within the microgel-formed
constructs were significantly higher than that in the pellet and 2D cultures, respectively, on day
37. In addition, histological and immunofluorescent images also confirmed successful multi-
lineage differentiation of hMSCs within the 3D microgel-formed constructs. Hence, the
thermosensitive p(NIPAAmM-AA) microgel can be potentially used in an in-vitro model for cell
differentiation or in-vivo transplantation of pre-differentiated human mesenchymal stromal
cells into patients for specific lineage differentiation.
KEYWORDS: poly (N-isopropylacrylamide); microgel; multi-lineage differentiation; tissue

engineering; cell spheroid; human mesenchymal stem/stromal cell
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3.3 Introduction
Stem cells, such as human mesenchymal stem/stromal cells (hMSCs), are a potential cellular
therapy source to treat serious diseases [1], such as cartilage injury [2-4], spinal injury [5, 6]
and cardiac failure [7-9]. They can be differentiated into chondrocytes [10, 11], osteoblasts [12,
13] and adipocytes [14] both in vitro and in vivo. [15] However, the lack of cell retention within
the defective sites following injection as single-cell suspensions limits their clinical application.
[16] Hence, stem cell spheroids are emerging as an alternative to single cell suspensions to
improve cell retention during implantation. [16, 17] Recent reports also suggest that hMSC
spheroids possess enhanced anti-inflammatory and multi-lineage differentiation properties. [16,
18, 19]
However, cellular spheroids have to be carefully prepared for clinical application to mitigate
issues, such as necrosis within the center of the spheroid [20]. The size of cellular spheroids is
one of important parameters for quality control. It is also essential to have a better
understanding of differentiation of cellular spheroids in vitro so that the spheroids can be
applied to patients.
Three-dimensional (3D) microenvironments are known as native niches that can significantly
regulate migration, proliferation, and differentiation of stem cells. [21, 22] The extracellular
matrix (ECM) of tissues provides both physical and biochemical cues, such as stiffness and
RGD-motifs, respectively, which act in concert to influence cell behavior. [23-25] Water-rich
smart hydrogels, allowing mimicking the properties of ECM and customized incorporation of
other biochemical stimuli, recently become attractive for stem cell-based tissue engineering.
[11, 26-30] Thermosensitive hydrogels are one example of smart hydrogels that can respond to
temperature change. They are highly porous and abundant in water, providing 3D mechanical
support for cells and facilitating gas and mass exchange between the incorporated cells and the

surrounding environment. [31]
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Poly (N-isopropylacrylamide) (p(NIPAAmM)) is a widely used thermosensitive polymer that can
reversibly transform from sol to gel status when heated above its lower critical solution
temperature (LCST), 32 °C, which is close to the temperature of human body. [32] It can be
easily synthesized in a large quantity and even bonded with natural components, such as RGD
peptides [33], gelatin [34], hyaluronic acid [14], chitosan [35], to improve its biological
properties. When a pNIPAAmM hydrogel forms a gel, water is expelled out of the hydrogel and
the hydrogel shrinks, via a process of syneresis, making it unsuitable for cell culture. To prevent
the syneresis, hydrophilic components, such as acrylic acid (AA), are copolymerized with
pNIPAAmM. In addition, after further crosslinking, thermosensitive p(NIPAAM-AA) microgels
are produced. [32] Once the carboxyl groups of p(NIPAAmM-AA) are ionized, the p(NIPAAmM-
AA) microgel has a negative charge and makes the internal porosity larger, allowing more
efficient gas and mass exchange. [32]
Stem cell differentiation into single type of cells in the thermosensitive hydrogels has been
reported and the 3D microenvironment offered from the hydrogels is found to have a great
impact on cellular differentiation. [35-39] However, there are very few studies
comprehensively examining the multi-lineage differentiation of human mesenchymal stromal
cell spheroids generated within p(NIPAAmM)-based thermosensitive microgel-formed
constructs. [15, 16] Therefore, in this study, we successfully synthesized a thermosensitive
p(NIPAAmM-AA) microgel that not only mimicked 3D ECM properties but also facilitated
spheroids harvest because of its thermal reversibility. The microgel showed no toxicity to the
hMSCs from both 2D and 3D toxicity assays. After they were cultured within the 3D microgel-
formed construct, hMSCs formed uniform cell spheroids of 100 um in diameter without central
necrosis [20], while they proliferated at a much slower rate than the hMSCs grown in 2D
conventional culture. Messenger RNA (mMRNA) expression of chondrogenic, osteogenic and
adipogenic genes were significantly upregulated for both immortalized bone marrow derived

human mesenchymal stem/stromal cells (UE7T-13) and primary normal donor derived human
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mesenchymal stem/stromal cells (NOD MSCs) in microgel-formed 3D constructs than that in
pellet and 2D cultures, respectively. Even in the absence of induction media, UE7T-13
displayed multi-lineage differentiation with a relatively higher mRNA expression of
chondrogenic genes (SOX9 and aggrecan) and osteogenic genes (RUNX2 and osterix) due to
inductive properties of the matrix and the formation of cell spheroids [16]. Histological images
revealed rich glycosaminoglycan (GAGS) distributing within complex chondrogenic micro-
tissues, calcification within osteogenic cells, and lipids within adipogenic cells.
Immunofluorescent images also showed distinct collagen 1l Al, osteocalcin and perilipin
signals. Hence, we can conclude that the thermosensitive microgel-formed constructs can
effectively induce multi-lineage differentiation of human stem cells, which can be potentially
used in an in-vitro model for cell differentiation and tissue engineering or in-vivo
transplantation of pre-differentiated human stem cells [40] into patients for specific lineage
differentiation.

3.4 Materials and Methods

3.4.1 Microgel synthesis

The poly (N-isopropylacrylamide-co-acrylic acid) (p(NIPAAmM-AA)) microgel was synthesized
by free radical emulsion polymerization as previously described. [32] Briefly, 9.9 mmol of N-
isopropylacrylamide (NIPAAmM, >98%, Tokyo Chemical Industry) (recrystallized in n-hexane
and dried overnight), 0.2 mmol of N, N’-methylenebisacrylamide (MBA, >99%, Sigma-
Aldrich), 0.12 mmol of sodium dodecyl sulfate (SDS, >99%, BDH Laboratory Supplies Poole),
and 0.1 mmol acrylic acid (AA, 99.5%, Acros Organics) were dissolved in 97 mL of Milli-Q®
water. The solution was mechanically stirred and continuously degassed with nitrogen supply
at 70 °C for 45 min in a 250 mL of three-necked flask. Subsequently, 3 mL of 1 mM potassium
persulfate (KPS, >98%, Chem-Supply) in Milli-Q® water was injected to initiate the
polymerization. After synthesis overnight, the microgel was left cool at room temperature and

dialyzed with a Spectra/Por® molecular porous membrane tubing (Spectrum Labs, cut-off MW
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12-14 kDa) against Milli-Q® water for one week with daily water change. The purified microgel
was concentrated by heating at 70 °C, after which 100 uL of microgel was dried and weighted
to calculate the final concentration.
3.4.2 Size distribution measurement of p(NIPAAmM-AA) microgel
0.5 mg/mL of p(NIPAAmM-AA) dissolved in water and 1x Dulbecco's phosphate buffered saline
(DPBS, pH = 7.4) were prepared, respectively. Their hydrodynamic diameters were measured
by dynamic light scattering (DLS) at 25°C and 37 °C with a Zetasizer (Malvern, Nano-ZS).
The detection angle was set at 90° and the intensity autocorrelation function was analyzed by
the CONTIN software.
3.4.3 Dynamic moduli measurement
30 mg/mL p(NIPAAmM-AA) microgel-formed three-dimensional (3D) constructs were
prepared by mixing 50 mg/mL microgel, 0.05 M MgCl; in 1x Dulbecco's phosphate buffered
saline (DPBS, pH = 7.4) and complete growth medium at a volumetric ratio of 3:1:1. The
temperature was kept at 37 °C for 60 min prior to measurement by a SR 5 environmental
system connected to a water bath (Julabo) and the gap was set to 0.65 mm. The elastic
modulus (G”) and viscous modulus (G”) of the constructs were measured at different stress
from 0.1 to 100 Pa under a constant frequency of 0.1 Hz by a SR5 rheometer (Rheometric
Scientific) equipped with a 40 mm parallel plate geometry.
3.4.4 Transmittance measurement in the p(NIPAAmM-AA) formed 3D constructs
P(NIPAAmM-AA) formed 3D constructs were prepared in the same way as described in
“Dynamic moduli measurement” section at room temperature. 100 pL of the construct was
transferred into each 96-well plate in triplicates and the transmittance was read by a Molecular
Devices VersaMax microplate reader. The wavelength of the light was set at 720 nm. The
temperature was kept at 37 °C from 0 to 30 min. The transmittance of p(NIPAAmM-AA)
microgel-formed constructs were recorded every minute during heating at 37 °C. Then the

p(NIPAAmM-AA) microgel-formed constructs were kept at 37 °C in an incubator. After the

92



Chapter 111
temperature in the microplate reader was set at 25 °C, the p(NIPAAmM-AA) microgel-formed
constructs were transferred back to the microplate reader. The transmittance of the p(NIPAAmM-
AA) microgel-formed constructs was measured during cooling at 25 °C and recorded every
minute for another 30 min. The transmittance in the blank wells was used as the control. The
recorded data were averaged and normalized to the control.

3.4.5 Preparation of cell-gel 3D constructs

Briefly, microgel was sterilized by exposure to UV for 40 min. An immortalised human
mesenchymal stromal cell line, UE7T-13 (RIKEN BioResources Center, lbaraki, Japan,
http://en.brc.riken.jp), or bone-derived mesenchymal stromal cells obtained from the iliac crest
chips of normal donors (NOD MSCs) with an approval, RAH Protocol N0.940911a, from the
Royal Adelaide Hospital Ethics Committee as described previously [41, 42] (ND0127 NODs,
NDO0303 NODs, ND0055 NODs, ND0302 NODs, ND0057 NODs and ND0059 NODs) were
cultured on T-75 flask in a humidified, 5% CO> and 37°C incubator with a complete growth
medium feeding and changing every other day (o-modified Eagle’s medium (MEM, Sigma-
Aldrich) supplemented with 10% fetal calf serum (FCS, Sigma-Aldrich) and 1x additive’s
(ADDs) (50 U/mL- 50 ug/mL penicillin-streptomycin (CSL), 2 mM L-glutamine (JRH), 1 mM
sodium pyruvate (Sigma-Aldrich), 15 mM HEPES (Life Technologies)). Single-cell
suspensions were prepared by washing twice with 1x Dulbecco's phosphate-buffered saline
(DPBS, Sigma-Aldrich), trypsin digestion (GIBCO), enzyme quenching with the complete
medium, discarding supernatant after centrifuging, and resuspending cells in the complete
medium. The cell-gel hybrid was prepared by homogeneously mixing single-cell suspension,
filter-sterilized magnesium chloride (MgCl2) solution (dissolving hexahydrate magnesium
chloride (Chem-Supply) in 1x DPBS and filtered with 0.22 um of porosity of syringe filter),
and the microgel at a volumetric ratio 1:1:3, resulting in the certain cell density and final
concentration of 0.01M MgCl> and 30 mg/mL microgel, respectively. Passage 45-48 of UE7T-

13 and passage 5-6 of NOD MSCs were used in the experiments reported.
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3.4.6 Cell proliferation assay
Cell proliferation within the microgel was measured by 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1, Sigma-Aldrich) cell proliferation assay.
Briefly, 50 uL of coating microgel at a volumetric ratio of 50 mg/mL microgel : 0.05 M MgCl;
in 1x DPBS : complete growth medium of 3:1:1 was coated on the each well of 96-well plate
at 37 °C for 30 min. Then 125 pL of UE7T-13 cell-gel hybrid with a density of 1.0x10° or
1.0x10° cells/mL was gelled on the coated 96-well plate in the humidified incubator containing
5% CO; at 37 °C for additional 30 min. Warm complete growth medium (125 pL) was added
into each well and regularly changed every other day on a dry block heater (Ratek Instruments)
at 37 °C for up to 14 days. After 1, 5, 9 and 14 days, the 96-well was cooled down at room
temperature and homogeneously mixed with 20 uL of WST-1 after discarding the 100 uL of
complete growth medium above the hydrogel. Continuous incubation of the WST-1 mixture
was carried out in a humidified incubator containing 5% CO3 at 37 °C for 4 hr. The absorbed
wavelength of solubilized formazan was measured at 450 nm by an iMark™ microplate reader
(BIO-RAD) after liquidation of cell-gel hybrids on the ice. Cells cultured on the two-
dimensional (2D) 96-well plate were considered as a control and processed in the same way as
for the 3D cultures while using Milli-Q® water to replace the microgel. To eliminate the
background absorbance, the same experiment was performed without cells as a reference. The
difference in measured values between absorbance and reference were used for temporal profile
of cell proliferation. Three different NOD MSCs (ND0302 NODs, ND0127 NODs and ND0059
NODs) with a density of 1.0x10° cells/mL were processed in the same way as UE7T-13.
3.4.7 Cell viability assay
The cytotoxicity of the microgel was measured by the MTT assay as described previously. [32]
Briefly, 100 uL of UE7T-13 cells in the complete growth medium were seeded onto each well
of 96-well plate at a density of 1.0x10° cells/mL and cell attachment was achieved by overnight

incubation in a humidified incubator containing 5% CO> at 37 °C. The media were changed
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with a series of different microgel concentration dissolved in the complete growth medium
(0.05 mg/mL, 0.1 mg/mL, 0.5 mg/mL, 1 mg/mL, 5 mg/mL, 30 mg/mL) at 100 pL per well and
cultured for another 24 hr. Subsequently, the medium containing the microgel was changed
with the same volume of fresh complete growth medium and 10 uL of 5 mg/mL 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermo Fisher Scientific) was
added into each well. Following an additional 4 hr incubation, all media were collected and
discarded and 100 uL of dimethyl sulfoxide (DMSO, Chem-Supply) was added to each well to
dissolve the formed formazan crystals within the cells. Cells fed by the medium without the
microgel were used as a control and processed in the same way as the cells exposed to the
microgel. The absorbance of the dissolved formazan in DMSO was read by an iMark™
microplate reader (BIO-RAD) at a wavelength of 595 nm. All reading absorbance were
normalized to the absorbance value of the control and presented as relative absorbance.

3.4.8 Cell viability staining

UE7T-13 viability within the microgel was measured by fluorescently staining cells with the
Live&Dead staining kit (Thermo Fisher Scientific). Briefly, 250 uL of coating microgel was
added into each well of 48-well plate and incubated at 37°C for 30 min to initiate gel formation.
The warm cell-gel hybrid with a density of 1.0x10° cells/mL was gently added into each
microgel-coated 48-well plate that was kept at 37 °C using a hotplate. Gel formation was
initiated and cells in the gel were continuously incubated in a humidified incubator containing
5% CO; at 37 °C with 500 pL of complete medium which was regularly changed every other
day up to 9 days. The working solution was prepared as 4 uM calcein AM and 2 uM ethidium
homodimer-1 in 1x DPBS. After 1 or 9 days, 500 pL of the feeding medium on each cell-gel
hybrid was discarded, while the 48-well plate was cooled down at room temperature. 250 uL
of the working solution was added into each well and homogeneously mixed with the cell-gel
hybrid. After incubation at room temperature for 20 min, cells were imaged with a fluorescent

microscope. Cell-gel hybrids on the 48-well plate without the microgel were also stained and
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imaged as described above. In addition, pellets (Control 1) were cultured by spinning down
the same amount of the cells in a 10 mL polypropylene tube (SARSTEDT Australia). In
addition, cells were also cultured on the 1.5% agar coated 48-well plate (Control 2). Control
1 and Control 2 were both cultured in a humidified incubator containing 5% CO. at 37 °C for
up to 9 days with medium change every other day. After 1 or 9 days, Control 1 were stained
as cell-gel hybrids and transferred to 48-well plate for fluorescent imaging, while Control 2
were directly in-situ fluorescently imaged after Live&Dead staining with a CKX41 fluorescent
microscope (Olympus). Live cells were shown as green, while dead cells were shown as red.
3.4.9 Trypan Blue cell counting and Annexin/7-AAD apoptosis flow cytometry
UE7T-13 cell-gel hybrids were prepared on the microgel-coated 48-well plate as described in
the “Cell viability staining” section. After incubation in a humidified atmosphere containing
5% CO2 at 37 °C for 24 hr, cell-gel hybrids were liquefied at room temperature, transferred into
15 mL of polypropylene tubes and diluted with 10 mL of 1x DPBS. The cells were centrifuged
at 383 rcf for 10 min and homogeneously resuspended in 500 uL fresh complete growth
medium after discarding the supernatant. 11 pL of cell solution was mixed with the same
volume of Trypan Blue (Sigma-Aldrich) and completely mixed before manual cell counting on
a BS.748 cell counting chamber plate (Hawksley) under a CX41optical microscope (Olympus).
Live cells without blue staining, and blue stained dead cells were counted. Cells cultured on the
2D 48-plate were used as a control and processed similarly as 3D cells. Subsequently, the
number of live cells divided by the total cells was presented as cell viability. Relative cell
viability was normalized with respect to the cell viability in 2D culture.

After Trypan Blue cell counting, the remaining cell suspensions of 3D and 2D were centrifuged
in FACS tubes at 383 rcf for 2 min. The supernatant was discarded, and the cells were washed
with 2 mL of cold binding buffer (10 mM HEPES and 5 mM calcium chloride (Scharlau) in 20
mL 1x Hank’s balanced salt solution (Sigma-Aldrich)) and centrifuged at 383 rcf for 2 min.

After the supernatant was discarded, cells were enzymatically digested in 1 mL of proteinase
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(1.5 mg/mL of collagenase (Scimar) and 2 mg/mL of dispase (Invitrogen)) for 10 min and
neutralized in 10 mL of complete growth medium. Then cells were centrifuged again and gently
resuspended in 50 uL of binding buffer. The fresh UE7T-13 detached by enzymatic digestion
from T-75 flask were centrifuged in FACS tubes and cell apoptosis induced by resuspending
them in 1 mL of 100% DMSO for 10 min at room temperature (positive control 1) or cell
necrosis by resuspending in 1 mL of 80% ethanol for 10 min on the ice (positive control 2). In
addition, the freshly detached cells were also resuspended in 1 mL of complete growth medium
(negative control). Then 3 mL of complete medium was added into each FACS tube of all
controls. The cells were centrifuged at 383 rcf for 2 min, washed once with 2 mL of binding
buffer, and resuspended in 50 pL of in-house binding buffer. 5 uL of 2.5 pg/mL PE-AnnexinV
(Biolegend) and 20 uL of 7-AAD (Beckman Coulter) were added into each cell suspension of
2D or 3D. Positive control 1 groups were stained with 5 uL of AnnexinV and 20 uL of in-
house binding buffer, while positive control 2 groups were stained with 5 uL of in-house
binding buffer and 20 uL of 7-AAD. Negative control groups left unstained and 25 uL of in-
house binding buffer was added. FACS tubes were kept in the dark and on ice for 20 min during
staining. Cell apoptosis was immediately measured by a flow cytometer (BD, FACSCanto 1l
Analyser) after 200 uL of in-house binding buffer was added into each FACS tube. Only those
events which were negative to AnnexinV and 7-AAD were considered as live cells. Eventually,
data was presented as relative cell viability by normalizing the percentage of live cells to those
cells cultured in 2D.
3.4.10 Scanning electron microscopy (SEM) imaging of cell-gel 3D constructs
The UE7T-13 cell-gel hybrids were prepared as described in “Cell viability staining” section
and cultured with the complete growth medium in a humidified atmosphere containing 5% CO>
at 37 °C. After cultured overnight, the feeding medium on the top of the cell-gel hybrid was
removed and cell-gel 3D constructs were immediately frozen in liquid nitrogen. The frozen
cell-gel constructs were then dried under vacuum by a Christ Alpha 2-4 LD freeze dryer. The
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cross-sections of the cell-gel constructs were then coated with a layer of platinum and imaged
with a Philips XL30 FEGSEM at an accelerating voltage of 10 kV.

3.4.11 STRO-1 flow cytometry

UE7T-13 cultured on 2D plates and in cell-gel constructs were prepared, respectively, in
triplicate (1 unstained control + 1 STRO-1 negative control+ 1 STRO-1 positive test) as
described in “Cell viability staining” section. After overnight, the cells were harvested and
suspended in ImL 1x DPBS. Then the cells were blocked with 1 mL 1x blocking buffer (Hank’s
balanced salt solution (Sigma-Aldrich) contained 5% heat-inactivated normal human serum,
1% bovine serum albumin (BSA, Sigma-Aldrich), 50 U/mL-50 pg/mL penicillin-streptomycin
(CSL) and 5% fetal calf serum (FCS, Sigma-Aldrich)) on ice for 20 min to reduce the non-
specific immunofluorescent staining. Then the supernatant was removed after spinning down
cells. The cells as the unstained control were resuspended in 100 uL blocking buffer, while the
cells as STRO-1 negative control and STRO-1 positive test were incubated in 100 uL 1 A6.12
(isotype matched IgM negative control/ anti-salmonella provided by Dr L Ashman) and 100 pL
STRO-1 hybridoma supernatant on ice for 45 min, respectively. All cells were washed in 1 mL
of washing buffer (1x Hank’s balanced salt solution contained 5% FCS (Sigma-Aldrich)) and
centrifuged to remove the supernatant. Then the cells as STRO-1 negative controls and STRO-
1 positive tests were incubated in 100 pL 20 pg/mL of a goat-anti-mouse IgM-FITC conjugated
second antibody (Southern Biotech), while the cells as unstained controls were resuspended in
100 pL washing buffer. The cells were washed in 1 mL of washing buffer after incubated on
ice in the dark for 30 min and fixed in 2% paraformaldehyde (Sigma-Aldrich). The cell
suspensions were then measured by a flow cytometer (BD, FACSCanto Il Analyser). The
representatives of STRO-1 flow cytometry for UE7T-13 cells cultured on 2D plates and in
microgel-formed 3D constructs were then presented.

3.4.12 Cell cycle assay
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UE7T-13 cell-gel constructs were prepared in triplicate as described in “Cell viability staining”
section for fluorescein isothiocyanate (FITC) labelled KI-67 and propidium iodide (PI) double
staining. The cells cultured on six independent 2D plates were prepared as the controls (1
unstained control + 1 FITC-KI-67 stained control + 1 PI stained control + 3 FITC-KI-67 and
Pl double stained controls). After overnight, the cells were harvested by washing and spinning
twice in 4 mL washing buffer (1x DPBS contained 1% FCS) at 384 rcf for 5 min. The
supernatant was discarded and 2 mL of -20 °C 70% (v/v) ethanol was added in a dropwise
manner while vortexing. The fixed cells were centrifuged at 850 rcf for 10 min after incubated
at -20 °C for 2 h. Then the ethanol was removed and the cells were washed in 2 mL washing
buffer twice at 850 rcf for 10 min. Cells were then suspended in 100 uL washing buffer. The
cell suspensions for FITC-KI-67 staining were incubated with 5 puL FITC-labelled KI-67
monoclonal antibody (eBioScience™, Invitrogen) at room temperature in the dark for 30 min,
while the others were only incubated with 5 uL washing buffer. All cells were then washed in
2mL washing buffer twice by centrifuging at 850 rcf for 10 min each. The cells for PI staining
were resuspended and incubated in 250 uL PI working solution (1x DPBS contained 100
ug/mL RNase A (Qiagen), 50 ug/mL PI solution (Sigma-Aldrich), and 2 mM MgCl>) at room
temperature in the dark for 20 min, while the others were simply incubated in 250 uL washing
buffer. After staining, the cell cycle was measured by a flow cytometer (BD, FACSCanto Il
Analyser).
3.4.13 Cell size distribution assay
Cell-gel hybrids (UE7T-13 and three different NOD MSCs (ND0302 NODs, ND0127 NODs
and ND0057 NODs)) were prepared in microgel-coated 48-well plates as described in “Cell
viability staining” section and incubated in a humidified atmosphere containing 5% CO: at 37
°C. The culture medium was changed every other day for up to 9 days. Cell-gel hybrids were
cooled at room temperature and imaged with an optical microscope on day 9. Typically, 5
images were randomly taken with a CKX41 optical microscope (Olympus) for each well and
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processed with image J (National Institutes of Health, USA). Subsequently, only cell area larger
than 354 um? was measured and number of cells with different area was presented.

3.4.14 The effect of microgels on cell differentiation of UE7T-13 and NOD MSCs with
induction media

3D cell-gel hybrids of UE7T-13 and three different NOD MSCs (ND0303 NODs, ND0055
NODs and ND0059 NODs) in the coated 48-well plates were prepared as described in the “Cell
viability staining” section. The 48-well plates were incubated in a humidified incubator
containing 5% CO; at 37°C and the media were regularly changed every other day for up to 9
days. Cell differentiation was induced by replacing the complete medium with (1) chondrogenic
inductive medium to stimulate chondrogenesis (high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM-high, Sigma-Aldrich) supplemented with 1x ITS+ Premix (BD Biosciences),
50 U/mL- 50 ug/mL penicillin-streptomycin (CSL), 2 mM L-glutamine, 100 uM L-ascorbate-
2-phosphate (WAKO), 0.1 uM DBL ™ Dexamethasone sodium phosphate (Hospira Australia),
0.125% bovine serum albumin (BSA, Sigma-Aldrich), 10 ng/mL human transforming growth
factor-beta 3 (TGF-B3, Chemicon International); (2) osteogenic inductive medium to stimulate
osteogenesis (MEM supplemented with 5% FCS (Sigma-Aldrich), 1x ADDs, 100 uM L-
ascorbate-2-phosphate, 0.1 uM Dexamethasone, 2.64 mM potassium dihydrogenphosphate
(KH2PO4, BDH)); (3) adipogenic inductive medium to stimulate adipogenesis (MEM
supplemented with 10% FCS (Sigma-Aldrich), 1x ADDs, 100 uM L-ascorbate-2-phosphate,
0.1 uM Dexamethasone, 60 uM indomethacin (Sigma-Aldrich)). Cells were continuously
cultured in the humidified incubator containing 5% CO; at 37°C for another 4 weeks with
chondrogenic medium change three times weekly, while osteogenic and adipogenic medium
change twice weekly. Pellets of cells, centrifuged at 600 rcf for 5 min and cultured in a 10 mL
polypropylene tube, were used as the control for 3D chondrogenesis, while cells on the 2D 48-

well plate were considered as the control of 3D for osteogenesis and adipogenesis. The controls
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were cultured and differentiated in the same way as 3D while the microgel was replaced with
Milli-Q® water. The mRNA of cells was extracted and analyzed after 37 days.

3.4.15 The effect of microgels on cell differentiation of UE7T-13 without induction media
3D cell-gel hybrids of UE7T-13 were prepared in microgel-coated 48-well plates as described
in “Cell viability staining” section, while cell-gel hybrids were kept in the complete growth
medium for up to 37 days. Cells centrifuged at 600 rcf for 5 min and cultured in a polypropylene
tube were used as chondrogenic control while cells cultured on a 2D 48-well plate were used
as osteogenic and adipogenic controls. The controls were cultured in the same way as cells
within 3D microgel-formed constructs. After 9 days or 37 days, the mRNA of cells was
extracted and analyzed.

3.4.16 RNA extraction

At pre-determined time points, cell-gel hybrids were harvested and centrifuged as described in
the “Trypan Blue cell counting and AnnexinV/7-AAD apoptosis flow cytometry” section. The
cells were subsequently lysed by homogeneously mixing with 1 mL of ambion® TRIzol (Life
Technologies) for 5 min at room temperature. The separated top layer was retained after
addition of 200 pL chloroform and spinning at 12000 rcf for 15 min at 4 °C. Then mRNA was
precipitated by addition of 1.5 uL glycogen (Roche Diagnostics) and incubating on ice for 1 hr
after gently mixing with 500 pL of isopropanol. The precipitated mMRNA was centrifuged at
12000 rcf for 10 min at 4 °C and washed with 75% of cold ethanol at 7500 rcf for 5 min. mMRNA
was dissolved in 30 uL of RNase free water at 55 °C for 10 min after removal of all ethanol.
mMRNA concentration was measured by a Nanodrop spectrophotometer (Thermo Fisher
Scientific).

3.4.17 Reverse transcription polymerase chain reaction (RT-PCR)

1 ug of extracted MRNA was homogeneously mixed with 1 uL 100 ng/mL of random primers
(Geneworks) and 1 puL 10 mM of dNTPs (Adelab Scientific) and nuclease free water

(Invitrogen) to a final volume of 14 pL in a PCR tube. The mixture was incubated at 65 °C for
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5 min and subsequently placed on ice for 1 min by a Veriti 96 well thermal cycler (Applied
Biosystems). Subsequently, the solution was homogeneously mixed with 6 uL of reverse
transcriptase pre-mix (1 uL 100 mM of DTT (Thermo Fisher Scientific, Invitrogen) and 1 pL
200 U/uL of SuperScript™ IV reverse transcriptase (Thermo Fisher Scientific, Invitrogen)
dissolved in 4 pL of 5x superscript IV reverse transcriptase buffer (Thermo Fisher Scientific,
Invitrogen)). RT-PCR was initiated by a Veriti 96 well thermal cycler with the setting of 55 °C
for 60 min and 80 °C for 10 min. After RT-PCR, the cDNA was diluted with 80 uL of nuclease
free water and stored at -20 °C.

3.4.18 Real-time polymerase chain reaction

2 uL cDNA of each sample was mixed with 7.5 uL of RT? SYBR® GREEN ROX™ gPCR
Mastermix (QIAGEN), 0.75 uL forward/reverse primer pair (10 uM each, gene sequence of 3-
actin, chondrogenic, osteogenic, and adipogenic genes as detailed in Table 3.1), and 4.75 uL of
nuclease free water and loaded into a clear thin-walled Hard-Shell® 96-well PCR plate (BIO-
RAD). The gene for each sample was prepared in triplicate and run by a CFX Connect™ Real-
Time PCR Detection System (BIO-RAD). Meanwhile, nuclease free water was used as a
control.

Table 3.1 Specific primers for reverse transcription polymerase chain reaction.

Primers Sequence (5'=3")
B-acti Forward: GATCATTGCTCCTCCTGAGC
-actin
Reverse: GTCATAGTCCGCCTAGAAGCAT
SOX9 Forward: AGGTGCTCAAAGGCTACGAC
Reverse: GCTTCTCGCTCTCGTTCAGA
Forward: CTGCTTCCGAGGCATTTC
Aggrecan
Reverse: GCTCGGTGGTGAACTCTAGC
Forward: ATCACAGGCTTCCATTGACC
Collagen 11
Reverse: CTCCACAGCATCGATGTCAC
Forward: GTGGACGAGGCAAGAGTTTCA
RUNX2

Reverse: CATCAAGCTTCTGTCTGTGCC
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Forward: ATGAGAGCCCTCACACTCCTCG

Osteocalcin
Reverse: GTCAGCCAACTCGTCACAGTCC
_ Forward: CTGCGGGACTCAACAACTCT
Ostertx Reverse: GAGCCATAGGGGTGTGTCAT
o Forward: GACACCATCGACCACGAC
Adipsin Reverse: CCACGTCGCAGAGAGTTC
Forward: GGGCAAGGCCAAGAAGTC
C-ebpa Reverse: TTGTCACTGGTCAGCTCCAG
Adiponectin Forward: GCTGGGAGCTGTTCTACTGC

Reverse: CGATGTCTCCCTTAGGACCA

3.4.19 Frozen tissue section preparation

Cell-gel hybrids of UE7T-13 or ND0303 NODs were prepared as described in “Cell viability
staining” section and induced cell differentiation on day 9. Cells were cultured in chondrogenic,
osteogenic, and adipogenic media for another 4 weeks, while cells cultured within the microgel
with complete growth medium (without the addition of inductive media) were used as controls.
After 37 days, the cells were harvested by diluting the cell-gel hybrids within cool 1XxDPBS
and spinning at 383 rcf for 5 min. The harvested cells were resuspended in 0.5 mL of 4% cold
paraformaldehyde (PFA, Sigma-Aldrich) overnight for fixation. The cells were washed three
times in 1 mL of 1xDPBS by centrifuging at 383 rcf for 10 min and immersed in 0.5 mL of
30% sucrose (Chem-Supply) overnight. The cell solution within sucrose was then transferred
to the surface of a GF/C glass microfiber circle paper (Whatman, diameter of 2.1 cm) with filter
papers and Kimwipes® absorbing water from the bottom. The side of the glass microfiber circle
paper that contained cells were covered with one droplet of OCT compound (Tissue-Tek) and
left on the working bench for 10 min. A standard pre-labeled Cryomold® (Tissue-Tek, 25mm
X 20mm x 5mm) was upside down and allowed its bottom to loosely contact with the side of
glass microfiber paper containing OCT. The OCT compound was topped-up on the other side

of the glass microfiber paper after the Cryomold® was turned over. The Cryomold® with cells
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was placed on the dry ice for freezing, after which the frozen Cryomold® was covered by
aluminum foil in a sealed bag and stored at -80 °C.

Prior to sectioning, the frozen OCT-embedded cells were equilibrated to -20 °C for 20 min.
Cells were then sectioned onto gelatin-coated slides (dipping microscope glass slides
(Livingstone) 3-5 times (5 sec each) in 0.5 % (wt/v) of gelatin (Sigma-Aldrich) and 0.05 %
(wt/v) chromium potassium sulfate dodecahydrate (CrK(SO4)2012H,0, Sigma-Aldrich)
solution and dry at room temperature for 24 hr) at 8 um of thickness by a Cryostat Shandon
Cryotome E (Thermo Fisher Scientific). The frozen tissue sections were kept in a sealed slide
box at -80 °C.

3.4.20 Histological staining

3.4.20.1 Oil Red O staining

Frozen tissue slides were brought to room temperature for 1 hr and rinsed by 60% of
isopropanol three times. The sectioned tissues were subsequently stained with Oil Red O
working solution for 15 min, which was prepared by diluting 0.5% (wt/v) of isopropanol
dissolved Oil Red O (ICN Biomedicals) stock solution in Milli-Q® water with the volumetric
ratio of 3:2. Three washes in 60% of isopropanol were applied to wash out the unbound dye.
The sectioned tissues were lightly stained in Mayer’s hematoxylin (Fronine) by dipping the
sections 5 times. The cells were “blued” by washing the sections in distilled water for 1 min.
The sectioned slides were mounted with Aquatex® agqueous mountant (Merck) and covered with
coverslips (Corning, 24mm x 50mm). Finally, the stained tissues were imaged with a CKX41
microscope.

3.4.20.2 Alizarin Red S staining

The frozen tissue sections were brought to room temperature for 1 hr and stained with 2% of
Alizarin Red S solution (Sigma-Aldrich, pH 4.3 in Milli-Q® water) for 5 min. The sectioned

tissues were, in turn, dehydrated with acetone, acetone:xylene (volumetric ratio 1:1), and xylene
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(three times each). The sectioned slides were mounted in the CV mountant (Leica) and covered
with coverslips. Finally, the stained tissues were imaged with a CKX41 microscope.
3.4.20.3 Alcian Blue staining
The frozen tissue sections were brought to room temperature for 1 hour and stained in 1% of
Alcian Blue solution (Sigma-Aldrich, pH 2.5 in 3% of acetic acid) for 30 min. The sectioned
tissues were counterstained with 0.1% of nuclear fast red solution (Sigma-Aldrich) for 5 min.
After staining, sectioned slides were rinsed with distilled water to remove the dyes. 70% of
ethanol, 100% of ethanol, and xylene were in turn used to dehydrate the tissues. After drying
in air, the sectioned slides were mounted in the CV mountant and covered with coverslips.
Finally, the stained tissues were imaged with a CKX41 microscope.
3.4.21 Immunofluorescent staining
The frozen tissue sections were brought to room temperature for 1 hr and covered with 200 pL
of 5% normal serum from the same species as secondary antibody (normal goat serum (Thermo
Fisher Scientific) for chondrogenic and adipogenic sections, while normal rabbit serum
(Thermo Fisher Scientific) for osteogenic sections, diluting in 0.3% of Triton x-100/1xDPBS
(Sigmar-Aldrich)) per section in a humidified box at room temperature for 60 min. After the
blocking solution was removed, 250 uL of collagen 11 Al primary antibody from rabbit (Santa
Cruz) with 1:250 dilution in 0.3 % of Triton x-100/1xDPBS was added onto each chondrogenic
tissue sectioned slide, 250 uL of perilipin primary antibody from rabbit (Cell signaling) with
1:250 dilution in 0.3% of Triton x-100/1xDPBS was added onto each adipogenic tissue
sectioned slide, 250 uL of osteocalcin primary antibody from goat (Santa Cruz) with 1:250
dilution in 0.3% of Triton x-100/1xDPBS was added to each osteogenic tissue sectioned slides,
respectively. The tissue sections were kept in a humidified box at 4 °C overnight. Then the
sections were washed 3 times in 1XxDPBS after flicking away the primary antibodies. 250 pL
of the secondary antibodies (fluorescein (FITC) labeled goat-anti-rabbit secondary antibody

(SouthernBiotech) with 1:250 dilution in 0.3% of Triton x-100/1xDPBS for chondrogenic and
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adipogenic tissue sections, while FITC labeled rabbit-anti-goat secondary antibody
(SouthernBiotech) with 1:250 dilution in 0.3% of Triton x-100/1xDPBS for osteogenic tissue
sections) were added onto each slide and incubated at room temperature for 2 hr in a humidified
box in the dark. In addition, the tissue sections were counterstained in 300 nM of DAPI (Sigma-
Aldrich) for 15 min and rinsed three times in 1xDPBS for 5 min at room temperature. Finally,
the tissue sections were imaged with an 1X53 fluorescent microscope (Olympus) immediately
after being mounted in the ProLong Gold Antifade reagent (Invitrogen) and covered with
coverslips. After imaging, the tissue section slides were stored flat at 4 °C in the dark.

3.4.22 Statistical Analysis

All experiments were performed in triplicates. Data are presented as mean * standard error
(SE). Comparison between means was processed by one-tailed student t-test. Differences were
considered as significant when p < 0.05, or the most significant when p < 0.001.

3.5 Results

3.5.1 Thermosensitive property of p(NIPAAM-AA).

Because of shrinkage after gelation [43], other investigators have copolymerized pNIPAAM
with hydrophilic monomers to reduce the effect of syneresis.[32, 44, 45] In this study,
p(NIPAAmM-AA) microgel was successfully synthesized as preciously described[32]. The
thermosensitive behavior, i.e. sol status at room temperature, while gelation at 37 °C (Figure
S3.1), was confirmed by mixing 50 mg/mL of microgel with 0.05 M MgCl. dissolved in
1xDPBS and medium with a volumetric ratio of 3:1:1. Successful copolymerization of acrylic
acid with N-isopropylacrylamide was confirmed with the evidence of microgel size increase in
water compared to that in 1x DPBS at 25 °C (Figure S3.2 a). More carboxyl groups ionized in
water than in 1x DPBS, which counteracted the hydrophobic effect of the backbone and
increased the microgel size. However, external temperature became the dominant factor
influencing the microgel size at 37 °C. Hence, no significant difference between the microgel

size in water and 1x DPBS was seen. To study the reversibility of the thermosensitive behavior,
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the time-dependent gelation process of p(NIPAAmM-AA) microgel-formed 3D constructs was
also investigated by measuring the transmittance at 37 °C and 25 °C. When the constructs were
transferred from room temperature to 37 °C, the transmittance gradually decreased within 5
min, while sharply dropped down from 5 min to 10 min (Figure S3.2 b). After 15 min, the
transmittance was kept at around 0%. The p(NIPAAmM-AA) microgel-formed 3D constructs
formed gel completely after incubation at 37 °C for 30 min. When the temperature was changed
to 25 °C, transmittance of p(NIPAAmM-AA) microgel-formed constructs sharply increased
within 5 min and then kept at 100%, where the p(NIPAAmM-AA) microgel-formed constructs
were completely liquefied. In addition, the dynamic moduli of p(NIPAAmM-AA) microgel-
formed 3D constructs were measured by varying external stress at a frequency of 0.1 Hz at 37
°C (Figure S3.2 ¢). When the external stress increased above 0.12 Pa, the viscous modulus (G”)
became larger than the elastic modulus (G’), which was considered as the liquefied stress that
transformed the gel status of the p(NIPAAmM-AA) microgel-formed 3D constructs to the sol
status.

3.5.2 No cytotoxicity of p(NIPAAmM-AA) microgels to UE7T-13.

To study the cytotoxicity of the microgel to hMSCs cultured on a flat surface, different
concentrations of the microgel dissolved in 1xDPBS were added to UE7T-13 pre-seeded 96
wells. The cells showed relatively high viability at a concentration ranging from 0.05 mg/mL
to 5 mg/mL, while viability was reduced to 60% when the microgel was used at a concentration
of 30 mg/mL (Figure S3.3 a). To further study the cytotoxicity of p(NIPAAmM-AA) microgels
to hMSCs at the concentration of 30 mg/mL, UE7T-13 were incorporated within the microgel-
formed 3D constructs and cultured with complete growth medium for 24 hr. The relative cell
viability was approximately 100%, irrespective of the methods for evaluating the cell viability
(Trypan Blue staining and flow cytometry following PE-AnnexinV/7-AAD staining) (Figure

S3.3b). In addition, the majority of the cells cultured within the microgel-formed 3D constructs
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(Figure S3.4) remained viable after cultured in the complete growth medium for 9 days (Figure
S3.5aii).
3.5.3 Proliferation within 3D microgel-formed constructs compared with that on 2D
surfaces.
To study the cell proliferation of hMSCs within the microgel-formed constructs, UE7T-13 and
primary human mesenchymal stromal cells from three different normal donors (NOD MSCs)
were cultured in the 3D microgel-formed constructs with the complete growth medium for up
to 14 days. Since the reduction of WST-1 to soluble formazan is linearly proportional to cell
number within a certain range, cell proliferation can be determined simply from the absorbance
of the soluble formazan. UE7T-13 proliferated more slowly within 3D microgel-formed
constructs than on the 2D plate (Figure 3.1 a). This difference was the most significant when
1x10° cells/mL were seeded from day 1 to day 9 while relatively significant from day 9 to day
14 (Figure 3.1 a). At a higher cell seeding density, 1x10° cells/mL, cell proliferation within the
3D microgel-formed constructs was still significantly lower than that on 2D plate throughout
the 14-day culture (Figure 3.1 a). The results were consistent with the cell proliferation of three
different NOD MSCs, which also showed a lower cell proliferation rate within the 3D microgel-
formed constructs compared to the 2D plate when a seeding density of 1x10° cells/mL was used
(Figure 3.1 b). Notably, this difference for NOD MSCs proliferation between 3D microgel-
formed constructs and 2D culture was significant at all time points examined (Figure 3.1 b).
After UE7T-13 cells from 2D plates and 3D microgel-formed constructs were harvested on day
1, cell surface stemness marker STRO-1 [42] was detected by flow cytometry. It was found that
over 90% of cells from 2D plates and 3D microgel-formed constructs still kept STRO-1 antigen
expression. There was no significant difference between both cell culture systems (Figure S3.6
a). To determine the reason for the low cell proliferation, cell cycle of UE7T-13 cells cultured
on 2D plates and in 3D microgel-formed constructs was measured by FITC-KI-67 antibody and

propidium iodide (PI) double staining flow cytometry. The result indicated that more UE7T-13
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cells cultured within 3D microgel-formed constructs remained at the GO phase of a cell cycle
than those on 2D plates (Figure S3.6 b), while less UE7T-13 cells cultured within 3D microgel-

formed constructs stayed at the S and G2/M phase of a cell cycle (Figure S3.6 b).
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Figure 3.1 Proliferation of (a) UE7T-13 and (b) three NOD MSCs for 14 days. (2D: cells
cultured on the multi-well plate, 3D: cells cultured within the thermosensitive p(NIPAAmM-AA)
microgel-formed constructs. Data were presented as the mean + standard error (n = 3). *p <
0.05, **p < 0.001.

3.5.4 Multi-lineage cell differentiation of UE7T-13 within 3D microgel-formed constructs
in the absence of induction media.

Even though the microgel was not toxic to the hMSCs, the cell proliferation rate of UE7T-13
and NOD MSCs within 3D microgel-formed constructs was significantly lower than that
observed in 2D culture (Figure 3.1). To determine if this reduction in cell proliferation was
accompanied by an increased propensity for h(MSC differentiation within 3D microgel-formed
constructs, mRNA expression of UE7T-13 for a range of osteogenic, adipogenic and
chondrogenic genes was measured by quantitative real time PCR after 9 days and 37 days of
culture in the complete growth media. On day 9, UE7T-13 cultured in 3D microgel-formed
constructs showed higher mRNA expression of chondrogenic, osteogenic and adipogenic genes
than the controls (Figure 3.2). Particularly SOX9, aggrecan, RUNX2 and osterix exhibited
significant difference between 3D and the controls. However, on day 37 only mRNA expression
of aggrecan within 3D microgel-formed constructs was significantly higher than that of cell

pellets cultured within polypropylene tubes (Figure 3.3). Notably, the mRNA expression of
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SOX9, collagen 11, RUNX2, osteocalcin and adiponectin within 3D microgel-formed constructs

on day 37 was significantly lower than that observed on day 9 (Figure 3.3).
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Figure 3.2 Cell differentiation of UE7T-13 without induction media. (a) Chondrogenic gene
expression (control: cell pellets cultured in the polypropylene tube by centrifuge, 3D: cells
cultured within the thermosensitive p(NIPAAmM-AA) microgel-formed constructs); (b)
osteogenic gene expression (control: cells cultured on the multi-well plate, 3D: cells cultured
within thermosensitive p(NIPAAm-AA) microgel-formed constructs); and (c) adipogenic gene
expression (control: cells cultured on the multi-well plate, 3D: cells cultured within
thermosensitive p(NIPAAmM-AA) microgel-formed constructs); of UE7T-13 without induction
media on day 9. mMRNA expression of genes were analysed by gRT-PCR and normalized to -
Actin. Data were presented as the mean + standard error (n = 3). *p < 0.05.
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Figure 3.3 Cell differentiation of UE7T-13 without induction media. (a) Chondrogenic gene
expression (control: cell pellets cultured in the polypropylene tube by centrifuge, 3D: cells
cultured within the thermosensitive p(NIPAAmM-AA) microgel-formed constructs); (b)
osteogenic gene expression (control: cells cultured on the multi-well plate, 3D: cells cultured
within thermosensitive p(NIPAAm-AA) microgel-formed constructs); and (c) adipogenic gene
expression (control: cells cultured on the multi-well plate, 3D: cells cultured within
thermosensitive p(NIPAAmM-AA) microgel-formed constructs); of UE7T-13 without induction
media on day 9 and day 37. mRNA expression of genes were analysed by gRT-PCR and
normalized to B-Actin. Data were presented as the mean + standard error (n = 3). *p < 0.05,
**p < 0.001.

3.5.5 Multi-lineage differentiation of hMSCs in 3D microgel-formed constructs in specific
induction medium.

From the studies described in Figure 3.1, it was evident that the maximal proliferative activity
reached on day 9 of culture, after which cell proliferation decreased. Notably, on day 9, UE7T-
13 appeared to form uniform cell spheroids within the 3D microgel-formed constructs with the
help of microgel pre-coating on the culture plate on day 9 (Figure 3.4 a i, Figure 3.4 b and

Figure S3.5 a, b).
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Figure 3.4 Differentiation of UE7T-13 cell spheroids within the thermosensitive
p(NIPAAmM-AA) microgel-formed constructs. (a) Optical images showed (i) generation of
cell spheroids on day 9 without induction. (ii) Early connection of cell spheroids on day 37
within chondrogenic medium (Arrows point to the inter-spheroid connection sites). (iii)
Mineralization of cell spheroids on day 37 within osteogenic medium (Arrows point to the
mineralized cell spheroids). (iv) Lipids formation on day 37 within adipogenic medium (Arrow
points to the lipids). (b) Size distribution of cell spheroids on day 9 without induction (n = 3,
where five optical imaged were randomly taken for each and measured by image J). (c)
Histological images of (i) no-induction and (ii) induction in chondrogenic medium by Alcian
Blue staining on day 37 (Red-nuclei; Blue-glycosaminoglycans (GAGS); Arrows point to the
GAGs sites). (d) Histological images of (i) no-induction and (ii) induction in osteogenic
medium by Alizarin red S staining on day 37 (Red-calcium deposition; Arrows point to the
deposited calcium sites). (e) Histological images of (i) no-induction and (ii) induction in
adipogenic medium by Oil red O staining on day 37 (Blue-nuclei; Red-lipids; Arrow points to
the lipid within the cells). Scale bar: 100 pm.

UE7T-13 cells were cultured for 9 days and the cell differentiation was induced within
chondrogenic, osteogenic or adipogenic induction media. After further 4 weeks of culture, the
cells were harvested and lysed for the study of mMRNA expression. Chondrogenic genes (SOX9,
aggrecan and collagen Il) and osteogenic genes (RUNX2 and osteocalcin) and adipogenic genes
(adipsin, c-ebp o and adiponectin) within 3D microgel-formed constructs all showed
significantly higher mRNA expression than the controls (Figure 3.5), confirming that the 3D

microgel promoted hMSC differentiation.
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Figure 3.5 Cell differentiation of UE7T-13 with induction media. (a) Chondrogenic gene
expression (control: cell pellets cultured in the polypropylene tube by centrifuge, 3D: cells
cultured within the thermosensitive p(NIPAAmM-AA) microgel-formed constructs); (b)
osteogenic gene expression (control: cells cultured on the multi-well plate, 3D: cells cultured
within thermosensitive p(NIPAAm-AA) microgel-formed constructs); and (c) adipogenic gene
expression (control: cells cultured on the multi-well plate, 3D: cells cultured within
thermosensitive p(NIPAAmM-AA) microgel-formed constructs); of UE7T-13 with induction
media on day 37 by adding specific induction media on day 9. mRNA expression of genes were
analysed by gRT-PCR and normalized to B-Actin. Data were presented as the mean + standard
error (n = 3). *p < 0.05.

Human patient-derived hMSC from three different normal donors (NOD MSCs) were cultured
within the 3D microgel-formed constructs. Cell spheroids of NOD MSCs were successfully
formed after one day of culture (Figure 3.6 a i), which continued to increase after 9-day culture
with the complete growth medium (data not shown). The size of NOD MSC spheroids from
three different normal donors on day 1 were uniformly distributed and were similar to that of

UE7T-13 on day 9 (Figure 3.6 b).
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Figure 3.6 Differentiation of NOD MSC spheroids within the thermosensitive p(NIPAAmM-
AA) microgel-formed constructs. (a) Optical images showed (i) generation of cell spheroids
on day 1 without induction. (ii) Inter-spheroid connection of cell spheroids on day 37 within
chondrogenic medium (Arrows point to the connection sites). (iii) Mineralization of cell
spheroids on day 37 within osteogenic medium (Arrows point to the mineralized cell spheroids)
(iv) Lipids formation on day 37 within adipogenic medium (Arrows point to the lipids). (b) Size
distribution of cell spheroids on day 1 without induction (n = 3, where five optical imaged were
randomly taken for each and measured by image J). (c) Histological images of (i) no-induction
and (ii) induction in chondrogenic medium by Alcian Blue staining on day 37 (Red-nuclei;
Blue-glycosaminoglycans (GAGSs); Arrows point to the GAGs sites). (d) Histological images
of (i) no-induction and (ii) induction in osteogenic medium by Alizarin red S staining on day
37 (Red-calcium deposition; Arrows point to the deposited calcium sites). (e) Histological
images of (i) no-induction and (ii) induction in adipogenic medium by Oil red O staining on
day 37 (Blue-nuclei; Red-lipids; Arrows point to the lipid within the cells). Scale bar: 100 pm.

NOD MSCs were subsequently cultured in the induction media on day 9 for up to 37 days.
After induction for 4 weeks, quantitative PCR was performed to measure the mMRNA expression
of specific genes within NOD MSCs. mRNA expression of SOX9, aggrecan, RUNX2, osterix
and c-ebp o from three different normal donors was significantly higher within 3D microgel-
formed constructs than the 2D controls. Similar differences were observed for mRNA
expression of adipsin and adiponectin within 3D microgel-formed constructs (Figure 3.7).
However, due to normal donor cell variation, only NOD MSCs from two different normal
donors (ND0303 NODs and ND0059 NODs) displayed significant difference between 3D and

the 2D controls (Figure 3.7).
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Figure 3.7 (a) Chondrogenic gene (control: cell pellets cultured in the polypropylene tube by
centrifuge, 3D: cells cultured within the thermosensitive p(NIPAAM-AA) microgel-formed
constructs); (b) osteogenic gene (control: cells cultured on the multi-well plate, 3D: cells
cultured within thermosensitive p(NIPAAmM-AA) microgel-formed constructs); and (c)
adipogenic gene expression (control: cells cultured on the multi-well plate, 3D: cells cultured
within thermosensitive p(NIPAAmM-AA) microgel-formed constructs) of three NOD MSCs on
day 37 by adding specific induction media on day 9. Blue: ND0303 NODs; orange: ND0059
NODs; grey: ND0055 NODs. mRNA expression of genes was analysed by gRT-PCR and
normalized to B-Actin. Data were presented as the mean + standard error (n = 3). *p <0.05, **
p < 0.001.

3.5.6 Evident staining of differentiated hMSCs within 3D microgel-formed constructs.
To further confirm the multi-lineage differentiation of human stem cells within 3D microgel-
formed constructs, both histological and immunofluorescent staining were performed for
UE7T-13 and NOD MSCs. Mineralization within osteogenic groups (Figure 3.4 aiii and Figure
3.6 aiiii), and lipids within adipogenic groups (Figure 3.4 a iv and Figure 3.6 a iv) were evident
by a optical microscope prior to any staining. Chondrogenic differentiation, as marked Alcian
Blue staining of glycosaminoglycan (GAG) expression, a significant component of cartilage,
was evident in hMSCs cultured in the 3D microgel-formed constructs (Figure 3.4 ¢ and Figure
3.6 ¢). UE7T-13 and NOD MSCs, cultured within the 3D microgel-formed constructs for 37

days without induction medium, formed small cell spheroids and showed no visible blue

staining (Figure 3.4 c i and Figure 3.6 c i), while cells cultured within the 3D microgel-formed
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constructs in chondrogenically inductive media for 4 weeks formed a more complex micro-
tissue and showed rich blue-staining GAGs among the micro-tissue section (Figure 3.4 c ii and
Figure 3.6 c ii). Moreover, UE7T-13 and NOD MSCs cultured within 3D microgel-formed
constructs in osteogenic-induction media for 4 weeks showed distinct red by Alizarin Red S
staining as evidence of calcification (Figure 3.4 d ii and Figure 3.6 d ii). On contrary, cells
cultured within 3D microgel-formed constructs with the complete growth medium for up to 37
days were not stained red by Alizarin Red S (Figure 3.4 d i and Figure 3.6 d i). Furthermore,
lipids were only found for cells cultured with adipogenic-induction medium for up to 37 days

(Figure 3.4 e and Figure 3.6 €) by Oil Red O staining.

No-induction Induction

Collagen I

Osteocalcin

Perilipin

Figure 3.8 Immunofluorescent images of UE7T-13 within the thermosensitive
p(NIPAAmM-AA) microgel-formed constructs on day 37. (a) Collagen Il Al expression of (i)
no-induction and (ii) induction in chondrogenic medium (Blue-DAPI; Green-collagen 11 Al).
(b) Osteocalcin expression of (i) no-induction and (i) induction in osteogenic medium (Blue-
DAPI; Green-osteocalcin). (c) Perilipin expression of (i) no-induction and (ii) induction in
adipogenic medium (Blue-DAPI; Green-perilipin). Scale bar: 100 um.
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Immunofluorescent staining of collagen Il A1, osteocalcin, and perilipin was also performed to
confirm the multi-lineage differentiation of hMSCs in 3D microgel-formed constructs. The
green FITC-labeled collagen Il A1 was well distributed within the chondrogenesis-induced
microtissue and much more distinct than cells within 3D microgel-formed constructs without
induction (Figure 3.8 a and Figure 3.9 a). In addition, distinguishable osteocalcin (Figure 3.8 b
and Figure 3.9 b) and perilipin (Figure 3.8 ¢ and Figure 3.9 c) expression was observed for
UE7T-13 and NOD MSCs with induction media on day 37 as evidenced by the green staining,
indicative of osteogenic and adipogenic differentiation, respectively. However, neither FITC-
osteocalcin signal nor FITC-perilipin signal was detected for UE7T-13 and NOD MSCs
cultured in the p(NIPAAmM-AA) microgel-formed 3D constructs with only complete growth

medium on day 37.

No-induction Induction

Collagen Il

Osteocalcin

Perilipin

Figure 3.9 Immunofluorescent images of NOD MSCs within the thermosensitive
p(NIPAAmM-AA) microgel-formed constructs on day 37. (a) Collagen Il Al expression of (i)
no-induction and (ii) induction in chondrogenic medium (Blue-DAPI; Green-collagen 11 Al).
(b) Osteocalcin expression of (i) no-induction and (ii) induction in osteogenic medium (Blue-
DAPI; Green-osteocalcin). (c) Perilipin expression of (i) no-induction and (ii) induction in
adipogenic medium (Blue-DAPI; Green-perilipin). Scale bar: 100 pm.
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3.6 Discussion
The thermosensitive property of the p(NIPAAmM-AA) microgel was mainly maintained by the
hydrophobic interaction and physical ionic crosslinking. [44] Hence, the reversibility of sol and
gel transformation, on the one hand, could be controlled by the external temperature change,
which influenced the hydrophobicity of p(NIPAAmM-AA). When the temperature was increased
to 37 °C, the hydrophobic interaction between the p(NIPAAmM-AA) was enhanced leading to
the shrinkage of microgels. Then water was expelled from the center of the microgels, which
made the constructs cloudy, while the forming Mg?*/COO" physical ionic bonding promoted
the gel formation and further decreased the transmittance of the constructs (Figure S3.2 b). The
liquefied process of p(NIPAAm-AA) microgel-formed 3D constructs was contrary to the
gelation process. On the other hand, the external stress can also induce the p(NIPAAM-AA)
transform from gel status, where elastic modulus (G’) was higher than the viscous modulus
(G”) (G’>G”), to sol status, where elastic modulus was lower than viscous modulus (G’<G”),
by breaking down the physical ionic crosslinking (Figure S3.2 ¢). When the external force was
absent, physical ionic crosslinking could be easily formed, making the p(NIPAAmM-AA) gelate
again at 37 °C.
While p(NIPAAmM-AA) thermosensitive 3D microgels have been previously demonstrated to
support 3D culture of murine embryonic mesenchymal progenitor cells (C3H/10T1/2) and the
cell proliferation within 3D microgel-formed constructs was higher than 2D plate [32], human
MSCs have not been previously examined. Hence, in this study, UE7T-13 and NOD MSCs
were used to assess the biological performance of p(NIPAAmM-AA) microgels. From the surface
toxicity assay, no toxicity of the microgel for the UE7T-13 was observed at concentrations
ranging from 0.05 mg/mL to 5 mg/mL (Figure S3.3 a), with greater than 90% of cells remaining
viable after 24 hr of culture. However, the cell viability decreased to approximately 60% with
an increase in microgel concentration to 30 mg/mL. To eliminate influence of pH change caused

by the ionization of carboxyl group within p(NIPAAM-AA), p(NIPAAM-AA) microgel was

118



Chapter 111
dissolved in 1xDPBS and cultured overnight in complete growth medium prior to the addition
of cells. We found that the microgel could not gel at 37 °C in the complete growth media.
Instead, the viscous microgel was found to cover the adherent UE7T-13 and hinder the gas and
mass exchange between the cells and the surrounding medium resulting in a reduced cell
viability at the microgel concentration of 30 mg/mL. This assertion was supported by our
previous studies which showed that p(NIPAAm) hydrogel at concentrations below 30 mg/mL
did not increase apoptosis or necrosis (Figure S3.3 b). [46]

When UE7T-13 and NOD MSCs were incorporated within the 3D microgel-formed constructs
and cultured with the complete growth medium for up to 14 days, the cells displayed reduced
cell proliferation compared with cells cultured in 2D. This was most evident when NOD MSCs,
were cultured in 3D microgel-formed constructs (Figure 3.1). These findings were contrary to
our previously published findings [32]. This difference might be related to the fact that cell
adhesion and active migration could be limited in soft 3D hydrogels [47, 48], particularly for
p(NIPAAmM)-based microgels with lack of binding sites [49]. Moreover, previous studies also
suggested that human MSCs typically generated less ECM [50], suggesting that cell
proliferation and survival were only possible when hMSCs formed cell spheroids within the
soft 3D microgel-formed constructs [16, 51]. However, passive mass and gas diffusion within
cell spheroids might be limited as the cell condensation and an increase in the cell spheroids
size. [52] Furthermore, since the stiffness of p(NIPAAmM-AA) microgel-formed constructs was
low [32] and the microgel-cell hybrids were free-floating in culture medium, human MSCs
became quiescent under such an environment [53] (Figure S3.6 b). Consequently, their
proliferation was suppressed in the 3D microgel-formed constructs at a rate of around half of
that observed in 2D cultures on day 1 (Figure 3.1). Once cell spheroids were formed, stem cell
differentiation was enhanced by the elevated secretion of endogenous growth factors and ECM
proteins. [16] Uniform UE7T-13 spheroids within 3D microgel-formed constructs showed

significantly higher mRNA expression of chondrogenic genes (SOX9 and aggrecan) and
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osteogenic genes (RUNX2 and osterix) on day 9 (Figure 3.2) compared to the controls even
without induction media, while the difference was only seen for the mRNA expression of
aggrecan on day 37 (Figure 3.3 a). It was reported that size of cell spheroids would decrease
after reaching the maximal size ¢ 4% 34 which were also confirmed in cell spheroids cultured
on low attachment plates (Figure S3.5 ¢) and in the 15 mL polypropylene tubes (Figure S3.5 d)
in this study. When most of UE7T-13 spheroids decreased and broke down into individual cells
on day 37 (Figure 3.4 c i and Figure 3.6 c i), the functional enhancement of cell spheroids was
lost, leading to a reduction of mMRNA expression of chondrogenic genes (SOX9 and collagen
I1), osteogenic genes (RUNX2 and osteocalcin) and adipogenic genes (adiponectin) compared
to those observed on day 9 (Figure 3.3). However, since the progress of cell spheroids formation
within 3D microgel-formed constructs was slower than that on a low attachment plate and from
the force-spinning (Figure S3.5), cell spheroids continued to increase in size even after cell
induction, which maintained functional enhancement of cell spheroids to continuously up-
regulate the mRNA expression of chondrogenic, osteogenic and adipogenic genes (Figure 3.5
and Figure 3.7). The benefit of cell spheroids was more distinct for the mRNA expression of
collagen I, which showed a significantly higher value for the 3D than the control on day 37
(Figure 3.5 a), while the difference was reverse on day 9 (Figure 3.2 a). In addition, the
progression of increasing cell spheroid in size also allows more efficient supply of inductive
and/or biochemical stimuli to stem cells due to the higher surface area of small cell spheroids
than that of large cell pellets. Hence, hMSCs cells within 3D microgel-formed constructs
showed a significant increase in chondrogenesis, osteogenesis and adipogenesis compared to
the controls.

In addition, cell spheroids within 3D microgel-formed constructs even established inter-
spheroid connections to form a network during chondrogenesis (Figure 3.4 a ii and Figure 3.6
a ii). This inter-spheroid connectivity was more evident for NOD MSCs compared with UE7T-

13, with evidence of a stronger network seen in chondrogenic NOD MSCs (Figure 3.6 a ii).
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This may be related to the fact that the NOD MSCs were freshly isolated from human bones
and would be easily adapted to the 3D environment in vitro, while UE7T-13 were already
modified and adapted to the 2D plate after many passages. [55] We noted that the cell spheroid
network started to contract and formed a porous chondrogenic micro-tissue (Figure 3.4 c ii and
Figure 3.6 c ii). Since the major components of ECM within cartilage are acidic polysaccharides
[56], such as glycosaminoglycans (GAGs) and collagen 11, Alcian Blue was used to distinguish
and stain GAGs. It was shown that GAGs with distinct blue color were well distributed in the
chondrogenic micro-tissue of UE7T-13 and NOD MSCs (Figure 3.4 ¢ and Figure 3.6 c¢). In
addition, abundant collagen 11 Al was also labeled with green FITC-secondary antibody within
the chondrogenic micro-tissue of UE7T-13 and NOD MSCs (Figure 3.8 a ii and Figure 3.9 a
ii). The chondrogenic micro-tissue formed within the 3D microgel-formed constructs was
similar to that formed by pellet culture [57], while the chondrogenic progress of hMSCs in the
3D microgel-formed constructs was more consistent with that in vivo [58]. Moreover,
calcification (Figure 3.4 a iii and Figure 3.6 a iii) and lipids (Figure 3.4 a iv and Figure 3.6 a
iv) were seen in the optical images of osteogenic and adipogenic cells and evidenced by Alizarin
Red S staining (Figure 3.4 d ii and Figure 3.6 d ii) and Oil Red O staining (Figure 3.4 e ii and
Figure 3.6 e ii), respectively. Furthermore, osteocalcin, an osteogenesis-relative protein, and
perilipin, a lipid droplet-associated protein, were both clearly labeled by FITC-secondary
antibody and distinguished as green in immunofluorescent images within UE7T-13 (Figure 3.8
b ii and Figure 3.8 ¢ ii) and NOD MSCs (Figure 3.9 b ii and Figure 3.9 c ii) after specific
induction. Herein, we confirm that multi-lineage differentiation of human mesenchymal
stromal cells is successfully induced in 3D microgel-formed constructs with the specific
induction media. Moreover, UE7T-13 cultured in the p(NIPAAmM-AA) microgel-formed
constructs without induction media showed relatively high mRNA expression of aggrecan on
day 9 and 37(Figure 3.2 a and Figure 3.3 a), and some chondrogenic staining (FITC-collagen

Il in Figure 3.8 a i and Figure 3.9 a i) on day 37, which indicated that the p(NIPAAmM-AA)
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microgel-formed constructs could selectively promote hMSCs chondrogenesis. It was believed
that the distinct chondrogenic induction was due to the synergy of cell spheroids, induction
medium and environment formed by the p(NIPAAm-AA) microgels. These experimental
results support that human mesenchymal stem/stromal cells within the 3D microgel-formed
constructs can be efficiently induced for multi-lineage differentiation. Hence, the p(NIPAAmM-
AA) microgel can be potentially used as an in-vitro model for cell differentiation and tissue
engineering or transplanted in-vivo into patients for specific lineage differentiation.

3.7 Conclusion

In this study, we demonstrated that the p(NIPAAmM-AA) thermosensitive microgel was not toxic
to human mesenchymal stromal cells and facilitated formation of uniform cell spheroids within
the 3D microgel-formed constructs. The spheroid formation within the 3D microgel-formed
constructs significantly up-regulated mRNA expression of chondrogenic genes (SOX9 and
aggrecan) and osteogenic genes (RUNX2 and osterix) in UE7T-13 even without the induction
media, but the free-floating soft microgel-formed constructs and the cell spheroids led to slow
cell proliferation. When induction media were supplied in situ, the mRNA expression of
chondrogenic, osteogenic and adipogenic genes within UE7T-13 and NOD MSCs has been
significantly up-regulated. Successful cell differentiation was confirmed as evidenced by
Alcian Blue stained GAGs and FITC-secondary antibody labeled collagen 1l Al within the
chondrogenic micro-tissue, Alizarin Red S stained calcification and FITC-secondary antibody
labeled osteocalcin within osteogenic cells, and Oil Red O stained lipids and FITC-secondary
antibody labeled perilipin. Hence, we concluded that highly efficient multi-lineage
differentiation of human mesenchymal stromal cells can be achieved within the 3D
thermosensitive microgel-formed constructs.

SUPPLEMENTARY INFORMATION

For further details of (1) thermosensitive behavior of p(NIPAAmM-AA) microgel-formed

constructs (Figure S3.1); (2) Size distribution of the microgel, time-dependent gelation process,
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and the stress-dependence of dynamic moduli of p(NIPAAmM-AA) (Figure S3.2); (3) UE7T-13
viability assay after 24 hr (Figure S3.3); (4) SEM images of cell-gel 3D constructs (Figure
S3.4); (5) Live&Dead staining of UE7T-13 in different culture systems (Figure S3.5); and (6)
Cell stemness and cell cycle assay (Figure S3.6), please refer to the “Supplementary
information”.
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Room Temperature

Figure S3.1 Thermosensitive behaviour of p(NIPAAmM-AA) microgel-formed 3D constructs.
(a) sol status at room temperature and (b) gel status at 37°C.
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Figure S3.2 (a) Size distribution of 0.5 mg/mL p(NIPAAmM-AA) microgels in Milli-Q® water
or 1XxDPBS (pH = 7.4) at 25°C and 37 °C. (b) Time-dependent gelation process was investigated
by measuring the transmittance (%) of the p(NIPAAmM-AA) microgel-formed three-dimensional
(3D) constructs heating from 0 to 30 min and cooling from 31 to 60 min with a wavelength of
720 nm light. (c) The stress dependence of the dynamic moduli (elastic modulus G’ and viscous
modulus G””) of 30 mg/mL p(NIPAAm-AA) microgel-formed constructs at 37 °C.
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Figure S3.3 UE7T-13 cell viability assay after 24 hours. (a) Surface toxicity assay of various
concentration of p(NIPAAmM-AA) microgel by MTT. Control: without microgel. The MTT
absorbance was normalized to the control and presented as relative cell viability. (b) 3D toxicity
assay of microgel at the concentration of 30mg/mL by cell counting with Trypan Blue staining
or flow cytometry with PE-AnnexinV and 7-AAD double staining. 2D: cells cultured on the
multi-well plate; 3D: cells cultured within the thermosensitive p(NIPAAM-AA) microgel-
formed constructs. The cell viability was normalized to 2D and presented as relative cell
viability. Results were mean * standard error (n = 3). No significant difference was found
between 2D and 3D.
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Figure S3.4 SEM images of the cross-sectional p(NIPAAm-AA) microgel-formed 3D
construct. The microgel-formed constructs were quickly freezed in liquid nitrogen when at gel
status and dried under vacuum. (a) UE7T-13 cells were cultured in the 3D construct on day 1.
The asterisk showed an incorporated cell within p(NIPAAmM-AA) microgel-formed 3D
constructs. (b) Morphology of the 3D construct at higher magnification.
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Figure S3.5 Fluorescent images of UE7T-13 cells cultured (a) in the thermosensitive
p(NIPAAmM-AA) microgel-formed 3D constructs with an additional layer of p(NIPAAM-AA)
microgel coating on the bottom; (b) in the thermosensitive p(NIPAAM-AA) microgel-formed
3D constructs without p(NIPAAmM-AA) coating; (c) on the low attachment surface; (d) in the
polypropylene tube for (i) 1 day and (ii) 9 days by calcein AM and ethidium homodimer-1
double staining. Green: live cells; Red: dead cells. Scale bar: 100 pm.
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Figure S3.6 (a) Representative STRO-1 flow cytometry of UE7T-13 in (i) 2D and (ii) 3D. The
percentage of fluorescein isothiocyanate (FITC)-labelled STRO-1 positive cells for 2D and 3D
was 91.6% and 92.9%, respectively. (b) Cell cycle assay of UE7T-13 in 2D and 3D by FITC-
labelled KI-67 antibody and propidium iodide (PI) double staining flow cytometry. Data was
presented as the mean = standard error (n = 3). *p < 0.05. 2D: cells were cultured on the two-
dimensional plates; 3D: Cells were cultured in the p(NIPAAmM-AA) microgel-formed three-
dimensional constructs.
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4.1 Graphical abstract
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HIGHLIGHTS

e An injectable thermosensitive p(NIPAAM-AA) hydrogel is used for delivery of primary
allogeneic mesenchymal stem/stromal cells (MSCs).

e Formation of MSC aggregates in p(NIPAAm-AA) hydrogel.

e Osteochondral regeneration by synergy of paracrine effects and multipotent properties of
MSC aggregates.
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4.2 Abstract
Osteoarthritis (OA) is an inflammation-related chronic disease that causes progressive
degeneration of cartilage, which might even extend to subchondral bones. Due to the unique
physiological structural differences between cartilage and subchondral bone, it is challenging
to restore the full function of an osteochondral defect. In this study, a thermosensitive poly(N-
isopropylacrylamide-co-acrylic acid) (p(NIPAAmM-AA)) hydrogel was used as a carrier for
allogeneic primary mesenchymal stem/stromal cells to determine the therapeutic efficacy of the
cell-hydrogel hybrid on osteochondral regeneration. At a similar mechanical strength,
p(NIPAAmM-AA) hydrogel facilitates formation of cell aggregates of allogeneic primary MSCs
in situ, while the fibrin hydrogel supports cell binding and the development of a spindle
morphology. While the p(NIPAAmM-AA) hydrogel did not induce any inflammatory effects, the
fibrin hydrogel was found to elicit a pro-inflammatory response. MSC aggregates promotes
expression of paracrine signaling-related genes (TGFB1, VEGF, CXCL12, IGF1, BMP2, BMP7,
WNT3A, CTNNB1) as well as expression of chondrogenesis-related genes (SOX9, ACAN, and
COL2A1) and generation of extracellular matrices (ECMs) (type 2 collagen and
glycosaminoglycans) in chondrogenic induction medium. The functional enhancement of
paracrine effects by MSC aggregates (i.e. the immunomodulatory effect and the stimulation of
stem/progenitor cells homing) and induced differentiation of MSCs might play a synergistic
role in the generation of the neo-cartilage and subchondral bone at an osteochondral defect site
in vivo. Delivery of primary allogeneic MSCs in the context of a thermosensitive p(NIPAAmM-
AA) hydrogel to an osteochondral defect site may be a novel and promising strategy for
osteochondral regeneration.
KEYWORDS: thermosensitive hydrogel, mesenchymal stem/stromal cells, cell aggregates,

osteochondral regeneration
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4.3 Introduction
Osteoarthritis (OA) is a chronic joint disease mainly caused by injury or other pathological
abnormalities. Serious inflammation often obstructs the normal function of a joint, leading to
progressive degeneration of cartilage and remodeling of the subchondral bone. [1] A normal
hyaline cartilage is rich in glycosaminoglycans, proteoglycans, and type 2 collagen, and is
devoid of blood vessels and type 1 collagen. In contrast, there is an abundant vasculature, type
1 collagen and calcium deposition in the subchondral bone. [2] Such anatomical differences at
the subchondral site makes it challenging for functional restoration of the entire osteochondral
defect. To address this issue, a variety of strategies have been employed, such as delivery of
multiple growth factors [3-8] including transforming growth factor (TGF) for cartilage and
bone morphogenetic protein (BMP) for bone in a controlled manner, or implantation of a three-
dimensional (3D) scaffold with defined pore sizes and fiber orientation to mimic the specific
architecture and topography of cartilage and bone [9, 10]. However, in these studies, the
incorporated growth factors was not sustained and non-responsive to the in-vivo physiological
changes. [6] Moreover, in these studies, the physical cues required for osteochondral
regeneration were limited, with the 3D scaffold simply serving to provide the structural support
for the homing of endogenous stem/progenitor cells. [11] Alternatively, cell-based therapy by
injection of mesenchymal stem/stromal cells (MSCs) in vivo had shown promise in the relief of
OA-induced pain and knee joint repair [12] due to pluripotency and immunomodulatory effects
(i.e. immunosuppression and anti-inflammation) of MSCs [13, 14]. Moreover, because of the
low immunogenicity, high immunosuppressive capacity, and easy accessibility allogeneic
MSCs can be a reliable and promising alternative cell source for the cell-based therapy in
contrast to the limited autologous MSCs. [15] Once implanted, MSCs could either differentiate
into a specific cell type, or consistently secrete specific growth factors for immunomodulation
and attraction of endogenous stem/progenitor cells from the surrounding normal tissues, all of

which were implemented as required according to the in-vivo physiological changes. [13, 16]
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However, when implanted without the assistance of a three-dimensional (3D) scaffold, MSCs
were poorly retained at the defect site and exhibited poor survival, necessitating the use of large
numbers of cells to demonstrate an effect. [17, 18] Hence, injectable hydrogels, such as
thermosensitive hydrogels, that form a gel in response to the temperature change, have been
explored as a potential carrier for the delivery of MSCs. [19-21] Furthermore, cell aggregates
were able to enhance cell survival and biological function, including production of extracellular
matrices, secretion of growth factors, and multi-lineage differentiation, when compared with
single cells. Thus, delivery of cell aggregates has emerged as a novel strategy for stem cell-
based therapy. [22, 23] Hence, an injectable hydrogel that could be employed as a carrier and
simultaneously promote generation of cell aggregates would be the best candidate for
osteochondral regeneration. It was previously reported that a thermosensitive p(NIPAAM-AA)
hydrogel enhanced multi-lineage cell differentiation by facilitating formation of cell aggregates
in situ. [24] In this study, the p(NIPAAM-AA) hydrogel was evaluated for its capacity to
support MSC-mediated osteochondral regeneration. Fibrin hydrogel, which has been utilized
for osteochondral regeneration, was used at an equivalent mechanical strength to the
p(NIPAAmM-AA) hydrogel and served as a positive control. Cell viability, proliferation, and
differentiation of human and rabbit primary MSCs in the p(NIPAAmM-AA) hydrogel and fibrin
hydrogel were compared in vitro. The inflammatory effect of both hydrogels was assessed prior
to animal experiments. The therapeutic benefit of injection of p(NIPAAmM-AA) hydrogel with
primary allogeneic MSCs into a rabbit model with an osteochondral defect at the knee joint was
assessed. Furthermore, the underlying mechanism of this p(NIPAAmM-AA) hydrogel/MSCs
hybrid graft for enhancing osteochondral regeneration was also examined.
4.4 Experimental Section
4.4.1 P(NIPAAmM-AA) hydrogel synthesis
Poly (N-isopropylacrylamide-co-acrylic acid) (p(NIPAAmM-AA)) was synthesized by free

radical emulsion polymerization. [25] Briefly, 9.9 mmol recrystallized N-isopropylacrylamide
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(NIPAAM, Tokyo Chemical Industry), 0.1 mmol acrylic acid (AA, Acros Organics), 0.2 mmol
N’,N’-methylenebisacrylamide (MBA, Sigma-Aldrich), and 0.12 mmol sodium dodecyl sulfate
(SDS, BDH Laboratory Supplies) were homogeneously dissolved in 97 mL of ultra-pure water
and degassed with continuous supply of nitrogen gas in a three-necked flask at 50 °C for 45
min. The polymerization was initiated by quickly adding 3 mL of 1.0 mM potassium persulfate
(KPS, Chem-Supply) into the precursor solution after the temperature was raised to 70 °C. The
reaction was performed overnight under the protection of nitrogen gas. To remove the unreacted
monomers, the synthesized polymer solution was dialyzed in a MW 12-14 kDa molecular
membrane tubing (Spectrum Labs) and against ultra-pure water for 7 days with daily water
change. The polymer solution was then concentrated to a concentration of approximately 130
mg mL* by stirring and heating at 70 °C. The concentration was calculated by drying and
weighting 100 pL of the polymer solution. The p(NIPAAmM-AA) hydrogel was sterilized by
exposing to UV light for at least 2 h.
4.4.2 Mechanical characterization of hydrogels
The fibrinogen (Sigma-Aldrich) solution at a concentration of 0.5 mgmL™, 0.75mgmL™, or 1
mg mL™ was prepared by dissolving in complete cell medium (a-minimal essential medium
(MEM, Sigma-Aldrich) supplemented with 10 % fetal bovine serum (FBS, Sigma-Aldrich) and
50 U mLY/50 pug mL* penicillin/streptomycin (P/S, CSL)) with 0.01 M magnesium chloride
(MgClz, Chem-Supply). 1 mL of the above solution was added onto the rheometer stage and
homogeneously mixed with 20 pL of 100 U mL™ thrombin (Sigma-Aldrich). The distance
between two parallel plates (40 mm in diameter) was set at 0.65 mm and the temperature was
kept at 37 °C for 30 min to allow complete formation of fibrin gel. Shear stresses of the fibrin
hydrogels were measured by a SR5 rheometer (Rheometric Scientific) at a constant frequency
of 1.5915 Hz and a strain varying from 0 to 100 %. Storage modulus (G’), loss modulus (G”),
and absolute complex modulus (|G*|) of the fibrin hydrogels were measured at a frequency of

1.5915 Hz and a shear stress varying from 0.1 Pa to 100 Pa. In addition, the p(NIPAAM-AA)

143



Chapter 1V
hydrogel was prepared at a concentration of 30 mg mL™* by homogeneously mixing 50 mg mL"
1 p(NIPAAM-AA) hydrogel, 0.05 M MgCl. solution, and complete cell medium at a volumetric
ratio of 3 : 1 :1. The shear stress was measured at a varying strain and the dynamic moduli at a
varying shear stress, a similar procedure for characterization of the fibrin hydrogel.
4.4.3 Scanning electron microscopy (SEM)
0.75 mg mL™ fibrin hydrogel and 30 mg mL™* p(NIPAAM-AA) were prepared and freeze-dried
overnight by an Alpha 2-4 LD Freeze dryer (Martin Christ). After coating with a thin layer of
platinum, the samples were imaged under a XL30 FEGSEM (Philips) at an accelerating voltage
of 10 kV.
4.4.4 Live&Dead staining
The human bone-derived mesenchymal stem/stromal cells (NOD MSCs) used in this study
were obtained from normal donors (ND0303, ND0055, ND0059, ND0128, and ND0361) with
approval from Adelaide Hospital Ethics Committee (RAH Protocol N0.940911a) as described
in the previous study. [26, 27] Low passage (i.e. < passage 5) were used in this study and their
multi-pluripotency were evaluated as previously described. [24] To avoid the variation between
donors, cells derived from three different normal donors were used in each experiment. 30 mg
mL?* p(NIPAAM-AA) or 0.75 mg mL* fibrin hydrogels were coated on the bottom of the 48-
well plates (250 pL per well). 1x PBS was replaced with the complete cell medium to dilute
the concentrated hydrogels. After gel formation at 37 °C, the same volume of cell-gel hybrids,
prepared by dispersing the ND0303 NOD MSC suspension at a density of 5.0x10° cells mL™
in the complete cell medium with p(NIPAAmM-AA) or fibrin hydrogels, was gently layered on
the p(NIPAAmM-AA)- or fibrin-coated wells. The cell-gel hybrids were allowed to gel by
incubating at 37 °C for 60 min in a humidified incubator including 5 % CO,, after which the
cell-gel hybrids were top-upped with complete cell medium (500 pL per well) and incubated
overnight in a humidified incubator including 5 % CO.. 250 pL of the staining solution (4 uM

Calcein AM and 2 uM Ethidium Homodimer-1 (Thermo-Fisher)) was added into each well
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containing the cell-gel hybrids and stored in dark for 20 min at 37 °C. The morphology of the
cells cultured in the hydrogels was imaged with or without fluorescence by a CKX41
fluorescent microscope (Olympus). Live cells were stained with a green color while dead cells
with a red color.

4.4.5 Cell proliferation assay

125 pL cell-gel hybrids were prepared at a final cell density of 1.0x10° cells mL™ and casted
on each fibrin- or p(NIPAAmM-AA)- coated well in a 96-well plate. 125 pL of complete cell
medium was top-upped and changed every two days. NOD MSCs from three different normal
donors (ND0059, ND0128, and ND0361) were used. After each time point (day 1, 5, 9, and 14),
50 pL of the spent medium was removed from each well. 25 pL of 4-[3-(4-lodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1, Sigma-Aldrich) was then
added into the cell-gel hybrids and incubated at 37 °C for 4 h in a humidified incubator
including 5 % CO.. The absorbance was measured by an iMark microplate reader (BIO-RAD)
at a wavelength of 450 nm. NOD MSCs cultured on the two-dimensional (2D) 96-well plate
were used as a control.

4.4.6 Chondrogenesis of primary MSCs in vitro

To induce chondrogenesis of human NOD MSCs (ND0055, ND0059, and ND0128), 30 mg
mL?* p(NIPAAM-AA) or 0.75 mg mL™* fibrin hydrogels were mixed with NOD MSCs at a cell
density of 1.0x10° cells mL™ in the high glucose chondrogenic induction medium (Dulbecco’
Modified Eagle’s Medium (DMEM-high, Sigma-Aldrich), 1x ITS pre-mix (BD Biosciences),
50 U mLY/50 pg mL? P/S, 2 mM L-glutamine (Sigma-Aldrich), L-ascorbate-2-phosphate
(WAKO), 0.1 uM Dexamethasone sodium phosphate (Hospira Australia), 0.125 % bovine
serum albumin (BSA, Sigma-Aldrich), and 10 ng mL?* human transforming growth factor
(TGF-B3, Lonza)). Cell aggregates were formed overnight and cultured in the induction
medium at 37 °C for up to 4 weeks in a humidified incubator including 5 % CO2 with medium

change twice per week. After inducing chondrogenesis for 4 weeks, cells were lysed in TRIzol
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(Life Technology) for 5 min at room temperature. Total RNA was extracted for reverse
transcription polymerase chain reaction (RT-PCR) to synthesize cDNA as previously described.
[24] Chondrogenesis-related genes (SOX-9 (SOX9), aggrecan (ACAN), collagen 2A1
(COL2A1), collagen 10A1 (COL10A1)) were then assessed using Real-Time PCR (gPCR) with
human primer pairs (Table S4.1) and normalized to the value of actin-beta gene (ACTB).
4.4.7 Histology and immunofluorescence staining
After inducing chondrogenesis for 4 weeks, the cells cultured in p(NIPAAM-AA) hydrogel
were harvested by diluting and centrifuging in the cold 1x PBS. The cells were then, in turn,
fixed in the 4 % paraformaldehyde solution (PFA, Sigma-Aldrich) and cryoprotected in 30 %
sucrose solution overnight. Cells cultured in the fibrin hydrogel were directly processed for
fixing and cryoprotecting. The cells were embedded in the OCT components (Tissue-Tek) and
cryo-sectioned on gelatin-coated glass slides (Sigma-Aldrich) at a thickness of 8 um by a
Cryostat Shandon Cryotome E (Thermo-Fisher).
Prior to staining, the sections were dried in a fume hood for 1 h. To evaluate the production of
sulfated glycosaminoglycans (GAGS), the sectioned cells were stained in 1.0 % Alcian Blue
solution (Sigma-Aldrich) and 0.1 % nuclear fast red solution. After blocking in the 5 % normal
goat serum, the sections were in turn immersed in collagen 2A1 primary antibody from rabbits
(Santa Cruz) in a humidified box at 4 °C overnight and FITC-labelled goat-anti-rabbit
secondary antibody (SouthernBiotech) for 2 h in a humidified sheltered box at room
temperature, and 300 nM DAPI (Sigma-Aldrich) for immunofluorescent staining of type 2
collagen. After mounting, the stained cells were imaged with a IX53 fluorescent microscope
(Olympus).
4.4.8 Sulfated glycosaminoglycans quantification
After inducting chondrogenesis for 4 weeks, the cells cultured in hydrogels or cell pellets by
spinning cell suspensions in a polypropylene tube at 600 rcf for 5 min were washed with 1x

PBS three times and digested in 200 pL digestion solution (62.1 mg of 3.10 U mg™ Papain
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(Fluka) + 9.86 mL of 0.05 M sodium phosphate buffer (pH = 6.5, Sigma-Aldrich) + 40 uL of
0.5 M ethylenediaminetetraacetic acid solution (pH = 8, Sigma-Aldrich) + 100 puL of 200 mM
N-Acehyl-Cysteine (Sigma-Aldrich)) at 65 °C overnight with gentle vortex at a rotating speed
of 700 rpm. 0.25 pug mL* stock chondroitin-6-sulfate was diluted in the digestion solution to a
gradient standard concentration (0.25 pug mL™?, 0.2 pg mL™?, 0.15 pug mL%, 0.1 ug mL%, 0.075
ug mL?, 0.05 pug mL?, 0.025 pg mLY, 0 ug mL™?). 150 pL 1,9-Dimethyl Methylene Blue
(DMMB) working solution (8 mg DMMB (Sigma-Aldrich) + 2.5 mL ethanol (Chem-Supply)
+ 1 g sodium formate (Sigma-Aldrich) + 1 mL formic acid (BDH) + 496.5 mL ultrapure water)
was either mixed with 50 pL chondroitin-6-sulfate standard solution or digested sample
solutions. After gently mixing, the absorbance was read by a Victor3 1420 Multilabel Counter
(PerkinElmer) at a wavelength of 525 nm. The concentration of the sulfated GAGs extracted
from the cells was calculated according to the standard curve. In addition, the concentration of
the DNA extracted from the cells was calculated according to the standard dsDNA curve after
measuring the absorbance of 50 L DNA (extracted sample DNA or standard gradient dSDNA)
and 150 pL PicoGreen (1:200 dilution, Thermo-Fisher) mix by a Victor3 1420 Multilabel
Counter (PerkinElmer) at the excitation and emission wavelengths of 485 nm and 535 nm,
respectively. The production of sulfated GAGs was presented as the relative sulfated GAGs by
normalizing the value of sulfated GAGs to that of DNA.
4.4.9 Inflammatory effect of p(NIPAAmM-AA) and fibrin hydrogels
A macrophage cell line (Raw264.7, American Type Culture Collection) was used for the
inflammatory effect of p(NIPAAmM-AA) and fibrin hydrogels. Briefly, 2.5x10° Raw264.7 cells
were seeded into each well of a 24-well plate and allowed to attach to the bottom for 4 h. 0.75
mg mL™ of fibrin hydrogel or 30 mg mL* p(NIPAAmM-AA) hydrogel was added on the top of
the cells at a volume of 500 pL per well. The hydrogels were incubated in a humidified
incubator containing 5% CO: at 37 °C for 1 h before addition of another 500 pL complete

culture medium per well. Raw264.7 cells cultured without hydrogels were used as a negative
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control and the cells pre-stimulated with 200 ng mL™ of lipopolysaccharide (LPS, Sigma-
Aldrich) for 24 h and cultured without hydrogels were used as a positive control. After
incubating for 24 h, the supernatants were collected and used for detection of nitrite production
in the medium using Griess reagents as per the manufacturer’s protocol. The mRNA expression
of pro-inflammation-related genes (interleukin-1 beta (IL1B), interleukin-6 (IL6), tumor
necrosis factor alpha (TNFA), nitric oxide synthase-2 (NOS2)) in Raw264.7 cells was also
measured by RT-gPCR. All values were normalized to that of ACTB gene. The specific mouse
primer sequences were shown in Table S4.2.

4.4.10 Cell isolation and characterization for in vivo osteochondral regeneration

The animal experiment was performed by following the approved guidelines of Nanjing
Medical University Ethics Committee. Rabbit bone marrow-derived mesenchymal
stem/stromal cells (BMSCs) were harvested by aspirating bone marrow from the femurs and
tibias of a rabbit (250 g, 2 weeks) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma-Aldrich) supplemented with 10 % FBS. Rabbit BMSCs at the passage 4 were
used for the following experiments. The morphology of the extracted rabbit BMSCs was
imaged with an ECLIPSE Ci microscope (Nikon) and the multi-pluripotency of rabbit BMSCs
was evaluated by inducing cell differentiation in the chondrogenic induction medium,
osteogenic induction medium (DMEM, 15 mM HEPES (Life Technologies), 100 uM L-
ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Aladdin), 5 % FBS, 0.1 uM
dexamethasone sodium phosphate (Tianxin), 10 mM g-glycerophosphate disodium salt hydrate
(Sigma-Aldrich)), or adipogenic induction medium (DMEM, 10 % FBS, 15 mM HEPES, 100
UM L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, 60 uM indomethacin (Sigma-
Aldrich), 0.1 uM dexamethasone sodium phosphate). The cells cultured in the complete culture
medium without inductive biomolecules were used as the controls. After inducing
chondrogenesis or adipogenesis for 3 weeks, the cells were stained with Alcian Blue/Weigert’s

Iron Haematoxylin for detecting sulfated GAGs or Oil Red O/Mayer’s Haematoxylin for
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detecting lipids, while the osteogenesis-induced cells were stained with Alizarin Red S to assess
the deposition of calcium after 6 weeks. Furthermore, rabbit BMSCs were also embedded in
fibrin and p(NIPAAmM-AA) hydrogels and induced chondrogenesis for 4 weeks. Morphology
of the induced cells were imaged with an ECLIPSE Ci microscope (Nikon). The mRNA
expression of chondrogenesis-related genes (SOX9, ACAN, and COL2A1) was measured by
RT-gPCR. All data were normalized to the value of GADPH gene. The sequences of the rabbit
primer pairs were shown in Table S4.3.

4.4.11 Paracrine effect of cell aggregates

Briefly, rabbit bone marrow-derived mesenchymal stem/stromal cells were cultured in 30 mg
mL? of p(NIPAAM-AA) hydrogel and 0.75 mg mL™ fibrin hydrogel, respectively, at a density
of 1.0x10° cells mL*. After culturing overnight, the cell morphology was recorded by an
ECLIPSE Ci microscope (Nikon) and the gene expression of the paracrine signaling-related
biomolecules (basic fibroblast growth factor (FGF2), transforming growth factor beta-1
(TGFB1), transforming growth factor beta-3 (TGFB3), vascular endothelial growth factor
(VEGF), stromal cell-derived factor-1 (SDF-1), insulin-like growth factor-1 (IGF-1), bone
morphogenetic protein-2 (BMP2), bone morphogenetic protein-7 (BMP7), Wnt-3a (WNT3A),
Whnt-5a (WNT5A), catenin beta-1 (CTNNB1)) were measured by RT-gPCR. All values were
normalized to that of GAPDH gene. The sequences of the rabbit primer pairs were shown in
Table S4.3.

4.4.12 Defect creation & cell/hydrogel implantation

13 male New Zealand rabbits (~2.5 kg, 3 months) were used in the animal experiment. 1 mL of
the anesthetic hybrid (ketamine hydrochloride (Gutian): xylazine Hydrochloride (Huamu) at a
volumetric ratio of 10 : 1) was intramuscularly injected into each rabbit for anesthetization. To
create the osteochondral defect, a hole with a diameter of 4 mm and a depth of 1.6 mm,
approximately 20 pL in volume, was drilled into the lateral hemicondyle of knee joints after

trochlear grooves were exposed by medial parapatellar incision and laterally dislocation of the
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patella. These rabbits with osteochondral defects were divided into three groups: Group 1 (n
=5) was injected with 20 pL of the cell-fibrin mixture with 2.5x10° cells at the osteochondral
defect site on the left legs, while fibrin hydrogels only on the right leg; The osteochondral defect
site on the left legs of Group 2 ( n = 4) was injected with 20 pL of the cell-p(NIPAAM-AA)
mixture in which cell aggregates were generated and harvested after culturing 2.5x10° cells in
p(NIPAAmM-AA) hydrogel overnight, while p(NIPAAmM-AA) hydrogels only on the right leg;
Group 3 (n =4) was injected with 20 pL of 2.5x10° cell suspension on the left leg, while 20
pL of cell culture medium without cells on the right leg. Cell density was determined by defect
size [28] and kept consistent with the cell density used in “4.4.6 Chondrogenesis of primary
MSCs in vitro”. The incisions were sutured and the defects were kept upwards for at least 30
min. After implantation, each rabbit was intramuscularly injected with 1 mL of 2x10° U mL™!
penicillin sodium solution (Shiyao) daily up to 3 days.
4.4.13 Characterization of the regenerative osteochondral tissues
After 3 months, the regenerative tissues at the defect site near the distal femurs of the euthanized
rabbits were harvested for photographing and micro-computed tomography (UCT) scanning by
an Inveon Micro-PET/CT scanner (Siemens) at a voltage of 80 kV, a current of 500 YA, and a
spatial resolution of 15 um. A reconstructed three-dimensional (3D) image of the regenerative
tissue was generated by Siemens Inveon Research Workplace (IRW) software to obtain the
photographed structure at the regenerative defect. Moreover, the bone regeneration was also
evaluated by measuring the values of bone volume/total (tissue) volume (BV/TV), bone surface
area/bone volume (BS/BV), trabecular thickness (Th.Th), and trabecular number (Th.N) at the
defect region with IRW software based on the radiographed pCT images (n = 3). The
regenerated cartilages (n = 3 for each group) were blindly graded based on their macroscopy
images by the international cartilage repair society (ICRS) scoring system. [29]
The regenerative tissues were then fixed in the 4 % PFA solution at 4 °C for 1 week with one

change by the fresh solution, after which the tissues were decalcified in 14 %
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ethylenediaminetetraacetic acid solution (EDTA, pH = 7.1, Macklin) at room temperature under
gentle and constant agitation with a change of fresh solution twice per week. When the tissues
became soft enough to be easily punctured by a needle, dehydration and paraffin embedding
were performed. The tissues were sectioned at a thickness of 5 um and histologically stained in
Haematoxylin & Eosin dye to show the morphology and integration of the regenerative tissues
to the surrounding normal tissues, in Safranin O dye to confirm cartilage regeneration, and in
Masson’s Trichrome dye to evidence generation and accumulation of collagen.
Immunofluorescent staining was also performed to display the distribution of collagen type 1
using mouse anti-type 1 collagen primary antibody (Sigma-Aldrich) /Alexa Fluor 488-labelled
goat-anti-mouse secondary antibody (Beyotime) and counterstaining with Hoechst 33342
(KeyGEN BioTECH).

4.4.14 Statistics analysis

All experiments except those specifically stated were performed in triplicates. Data were
presented as mean + standard error (SE). The statistic difference was compared using one-tailed
student t test. *p < 0.05 and ** p < 0.01 indicated that the difference was significant and very
significant, respectively, while p > 0.05 for no significant difference (n.s.).

4.5 Results

4.5.1 Characterization of hydrogels

To eliminate the influence of hydrogel stiffness on biological behaviors of primary
mesenchymal stem/stromal cells, the dynamic moduli of the fibrin hydrogels at various
concentrations were measured by a rheometer to match that of the p(NIPAAmM-AA) hydrogel
at a concentration of 30 mg mL™ at 37 °C. From the shear stress-strain ramp, the shear stress
for 0.75 mg mL* fibrin hydrogel displayed a linear increase in response to the strain ramp from
0 to 100 %, which was similar to 30 mg mL™* p(NIPAAmM-AA) hydrogel. (Figure S4.1a) Notably,
fibrin hydrogel at a concentration of 0.75 mg mL™ had a similar absolute complex modulus

(IG*)) as that of p(NIPAAM-AA) hydrogel at a concentration of 30 mg mL™, approximately 1
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Pa, when the external shear stress was 0.1 Pa. (Figure S4.1b) The elastic moduli of 0.75 mg
mL* fibrin hydrogel and 30 mg mL™ p(NIPAAm-AA) hydrogel were both over their viscous
moduli when the external stress was lower than the critical value, which was the maximal
bearing stress of a hydrogel. (Figure 4.1a) When the external shear stress reached 19.06 Pa, the
viscous modulus of 0.75 mg mL™ fibrin hydrogel became higher than its elastic modulus,
indicating the critical value for 0.75 mg mL™* fibrin hydrogel was around 19 Pa, while the
critical value for 30 mg mL™* p(NIPAAmM-AA) hydrogel was only 0.2 Pa. (Figure 4.1a)
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Figure 4.1 (a) Dynamic modulus (storage modulus (G’) and loss modulus (G”’)) of (i) 0.75 mg
mL? fibrin hydrogel and (ii) 30 mg mL " p(NIPAAmM-AA) hydrogel under different stresses.
(b) Optical images of 0.75 mg mL ! fibrin hydrogel (left) and 30 mg mL ** p(NIPAAM-AA)
hydrogel (right) at 37 °C. (c) Optical images of 0.75 mg mL  fibrin hydrogel (left) and 30 mg
mL " p(NIPAAmM-AA) hydrogel (right) at 25 °C. (d) SEM images of (i) 0.75 mg mL  fibrin
hydrogel and (ii) 30 mg mL ! p(NIPAAm-AA) hydrogel at a lower magnification (scale bar: 5
pum) and a higher magnification (inset, scale bar: 1 um).

After the addition of thrombin, the fibrinogen solution was converted into fibrin by forming gel,

while the thermosensitive p(NIPAAmM-AA) formed a cloudy gel in response to the temperature
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at 37 °C. (Figure 4.1b) After cooling the temperature to 25 °C, fibrin hydrogel still presented a
gel state, however, p(NIPAAmM-AA) hydrogel was liquified into a transparent solution. (Figure
4.1c) Furthermore, SEM images revealed a fibrous structure for the dehydrated fibrin hydrogel,
while a porous morphology for the dehydrated p(NIPAAmM-AA) hydrogel. (Figure 4.1d)
To study whether the hydrogels induced inflammation, the Raw264.7 macrophage cells were
cultured in the complete cell medium containing either 30 mg mL™? of p(NIPAAM-AA)
hydrogel or 0.75 mg mL™ of fibrin hydrogel for 24 h. There was no difference in mRNA
expression of the pro-inflammatory genes (IL6, TNFA, NOS2) and nitric oxide (NO) production
between the cells cultured without hydrogels (M(No-LPS)) and that with p(NIPAAmM-AA)
hydrogel ((PA(No-LPS)). (Figure S4.2) However, a significant lower mRNA expression of
IL1B gene (p < 0.01) was seen in the cells cultured with p(NIPAAmM-AA) hydrogel compared
to that cultured without the hydrogel. In contrast, the mRNA expressions of IL1B, IL6, and
NOS2 genes were all significantly up-regulated (p < 0.05 for IL1B and NOS2 genes; p < 0.001
for IL6 gene) for the cells cultured with fibrin hydrogel (F(No-LPS)) compared to that without
hydrogels, while they were still lower than those from the cells cultured with lipopolysaccharide
(LPS) induction (M(LPs)), used as a positive control. (Figure S4.2) Furthermore, the production
of NO also revealed a consistent result with the mRNA expression of these pro-inflammatory
genes, producing a significantly higher amount of nitrite (p < 0.05) in the supernatant medium
of the cells cultured with fibrin hydrogel compared to that without hydrogels, but lower than

that of the positive control. (Figure S4.2)
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a Fibrin p(NIPAAM-AA)

Figure 4.2 (a) Optical microscopy images and (b) Live&Dead staining images of ND0303
NOD MSCs cultured in (i) fibrin hydrogel or (ii) p(NIPAAmM-AA) hydrogel with complete
medium on day 1. Green: live cells; Red: dead cells. Scale bar: 100 pm.

4.5.2 Cell viability and cell proliferation

The biological properties of p(NIPAAmM-AA) and fibrin hydrogels were first studied in vitro
with human bone-derived mesenchymal stem/stromal cells (NOD MSCs) from normal donors.
When seeding inside the hydrogels overnight, primary human NOD MSCs were attached to the
fibrils of fibrin hydrogel and exhibited a fibroblast-like morphology, while those cells cultured
in the p(NIPAAmM-AA) hydrogel formed cell aggregates. (Figure 4.2a) Cell Live&Dead staining
revealed good biocompatibility of both fibrin and p(NIPAAmM-AA) hydrogels. (Figure 4.2b)
Moreover, primary human NOD MSCs were also cultured on two-dimensional (2D) tissue
culture plates, and in the fibrin and p(NIPAAm-AA) hydrogels for up to 14 days. The
absorbance values indicated the cell number of NOD MSCs derived from three normal donors
significantly increased after culturing for 14 days on either 2D plates or in the fibrin hydrogel.
However, the cells cultured in the p(NIPAAm-AA) hydrogel did not show any significant

increase in the cell number. (Figure 4.3)
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Figure 4.3 Proliferation of NOD MSCs derived from three different normal donors either
culturing on a two-dimensional (2D) culture plate, or in the three-dimensional (3D) fibrin
hydrogel, or in p(NIPAAmM-AA) hydrogel. Data were presented as mean + standard error (SE),
n=3. “*” for p < 0.05; “not significant (n.s.)” for p > 0.05.

4.5.3 Cell differentiation

After inducing chondrogenesis for 4 weeks, the mRNA expression of the chondrogenesis-
related genes (SOX9, ACAN, COL2A1, and COL10A1) were measured by RT-qPCR. (Figure
4.4) The mRNA expression of SOX9 and ACAN were significantly higher for all NOD MSCs
cultured in the p(NIPAAmM-AA) hydrogel than NOD MSCs cultured in the fibrin hydrogel.
However, due to variation from different donors, significantly increased mRNA expression of
COL2A1 were seen for ND0059 and ND0128 NOD MSCs cultured in the p(NIPAAmM-AA)
hydrogel compared to those cultured in fibrin hydrogel. In addition, the mRNA expression of

COL10A1 for ND0059 and ND0128 NOD MSCs cultured in the p(NIPAAmM-AA) hydrogel was

significantly lower than that cultured in the fibrin hydrogel.
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Figure 4.4 mRNA expression of chondrogenesis-related genes (SOX9, ACAN, COL 2A1, COL
10A1) for bone-derived mesenchymal stem/stromal cells from three normal donors: (a) ND0055
NOD MSCs, (b) ND0128 NOD MSCs, and (c) ND0059 NOD MSCs cultured in the fibrin or
p(NIPAAmM-AA) hydrogels on day 29. Data were presented as mean + standard error (SE), n=3.
“* for p < 0.05; “**” for p < 0.01.

After culturing in the chondrogenic-induction medium for 4 weeks, the cell-fibrin hybrid shrank
to a large pellet that was anchored to the wall of a well (Figure 4.5ai). In contrast, the NOD
MSCs cultured in the p(NIPAAmM-AA) hydrogel formed aggregated that showed evidence of
sprouting which further developed into a cell aggregate network. (Figure 4.5aii) Furthermore,
the immunofluorescent images indicated distinct production of collagen 2A1 in both fibrin and
p(NIPAAM-AA) hydrogels. (Figure 4.5b) The Alcian Blue staining images also revealed
distinct sulfated glycosaminoglycans (GAGs) production (blue color) for cells cultured in the
fibrin and p(NIPAAmM-AA) hydrogels. (Figure 4.5c) To further quantify the sulfated GAGs
production, the sulfated GAGs were extracted and measured by the DMMB assay. The
accumulation of sulfated GAGs in p(NIPAAmM-AA) was significantly higher than that seen in
either the cell pellets or the fibrin hydrogel. On the contrary, there was no significant difference
in the production of sulfated GAGs between cell pellets and cells in fibrin hydrogel. (Figure

4.5d)
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Figure 4.5 (a) Optical images of chondrogenesis-induced NOD MSCs cultured in (i) fibrin
hydrogel (scale bar: 1 mm) or (ii) p(NIPAAmM-AA) hydrogel (scale bar: 100 um) for 4 weeks
at a lower magnification. (b) Immunofluorescent images of NOD MSCs induced
chondrogenesis in (i) fibrin hydrogel or (ii) p(NIPAAmM-AA)hydrogel for 4 weeks. Green:
collagen 2A1; Blue: cell nuclei. Scale bar: 100 pum. (c) Alcian blue staining images of
chondrogenesis-induced NOD MSCs cultured in (i) fibrin hydrogel or (ii) p(NIPAAmM-AA)
hydrogel for 4 weeks. Blue: sulfated glycosaminoglycans (GAGs); Red: cell nuclei. Scale bar:
100 pm. (d) Relative GAGs production of NOD MSCs induced chondrogenesis in the fibrin
hydrogel, the p(NIPAAmM-AA) hydrogel, or as pellets in the polypropylene tubes for 4 weeks
by normalizing total GAGs to the total cell number. Data were presented as mean * standard
error, n=3. “*” for p < 0.05; “not significant (n.s.)” for p > 0.05.
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4.5.4 Osteochondral regeneration
4.5.4.1 Characterization of the bone marrow-derived primary mesenchymal stem/stromal
cells.
To further assess the efficacy of p(NIPAAmM-AA) hydrogel for osteochondral regeneration in
vivo, rabbit primary bone marrow-derived mesenchymal stem/stromal cells (BMSCs) were used
for the following experiments. The multi-potent properties of the rabbit BMSCs was assessed
by inducing cell differentiation in induction media (chondrogenic-, osteogenic- and adipogenic-
induction media). Compared to rabbit BMSCs cultured in the complete medium without
induction biomolecules, more Oil Red O staining for lipids (red color) was seen in the cells
cultured in the adipogenic induction medium. Similarly, compared to control media, more
Alizarin Red S staining of calcium deposition (red color) from cells cultured in the osteogenic
induction medium was observed. (Figure S4.3a-b) However, rabbit BMSCs cultured as cell
pellets, by spinning cells in a polypropylene tube either in the complete medium or in the
chondrogenic induction medium, produced sulfated GAGs (blue color), but no significant
difference was seen between BMSCs pellets in the complete medium or BMSCs in the
chondrogenic induction medium. (Figure S4.3c) In addition, the extracted rabbit BMSCs
exhibited a typical fibroblast-like morphology. (Figure S4.4a) Prior to implantation into the
osteochondral defects, rabbit BMSCs were pre-cultured in fibrin hydrogel or p(NIPAAmM-AA)
hydrogel to display similar properties of human NOD MSCs (Figure 4.2a). As Figure S4.4b
and Figure S4.4c indicated, rabbit BMSCs cultured in the fibrin hydrogel were attached to the
fibrils and displayed a fibroblast-like morphology, while cell aggregates were formed in
p(NIPAAmM-AA) hydrogel after overnight. The chondrogenesis-induced cells in fibrin and
p(NIPAAmM-AA) hydrogels both produced a significant amount of lipids in the cytoplasm and
a rich extracellular matrixces (ECMs) deposition. (Figure S4.4d-e) Furthermore, RT-qPCR

results also revealed that the mRNA expression of chondrogenesis-related genes (SOX9, ACAN,
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and COL2A1) for rabbit BMSCs cultured in the p(NIPAAmM-AA) hydrogel were significantly
up-regulated compared to that in the fibrin hydrogel. (Figure S4.4f)
4.5.4.2 Paracrine effect of cell aggregates
The advantages of cell aggregates within p(NIPAAmM-AA) hydrogel over individual single cells
within fibrin hydrogel were shown by comparing the mRNA expression of paracrine signaling-
related genes using RT-gPCR. The mRNA expression of the majority of cytokine genes (p <
0.05 for TGFB1, VEGF, CXCL12, IGF1, and BMP7; p < 0.01 for BMP2) was significantly
enhanced from the cell aggregates cultured in p(NIPAAmM-AA) hydrogel compared to that of
single cells cultured in fibrin hydrogel. (Figure S4.5) Furthermore, the mMRNA expression of
WNT3A and CTNNBL1 genes, were consistently significantly higher in the cell aggregates
compared to the single cells. However, there was no significant difference in the mRNA
expression of FGF2, TGFB3, and WNT5A genes between cell aggregates and single cells.

(Figure S4.5)

Bone marrow-derived MSCs extraction, Bone-derived NOD MSCs Cell viability, proliferation, and
expansion, and characterization extraction and expansion differentiationin vitro
Fibrin-Cell p(NIPAAM-AA)-Cell

Single cells with fibrin hydrogel
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Figure 4.6 Scheme for the study of biological properties of fibrin and p(NIPAAM-AA)
hydrogels in vitro and their efficacy for osteochondral regeneration in vivo.
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Figure 4.7 (a) A macroscopy image of the generated osteochondral defect with a diameter of 4
mm. (b) Macroscopy images of the regenerative osteochondral tissues three months after the
implantation of (i) medium only, (ii) cell suspensions, (iii) fibrin hydrogel, (iv) cell and fibrin
hydrogel, (v) p(NIPAAmM-AA) hydrogel, (vi) cell and p(NIPAAmM-AA) hydrogel. Scale bar: 5
mm. (c) Reconstructed three-dimensional (3D) structure (Top-Left), sagittal section (Top-
Right), and transverse section (Bottom) of the regenerative osteochondral defects by micro-
computed tomography (ULCT) 3 months after the implantation of (i) medium only, (ii) cell
suspensions, (iii) fibrin hydrogel, (iv) cell and fibrin hydrogel, (v) p(NIPAAM-AA) hydrogel,
(vi) cell and p(NIPAAmM-AA) hydrogel. Scale bar: 5 mm. (d-g) Bone volume/total volume, bone
surface area/bone volume, trabecular thickness, and trabecular number of the total regenerative
osteochondral tissues. Data were measured by Siemens Inveon Research Workplace (IRW)
software and presented as mean + standard error (SE), n=3. “*” for p < 0.05; “**” for p < 0.01;
“not significant (n.s.)” for p > 0.05.

In-vivo animal study
Micro-CT
To assess the efficacy of the cell-hydrogel hybrids for cartilage and bone regeneration, pre-

formed rabbit BMSC aggregates overnight in the p(NIPAAmM-AA) hydrogel were re-embedded
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in the p(NIPAAmM-AA) hydrogel and injected into an osteochondral defect site, while fibrin
hydrogel were injected with rabbit BMSC single-cell suspensions. Following gel formation in
situ for at least 30 min, the osteochondral defects were treated with different formulations for 3
months. (Figure 4.6) The size of the osteochondral defect created was approximately 4 mm in
diameter and 1.6 mm in depth. (Figure 4.7 a) From the macroscopy images, it can be seen that
better integration of regenerative cartilage with the surrounding healthy cartilage at the defects
was achieved after injection of cell suspensions compared to the hyperplasia of regenerative
cartilage with injection of medium only. (Figure 4.7b i-ii) There was no significant difference
of regenerative cartilage at the osteochondral defects between the injection of cell-fibrin hybrids
and fibrin hydrogel only. (Figure 4.7b iii-iv) The regenerative cartilage was optimal at the
osteochondral defect site 3 month post-injection of p(NIPAAmM-AA)-cell hybrids (Figure 4.7b
vi), which was supported by seamless cartilage integration, a smooth cartilage surface, and
absence of central cracks seen in the other groups. (Figure 4.7b ii-v) The superior efficacy of
p(NIPAAmM-AA)-cell hybrids for cartilage regeneration was further confirmed by the ICRS
scores. (Figure S4.6) The ICRS score for the group with the implantation of p(NIPAAM-AA)-
cell hybrids was significantly higher than the group with the implantation of fibrin-cell hybrids
(» <0.01) and the group with implantation of p(NIPAAmM-AA) (p < 0.05). However, there was
no significant difference in ICRS score between the groups with implantation of fibrin-cell
hybrids and fibrin only, respectively. (p > 0.05) Moreover, the subchondral bone regeneration
was evaluated by micro-computed tomography (UCT), which revealed limited bone
regeneration at the osteochondral defects after injection of medium only, cell suspensions, or
p(NIPAAmM-AA) hydrogel (Figure 4.7c i-ii&v), while evidence of bone regeneration was
observed at the osteochondral defects after injection of fibrin-cell hybrids or fibrin hydrogel
only (Figure 4.7c iii-iv). Notably, the greatest amount of bone regeneration at the osteochondral
defects was observed after injection of p(NIPAAmM-AA)-cell hybrids (Figure 4.7c vi). Notably,

the results from radiographic processing at the region of osteochondral defects were consistent
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with the uCT images. (Figure 4.7d-g) The bone volume/total (tissue) volume (BV/TV) value in
the group after injection of p(NIPAAmM-AA)-cell hybrids was significantly larger than that in
the other groups (p < 0.01 for p(NIPAAM-AA); p < 0.05 for other groups). (Figure 4.7d)
However, the bone surface area/bone volume (BS/BV) value in the group after injection of
p(NIPAAmM-AA)-cell hybrids was significantly lower than that in other groups (p < 0.01 for
p(NIPAAmM-AA) and cell suspension; p < 0.05 for others), the trabecular thickness (Tb.Th) was
the highest in the p(NIPAAmM-AA)-cell hybrids-treated group (p < 0.01 for p(NIPAAmM-AA)
and cell suspensions; p < 0.05 for others). (Figure 4.7e-f) In addition, the trabecular number
(Th.N) in all groups did not show any significant difference. (Figure 4.79)

Histology staining

Three months after implantation, the regenerative osteochondral tissues were harvested for
tissue sectioning and histology staining. The H&E staining revealed that the osteochondral
defects after implantation of medium only, cell suspensions, fibrin hydrogel, or p(NIPAAmM-
AA) hydrogel were partially filled with fibrocartilage containing irregular random collagen
fibers and gaps were seen near the central area. (Figure 4.8a-c and Figure 4.8e) The biggest gap
was shown in the osteochondral defect region in the presence of p(NIPAAmM-AA) hydrogel only.
(Figure 4.8e) Moreover, an uneven surface of the regenerative cartilage and poor integration of
the regenerative cartilage and subchondral bone to the original surrounding tissues were seen
at the osteochondral defects treated with media only, cell suspensions, fibrin hydrogel, or
p(NIPAAmM-AA) hydrogel in spite of presence of some blood vessels in the deep zone of the
fibrocartilages. (Figure 4.8a-c and Figure 4.8e) In contrast, with the implantation of fibrin-cell
hybrid or p(NIPAAmM-AA)-cell hybrid the osteochondral defects were fully filled with normal
osteochondral structures. (Figure 4.8di and Figure 4.8fi) Both regenerated cartilages displayed
a smooth surface and collagen fibers of the regenerated cartilages exhibited clear zone-specific
orientation, namely horizontal, random, and vertical distribution near the superficial, middle,

and deep zone of a cartilage, respectively. (Figure 4.8dii and Figure 4.8fii) Although the
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subchondral bones at the defect site with the implantation of either fibrin-cell hybrid or
p(NIPAAmM-AA)-cell hybrid were well integrated with the surrounding tissues, the integration
of regenerative cartilage induced by the fibrin-cell hybrid was limited in comparison to that
induced by the p(NIPAAmM-AA)-cell hybrid, as a defective structure between the interface of
regenerative and original cartilages was seen in the fibrin-cell hybrid treated group. (Figure
4.8diii and Figure 4.8fiii)

The sulfated glycosaminoglycans (GAGs) were detected by staining with Safranin O dye. As
Figure 4.9a and Figure 4.9e indicated, no detectable sulfated GAGs were generated at the defect
site after treated with medium only or p(NIPAAmM-AA) hydrogel only. Only a trace amount of
red color was seen near the subchondral area of the regenerative tissue after implantation of cell
suspensions. (Figure 4.9b) A similar sulfated GAGs distribution was seen in the regenerative
tissue with the implantation of fibrin hydrogel only, while the subchondral area was stained
with a much brighter red color compared to that with the implantation of cell suspensions.
(Figure 4.9¢) Although distinct sulfated GAGs production was seen in the regenerative cartilage
after treatment by the fibrin-cell hybrid, the red-stained area was still not large enough to cover
the entire defective site. (Figure 4.9d) On the contrary, rich generated sulfated GAGs was
distributed throughout the regenerative cartilages after 3 month post-injection of the
p(NIPAAmM-AA)-cell hybrid and this GAGs distribution was similar to that of the original
normal cartilages. (Figure 4.9f) When staining with Masson’s Trichrome dye, all regenerative
tissues displayed a distinct blue color (Figure S4.7), but similar gaps were observed within the
osteochondral defects after implantation of medium only (Figure S4.7a), cell suspensions
(Figure S4.7b), fibrin hydrogel (Figure S4.7¢), or p(NIPAAmM-AA) hydrogel (Figure S4.7e).
Besides, orientation and distribution of stained collagen in these groups were different from
those of collagen in the surrounding normal tissues, in the absence of a typical three-layer
structure in regenerative cartilages and a trabecular morphology in regenerative subchondral

bones. (Figure S4.7a-c,e) Moreover, the distinct interface between new and old cartilages
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(Figure S4.7i) and a rough surface of the regenerative cartilage (Figure S4.7ii) were also seen
at the osteochondral defects with implantation of medium only (Figure S4.7a), cell suspensions
(Figure S4.7b), fibrin hydrogel (Figure S4.7c¢), cell-fibrin hybrid (Figure S4.7d), or p(NIPAAmM-
AA) hydrogel (Figure S4.7¢). In contrast, in the cell-p(NIPAAmM-AA) hybrid-treated group, the
regenerative tissue consisted of a typical three-layer structure (horizontal at the surficial zone,
random at the middle zone, and vertical at the deep zone, respectively) (Figure S4.7fii), and
trabecular bone was restored (Figure S4.7fiii), along with a smooth surface and an
indistinguishable interface between new and old cartilages (Figure S4.7fi). To confirm the type
and distribution of the accumulated collagen, the tissue sections were stained with mouse anti-
type 1 collagen primary antibody, Alexa Fluor 488-labelled goat-anti-mouse secondary
antibody, and Hoechst 33342. A small amount of collagen type 1 was detected at the
regenerative cartilage zone of the osteochondral defects after implantation of fibrin hydrogel or
p(NIPAAmM-AA) hydrogel, but only trace amounts of collagen type 1 in the regenerative
cartilage in other groups. (Figure S4.8) Notably, the collagen type 1 was observed to be present
at the bottom of a osteochondral defect in the groups treated by either cell-fibrin hybrid (Figure

S4.8d) or cell-p(NIPAAmM-AA) hybrid (Figure S4.8f).
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Figure 4.8 Haematoxylin and Eosin staining images of the regenerative osteochondral tissues
three months after the implantation of (a) medium only, (b) cell suspensions, (c) fibrin hydrogel,
(d) cell and fibrin hydrogel, () p(NIPAAmM-AA) hydrogel, (f) cell and p(NIPAAM-AA)
hydrogel at (i) a lower magnification (Scale bar: 500 um), (ii) a higher magnification near the
centre (Scale bar: 100 um), (iii) and a higher magnification near the edge (Scale bar: 100 pum).
Blue dots: cell nuclei; Pink: collagen; Red: cytoplasm. NT: new tissue; OT: old tissue. Black
arrows point to the interface between new tissues and old tissues.
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Figure 4.9 Safranin O staining images of the regenerative osteochondral tissues three months
after the implantation of (a) medium only, (b) cell suspensions, (c) fibrin hydrogel, (d) cell and
fibrin hydrogel, () p(NIPAAmM-AA) hydrogel, (f) cell and p(NIPAAmM-AA) hydrogel at (i) a
lower magnification (Scale bar: 500 um), (ii) a higher magnification near the centre (Scale bar:
100 um), (iii) and a higher magnification near the edge (Scale bar: 100 um). Black dots: cell
nuclei; Red: sulfated glycosaminoglycans; Green: cytoplasm. NT: new tissue; OT: old tissue.
Black arrows point to the interface between new tissues and old tissues.
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4.6 Discussion
4.6.1 Characterization of the hydrogels
Fibrin hydrogel, as a natural polymer, has been explored for its potential application in cartilage
regeneration. [30, 31] Following cleavage with the enzyme, thrombin, the precursor fibrinogen
can be converted into fibrin, which is then polymerized to form a fibrous hydrogel. [32]
However, the mechanical strength of the fibrin hydrogel is quite weak, which is similar to the
mechanical property of the p(NIPAAmM-AA) hydrogel. [33] Hence, in this study fibrin hydrogel
was selected as a control to evaluate the feasibility of employing p(NIPAAmM-AA) hydrogel for
osteochondral regeneration. By varying the concentration of the fibrinogen, fibrin hydrogels
with different mechanical strengths were generated at a constant thrombin concentration (2 U
mL™). From the shear stress-strain curves, it could be seen that the slope of the shear stress-
strain curve, namely shear modulus, of 0.75 mg mL* fibrin hydrogel was similar to that of 30
mg mL? p(NIPAAmM-AA) hydrogel, 0.094 Pa and 0.101 Pa, respectively. (Figure S4.1a) In
addition, a similar absolute complex modulus value (|G*|), approximately 1 Pa, was obtained
for 0.75 mg mL* fibrin hydrogel and 30 mg mL* p(NIPAAmM-AA) hydrogel when the stress
was applied at 0.1 Pa. Therefore, to eliminate the influence of mechanical strength on cell
migration, proliferation, or differentiation, fibrin hydrogel at a concentration of 0.75 mg ml*
was used for the following experiments. To maintain a gel status (elastic modulus G’ > viscous
modulus G”), the applied external stress should be smaller than the critical stress, 19.06 Pa for
0.75 mg ml fibrin hydrogel and 0.2 Pa for 30 mg mL ™ p(NIPAAmM-AA) hydrogel, respectively.
(Figure 4.1a) The internal fibrils of fibrin hydrogel were able to bear only small external stresses,
and beyond the critical stress values, the fibrils would be broken and irreversibly lose the gel
structure. [33] The formation of a gel structure of p(NIPAAmM-AA) hydrogel was mainly due to
reversible weak ionic crosslinking of Mg?*/COO" and hydrophobic repulsion, thus the
pP(NIPAAmM-AA) hydrogel was liquified at a much smaller external stress. [24] Furthermore,

the temperature-dependent hydrophobicity of p(NIPAAmM-AA) also allowed its gel status to be
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modified in response to the temperature change: a transparent liquid status below the lower
critical solution temperature (LCST) while a cloudy gel status above LCST. (Figure 4.1b-c) [25]
Even though both hydrogels were porous, the pores in the fibrin hydrogel were created by the
fibrils, while the pores in the p(NIPAAmM-AA) hydrogel were determined by the size and
concentration of the p(NIPAAmM-AA) microgels. (Figure 4.1d) [34]

Although fibrin is a natural polymer, it has been reported that it possesses potent pro-
inflammatory properties by interaction with various integrins, such as the amf2 cell surface
receptor. [35-37] When fibrinogen is deposited or converted into a fibrin polymer from a
soluble monomer, the cryptic binding motif of fibrinogen is exposed to those amf2-expressing
leukocytes, such as macrophage [38], leading to either an acute destructive inflammation [39]
or a chronic low-grade inflammation [40]. Therefore, once the stability of fibrin is enhanced in
any manner, its inflammatory properties are also correspondingly promoted. [41-43] Besides,
it is known that thrombin could also regulate the inflammation through PAR signaling pathways.
[38] A similar pro-inflammatory effect was also found for fibrin hydrogel in this study with
significant up-regulation of IL1B, IL6, and NOS genes and enhanced nitric oxide production in
Raw264.7 macrophage cells. (Figure S4.2) In contrast, since there was no active binding motif
in the p(NIPAAmM-AA), pro-inflammatory reaction of macrophage cells could not be activated
when they were cultured with p(NIPAAM-AA) hydrogel.

4.6.2 Characterization of human NOD MSCs in the hydrogels

Fibrin hydrogel as a protein-rich scaffold supports cell attachment, therefore, mesenchymal
stem/stromal cells cultured in the fibrin hydrogel displayed a fibroblast-like morphology. [44]
However, due to the absence of cell binding sites, such as RGD peptides, and the spatial
restriction of porous p(NIPAAmM-AA) hydrogel [34], cells cultured in the p(NIPAAM-AA)
hydrogel formed cell aggregates. [22, 45, 46] (Figure 4.2a) Although Live&Dead staining
images (Figure 4.2b) revealed excellent biocompatibility for both fibrin hydrogel and

p(NIPAAmM-AA) hydrogel, quiescent cell propagation was seen in the p(NIPAAmM-AA)
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hydrogel while consistent cell growth in 2D culture plates and the fibrin hydrogel (Figure 4.3),
which was previously evidenced as a result of cell aggregate-induced restriction of a cell cycle
at the GO stage [24]. Enhancement in the secretion of endogenous growth factors and
extracellular matrices (ECMs) by cell aggregates [22] might play an important role in
facilitating expression of chondrogenesis-related genes (SOX9, COL2A1, ACAN) for cell
aggregates from bone-derived mesenchymal stem/stromal cells cultured inside the p(NIPAAmM-
AA) hydrogel. The expression was significantly higher than that in the fibrin hydrogel in spite
of donor-dependent cell source variations. (Figure 4.4) The generation of collagen 2A1 and
sulfated glycosaminoglycans (GAGSs), which are two main components of a cartilage, further
confirmed the benefit of using cell aggregates for promotion of cell chondrogenesis. (Figure
4.5b-c) Even though well distributed cells in the fibrin hydrogel eventually were attracted to
form a large cell pellet with a diameter of approximately 1.5 mm (Figure 4.5ai) in the
chondrogenic induction medium due to cell-dependent fibrin degradation [30, 47, 48], such a
large cell pellet, similar to the cell pellets prepared by spinning cells in a polypropylene tube,
may not allow sufficient nutrient delivery into the inner cells and removal of toxic metabolic
wastes out of the structure, leading to a necrotic zone in the centre of the pellet, while cells were
viable and functional for homogeneous small cell aggregates formed in the p(NIPAAM-AA)
hydrogel [24, 49, 50]. Therefore, more sulfated GAGs was produced in the p(NIPAAM-AA)
hydrogel than in pellet culture or fibrin hydrogel. (Figure 4.5¢) The size difference between cell
aggregates and large cell pellet might also lead to the increased expression of COL10Al, a
terminal chondrogenesis-related marker, for cells cultured in the fibrin hydrogel. [22] (Figure
4.4) In contrast to the conventional viscous hydrogels that restrict migration of cell aggregates
within hydrogels [51], as chondrogenesis progressed, the presence of soft p(NIPAAM-AA)
hydrogel promoted ECMs accumulation around these cell aggregates, and neighboring cells

may migrate inside the p(NIPAAmM-AA) hydrogel to bind to the ECMs and eventually cell
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aggregate networks were established (Figure 4.5aii), which may be essential for cell
communication. [52]

4.6.3 Osteochondral regeneration

It is worth noting that rabbit bone marrow-derived primary mesenchymal stem/stromal cells
(BMSCs) cultured as cell pellets in the polypropylene tubes displayed a distinct blue color either
in the standard complete culture medium or in the chondrogenic induction medium by Alcian
Blue staining (Figure S4.3c), because chondrogenesis of primary BMSCs could be readily
induced within the hypoxic cell pellets. [53-55] The similar cell morphology (spindle-like
adhesion on the tissue culture plate or in the fibrin hydrogel and cell aggregates in the
p(NIPAAM-AA) hydrogel) and the significantly enhanced mMRNA expression of
chondrogenesis-related genes in p(NIPAAmM-AA) hydrogel than fibrin hydrogel were observed
from both human NOD MSCs and rabbit BMSCs, which indicated that cell behavior within the
hydrogel might be hydrogel-dependent, but species-independent. (Figure S4.4a-c,f) When
inducing chondrogenesis, abundant lipids were present within the cells cultured either in the
fibrin hydrogel or p(NIPAAmM-AA) hydrogel (Figure S4.4d-e), which indirectly confirmed
chondrogenic induction of rabbit primary BMSCs to some extent since lipids were reported as
the main energy source of chondrocytes. [56, 57] Notably, the deposition of rich ECM around
the chondrogenesis-induced rabbit primary BMSCs in the p(NIPAAmM-AA) hydrogel (Figure
S4.4e) was consistent with the previous studies [58-60], further demonstrating functional
enhancement of MSC aggregates in the ECM production. It was reported that the paracrine
effect [13, 61] and/or cell differentiation [62, 63] of mesenchymal stem/stromal cells are the
key contributing factors for their potential therapeutic application in osteochondral
degeneration. Due to functional enhancement by MSC aggregates in the p(NIPAAmM-AA)
hydrogel, up-regulated mRNA expression of relevant genes may enhance the therapeutic
synergy from the paracrine effect and cell differentiation, [1, 13, 14, 64] including transforming

growth factor beta 1 (TGF-B1), a cytokine that controls cell proliferation and differentiation
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and inhibits immune reaction and inflammation; vascular endothelial growth factor (VEGF), a
growth factor that induces angiogenesis; stromal cell-derived factor 1 (SDF-1), a cytokine that
regulates angiogenesis and suppresses inflammatory; insulin-like growth factor (IGF-1), a
hormone that promotes cell growth and proliferation and prevents cell death; and bone
morphogenetic protein 2 and 7 (BMP-2 and BMP-7), the cytokines that mediate cell
differentiation and induce bone and cartilage formation. (Figure S4.5) Following the
implantation of rabbit primary BMSCs with p(NIPAAmM-AA) hydrogel in vivo, the cell-
p(NIPAAmM-AA) hybrid was homogeneously distributed to cover the entire osteochondral
defects. Cell aggregates trapped inside the soft gel showed enhanced cell survival and a high
retention at the defect site. [65] Furthermore, cell aggregates may reinforce the secretion of the
aforementioned paracrine factors in a persistent manner [13], which may attract the migration
of autologous MSCs from the surrounding tissues, such as bone marrow and synovium, towards
the osteochondral defect sites [66, 67], inhibit the immune reaction and inflammation [14], and
facilitate new blood vessel formation [13]. Due to the porous structure and the weak mechanical
strength of p(NIPAAmM-AA) hydrogel [24], migrated autologous MSCs might penetrate into the
p(NIPAAmM-AA) hydrogel. Therefore, the defects could be repaired due to deposition and
accumulation of cells and extracellular matrices (ECMs). Furthermore, those MSCs which
home to the site may then differentiate into chondrocytes to promote cartilage regeneration by
a BMP-2/Wnt3a/g-catenin signaling pathway (Figure S4.5). [68, 69] The newly formed blood
vessels could facilitate delivery of essential nutrients to the hypertrophic chondrocytes for their
endochondral ossification for subchondral bone regeneration. [70-73] The synergy of the
paracrine effect and cell differentiation was evidenced in the regenerative tissues at the
osteochondral defects with the injection of cell-p(NIPAAmM-AA) hybrids compared to that with
P(NIPAAmM-AA) hydrogel only implantation. It was shown that the regenerative cartilages
covered the entire osteochondral defects after implantation of the cell-p(NIPAAmM-AA) hybrid,

while there were still gaps at the central position of the osteochondral defects with p(NIPAAmM-
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AA) hydrogel only. (Figure 4.7v-vi and Figure 4.8e-f) Furthermore, biological
characterizations and functions of the regenerative tissues at the osteochondral defects after
implantation of p(NIPAAmM-AA) hydrogel only were also different from those with the
implantation of the cell-p(NIPAAmM-AA) hybrid. Restoration of endochondral bones with a
superior trabecular thickness and a great bone volume (Figure 4.7d,f) and generation of
glycosaminoglycan-rich cartilage (Figure 4.9e-f) were achieved by the cell-p(NIPAAM-AA)
hybrid. Even though MSCs were embedded in the fibrin hydrogel and delivered into the
osteochondral defects, the embedded MSCs would be attracted to form a cell pellet after
degradation of fibrils, and the degradation also resulted in lack of supporting scaffolds for the
homing of autologous cells. Therefore, the regenerative cartilage and the subchondral bone
(Figure 4.7i-iv) were shown to partially cover the osteochondral defects. There was no
significant difference in the functional recovery of an endochondral bone with the implantation
of medium only, cell suspensions, fibrin hydrogel, or cell-fibrin hybrids (Figure 4.7d-g). Either
the fibrous regenerative tissues near the cartilage surface (Figure 4.8c) or poor integration with
the surrounding normal cartilages (Figure 4.8d) might hinder functional recovery of a cartilage.
It was seen that glycosaminoglycans were only deposited at the middle and deep zones of the
regenerative tissues but not at the superficial zone at the osteochondral defect site after injection
of fibrin hydrogel or cell-fibrin hybrids. (Figure 4.9c-d) Besides, the cartilage-specific ECM,
glycosaminoglycan, was scattering at the osteochondral defect sites with the implantation of
medium only or with the implantation of cell suspensions despite of the presence of some neo-
fibrous tissues, which were frequently generated after routine microfracture surgery (Figure
4.8a-b and Figure 4.9a-b). [74] Furthermore, the distribution of type 1 collagen, as shown by
Masson’s Trichome staining (Figure S4.7) and immunofluorescent staining (Figure S4.8),
confirmed that the regenerative tissues in the group implanted with the cell-p(NIPAAM-AA)
hybrid consisted of functional neocartilage in the absence of type 1 collagen and subchondral

bone with abundant type 1 collagen. [2] In contrast to the synergy of the paracrine effect (anti-
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inflammation, immunomodulatory, and homing of stem/progenitor cells) and induced
differentiation of MSCs in the p(NIPAAmM-AA) hydrogel, rapid degradation of the supporting
fibril structure (Figure 4.5a) and the pro-inflammation (Figure S4.2) of fibrin hydrogel might
have an adverse effect on the therapeutic efficacy of the cell-fibrin hydrogel hybrid at an
osteochondral defect.

Compared to conventional strategies that use engineered hydrogels for defined cell
differentiation by mimicking the topography, architecture, and mechanical strength of a normal
osteochondral tissue [75-77], or for recruitment of stem/progenitor cells by delivery of multiple
growth factors [3-5, 78], the MSC aggregates pre-generated and delivered with the p(NIPAAm-
AA) thermosensitive hydrogel into the osteochondral defects might simultaneously facilitate
both cell differentiation and autogenous stem cell recruitment in a more efficient and persistent
manner. Although the mechanical strength of p(NIPAAmM-AA) hydrogel might not match that
of a health osteochondral tissue, its soft structure promoted the formation of cell aggregates in
situ and permitted penetration and migration of the recruited cells inside the p(NIPAAmM-AA)
hydrogel, which was essential for the deposition and the remodelling of ECMs at the
osteochondral defect site. In addition, despite p(NIPAAmM-AA) is not biodegradable, it was not
visible in the regenerative osteochondral tissues with the implantation of cell-p(NIPAAM-AA)
hybrid after three months, which might be eventually separated into minor parts during the
ECM remodelling and integrated into the osteochondral tissues. Hence, the in-vivo terminal
destination of p(NIPAAmM-AA) still needs to be further tracked and explored before clinical
applications. As the in-vivo results indicated, the p(NIPAAm-AA) hydrogel might be a potential
carrier in the delivery of stem cells for osteochondral regeneration.

4.7 Conclusion

In this study, a thermosensitive p(NIPAAmM-AA) hydrogel was used as a delivery vehicle of
allogeneic primary MSCs and explored for its potential therapeutic application in osteochondral

regeneration. At an equivalent mechanical strength, p(NIPAAmM-AA) and fibrin hydrogels both
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had excellent biocompatibility, but induced distinct cell morphologies: cell aggregates in
p(NIPAAmM-AA) hydrogel and spindle single cells in fibrin hydrogel. Unlike the pro-
inflammatory properties of the fibrin hydrogel, the p(NIPAAmM-AA) hydrogel did not elicit a
pro-inflammatory response. Furthermore, gene expression of paracrine signaling-related factors
(TGFBL1, VEGF, CXCL12, IGF1, BMP2, BMP7, WNT3A, and CTNNB1) was significantly up-
regulated in the cell aggregates. When inducing chondrogenesis in vitro, both chondrogenesis-
related genes (SOX9, ACAN, and COL2A1l) and ECMs (type 2 collagen and
glycosaminoglycans) were enhanced for cells cultured in p(NIPAAmM-AA) hydrogel. Hence,
the synergy of the paracrine effect (anti-inflammation, immunomodulatory, and homing of
stem/progenitor cells) and induced differentiation of MSCs have contributed to the functional
restoration of an osteochondral defect in vivo. This study revealed that the thermosensitive
p(NIPAAmM-AA) hydrogel together with allogeneic primary MSCs could be applied for
osteochondral regeneration.
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Figure S4.1 (a) Shear stress of p(NIPAAmM-AA) and fibrin hydrogels under different strains.
(b) Absolute complex moduli (|G*|) of p(NIPAAmM-AA) and fibrin hydrogels under different
stresses.
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Figure S4.2 mRNA expression of pro-inflammatory-related genes (IL1B, IL6, TNFA, NOS2)
and nitric oxide (NO) production from mouse macrophage cultured in the medium without
stimulation of lipopolysaccharide (LPS) in the medium (M (No-LPS)), in the P(NIPAAM-AA)
hydrogel-containing medium (PA (No-LPS)), or in the fibrin hydrogel-containing medium (F
(No-LPS)) for 24 h. The mouse macrophage pre-activated by 200 ng/mL of LPS and cultured
in the medium for 24 h (M (LPS)) as a positive control. Data were presented as mean * standard
error (SE), n=3. “*” for p < 0.05; “**” for p < 0.01; “not significant (n.s.)” for p > 0.05.

186



Chapter IV

Induction

Oil Red O

Alizarin Red S

1]

Alcian Blue :

Figure S4.3 Multi-pluripotency of rabbit primary bone marrow-derived mesenchymal
stromal/stem cells. (a) Oil Red O staining images of the cells cultured in the (i) complete
medium or (ii) adipogenic induction medium for 3 weeks. Blue: cell nuclei; Red: lipids. Scale
bar: 100 um. (b) Alizarin Red S staining images of the cells cultured in the (i) complete medium
or (ii) osteogenic induction medium for 6 weeks. Red: mineral calcium. Scale bar: 100 um. (c)
Alcian Blue staining images of the cells cultured in the (i) complete medium or (ii)
chondrogenic induction medium for 3 weeks. Black: cell nuclei; Blue: sulfated GAGs. Scale
bar: 100 pm.
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Figure S4.4 Optical images of primary rabbit bone marrow-derived mesenchymal stromal/stem
cells (BMSCs) cultured (a) on a two-dimensional (2D) tissue culture plate (scale bar: 50 pum),
(b) in fibrin hydrogel (scale bar: 200 pm), or (c) in p(NIPAAmM-AA) hydrogel (scale bar: 200
um) with complete cell culture medium after overnight. (d) An optical image of
chondrogenesis-induced rabbit BMSCs cultured in the fibrin hydrogel for 4 weeks (scale bar:
100 um). (e) Optical images of chondrogenesis-induced rabbit BMSCs cultured in the
P(NIPAAmM-AA) hydrogel for 4 weeks at a lower magnification (scale bar: 100 um) and a
higher magnification (inset scale bar: 10 um).
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Figure S4.5 mRNA expression of paracrine signalling-related genes (FGF2, TGFB1, TGFB3,
VEGF, CXCL12, IGF1, BMP2, BMP7, WNT3A, WNT5A, CTNNB1) for primary rabbit bone
marrow-derived mesenchymal stem/stromal cells cultured in the fibrin or p(NIPAAM-AA)
hydrogels overnight. Data were presented as mean + standard error (SE), n=3. “*” for p < 0.05;
“**> for p < 0.01; “not significant (n.s.)” for p > 0.05.
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Figure S4.6 ICRS score of regenerated cartilage three months after implantation of medium
only (Medium), cell suspensions (Cell suspension), fibrin hydrogel (Fibrin), cell and fibrin
hydrogel hybrid (Cell+Fibrin), p(NIPAAmM-AA) hydrogel (P(NIPAAmM-AA)), or cell and
p(NIPAAM-AA) hydrogel hybrid (Cell+P(NIPAAmM-AA)). Data were presented as mean +

standard error (SE), n=3. “*” for p < 0.05; “**” for p <0.01; “not significant (n.s.)” for p > 0.05.
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Figure S4.7 Masson’s Trichrome staining images of the regenerative osteochondral tissues
three months after the implantation of (a) medium only, (b) cell suspensions, (c) fibrin hydrogel,
(d) cell and fibrin hydrogel, (¢) p(NIPAAmM-AA) hydrogel, (f) cell and p(NIPAAmM-AA)
hydrogel at (i) the border of the osteochondral defect, (ii) the center of the osteochondral defect,
and (iii) the bottom of the osteochondral defect. Black dots: cell nuclei; Blue: collagen; Red:
cytoplasm. NC: new cartilage; OC: old cartilage; SB: subchondral bone. White dashed lines
separate the cartilage from the subchondral bone. White arrows point to the interface between
new cartilage and old cartilage. (Scale bar: 100 um)
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Nuclei

Collagen1

Figure S4.8 Immunofluorescent staining images of the regenerative osteochondral tissues three
months after the implantation of (a) medium only, (b) cell suspensions, (c) fibrin hydrogel, (d)
cell and fibrin hydrogel, (e) p(NIPAAmM-AA) hydrogel, (f) cell and p(NIPAAmM-AA) hydrogel.
(i) Hoechst 33342-staining images, (ii) Alexa Fluor 488-staining images, (iii) Merged images
with Hoechst 33342 and Alexa Fluor 488 staining. Blue: cell nuclei; Green: type 1 collagen.
NC: new cartilage; SB: subchondral bone. White dashed lines separate the new cartilage from
the subchondral bone. (Scale bar: 100 pum)
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Table S4.1 The sequences of specific human genes.

Primers

Sequence (5'=23")

SOX9

ACAN

Human COLZ2A1

Forward: AGGTGCTCAAAGGCTACGAC
Reverse: GCTTCTCGCTCTCGTTCAGA
Forward: CTGCTTCCGAGGCATTTC
Reverse: GCTCGGTGGTGAACTCTAGC
Forward: ATCACAGGCTTCCATTGACC
Reverse: CTCCACAGCATCGATGTCAC
Forward: AATGCCCACAGGCATAAAAG

COL10A1

ACTB

Reverse: AGGACTTCCGTAGCCTGGTT
Forward: GATCATTGCTCCTCCTGAGC
Reverse: GTCATAGTCCGCCTAGAAGCAT

Table S4.2 The sequences of specific mouse genes.

Primers Sequence (5'=3")
Forward: CGACAAAATACCTGTGGCCT
e Reverse: TTCTTTGGGTATTGCTTGGG
L6 Forward: GAAACCGCTATGAAGTTCCTCTCTG

Mouse TNFA

NOS2

ACTB

Reverse: TGTTGGGAGTGGTATCCTCTGTGA
Forward: AGGGTCTGGGCCATAGAACT
Reverse: CCACCACGCTCTTCTGTCTAC
Forward: GGCAGCCTGTGAGACCTTTG
Reverse: TGAAGCGTTTCGGGATCTG
Forward: AGGTGACAGCATTGCTTCTG
Reverse: GCTGCCTCAACACCTCAAC
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Table S4.3 The sequences of specific rabbit genes.

Primers Sequence (5'=23")
SOX9 Forward: GGTGCTCAAGGGCTACGACT
Reverse: GGGTGGTCTTTCTTGTGCTG
ACAN Forward: AGGTCGTGGTGAAAGGTGTTG
Reverse: GTAGGTTCTCACGCCAGGGA
Forward: AACACTGCCAACGTCCGAT
COL2A1
Reverse: CTGCAGCACGGTATAGGGA
FGF2 Forward: TACAACTTCAAGCAGAAGAG
Reverse: CAGCTCTTAGCAGACATTGG
TGEBL Forward: TGCGGCAGCTGTACATTGAC
Reverse: GGCAGAAGTTGGCGTGGTA
TGER3 Forward: TGGCTGTTGAGAAGAGAGTCC
Reverse: TGCTTCAGGGTTCAGAGTGTT
VEGE Forward: GCGGCGTTCTCAGTGGTGTT
Reverse: TGGGTGCTGGCTTGTTCCTC
Forward: AAACCCGTCAGCCTGAGCTACAGA
Rabbit CXCL12
Reverse: TCTTGAGATGCTTGACGTTGGCTC
GF1 Forward: TGGTGGATGCTCTCAGTTCGTGT
Reverse: GCTGATACTTCTGAGTCTTGGGCA
BMP2 Forward: CGCCTCAAATCCAGCTGTAAG
Reverse: GGGCCACAATCCAGTCGTT
BMP7 Forward: TGGAGACGCTGGATGG
Reverse: CTGCGGAAGTGGACCT
Forward: AGGACATCGAGTTTGGTGGG
WNT3A
Reverse: CTCGTTGTTGTGGCGGTTCA
Forward: AGCCAATTCTTGGTGGTCCC
WNT5A
Reverse: CTTGAGAAAGTCCCGCCAGT
Forward: CCAATCATGCACCATTGCGT
CTNNB1
Reverse: ACTCCCTCCACAAACTGCTG
Forward: TCACCATCTTCCAGGAGCGA
GAPDH
Reverse: CACAATGCCGAAGTGGTCGT
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CHAPTER YV

FABRICATION OF A NEO-CARTILAGE PATCH BY FUSING CELL
AGGREGATES GENERATED IN A THERMOSENSITIVE HYDROGEL
ONTO ELECTROSPUN FILM
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5.1 Graphical abstract
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A human neo-cartilage patch was generated with the collaboration of poly (N-
isopropylacrylamide)-based hydrogel and electrospun gelatin film for potential cartilage tissue
engineering.
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5.2 Abstract
Irregular defects at sites of degenerative cartilage often accompany osteoarthritis (OA). The
development of novel cells/biomaterials-based cartilage tissue engineering methods to address
these defects may provide a durable approach to limit the development of OA. In the present
study, we fabricated a neo-cartilage patch by fusing cell aggregates onto a biodegradable
nanofiber film for degenerative cartilage repair. Human mesenchymal stem/stromal cell (MSC)
aggregates were prepared and induced chondrogenesis in a thermosensitive hydrogel, poly (N-
isopropylacrylamide-co-acrylic acid) (p(NIPAAmM-AA)). Chondrogenic differentiation was
confirmed by examination of chondrogenesis-related gene expression and the deposition of
sulfated GAGs and collagen 2A1. The formation of cell aggregates was due to cell migration
in response to a gradient of the chemoattractant. After ECMs were produced from these cell
aggregates, small aggregates were found to be bridged by differentiated MSC-derived ECM
proteins, which led to the creation of cell-dense hollow shell structures. These differentiated
MSC aggregates were harvested by diluting the hydrogel in the cold phosphate buffer and
transferred onto an electrospun film for fabricating a neo-cartilage patch by mechanical force
and spatial confinement. While future work is required, these fabricated neo-cartilage patches
may be able to integrate into the irregular defects under compressive stresses and achieve
cartilage regeneration in vivo.
KEYWORDS: hydrogel, chondrogenesis, human mesenchymal stem/stromal cell,
electrospinning, cell aggregates, cartilage regeneration
5.3 Introduction
Osteoarthritis (OA) is a chronic joint disease that is nearly always accompanied by irregular
defects on the articular hyaline cartilage surface. These defects are often difficult to heal owing
to the avascular nature of the tissue and the limited number of chondrogenic progenitor cells in
the defect area. [1] Tissue engineering, utilizing biomaterials and/or cells, represents a potential

approach to promote cartilage regeneration. [2] However, due to the irregular structure of the
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damaged cartilage, it is challenging to retain the implanted biomaterials and/or cells in situ.
While injectable hydrogels can deliver cells in vivo, in a minimal invasive manner to fill deep
irregular defects, the poor mechanical properties of the hydrogels, represents a key constraint
for their use at the degenerative cartilage surface. [3, 4]

Mesenchymal stem/stromal cells (MSCs), are capable of differentiation into a number of mature
cell lineages, including chondrocytes, osteocytes and adipocytes. [5] In the context of tissue
engineering strategies, cell aggregates are believed to be superior to individual cells, due to
their functional enhancement in secretion of endogenous growth factors and deposition of
extracellular matrices (ECMs). [6, 7] The methods of generating cell aggregates can be divided
principally into three groups: spontaneous cell aggregation-mediated fabrication of cell
aggregates, such as hanging drop culture or culture on non-adhesion plates [8]; substrate-
mediated fabrication of cell aggregates, such as culture on positive charged [9] or
thermosensitive surfaces [10]; and technology-assisted fabrication of cell aggregates, such as
magnetic levitation [11] and negative di-electrophoresis [12]. While hydrogels are widely used
for three-dimensional (3D) stem cell culture, few have been used to stimulate the formation of
cell aggregates in situ for specific applications. Further, the intrinsic mechanism of cell
aggregates formation within hydrogels has not been reported. [13-19]

The thermosensitive hydrogel is one type of smart material that can reversibly gel in response
to a change in the external temperature. [20] We have previously reported a thermosensitive
hydrogel, p(NIPAAmM-AA), that could facilitate multi-lineage differentiation of human MSCs
by the formation of cell aggregates in situ. [21] In this study, we examined the mechanism by
cell aggregates formation occurred within the p(NIPAAmM-AA). To this end, we found that the
hydrogel promoted cell migration, leading to the generation and fusion of cell aggregates in the
p(NIPAAmM-AA) hydrogel. Formation of small cell aggregates within the p(NIPAAM-AA)
hydrogel led to a more efficient transportation of inductive biomolecules and a more significant

up-regulation in expression of chondrogenesis-related genes and the production of ECM
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proteins compared to cell pellets. The differentiated cells were harvested from the hydrogel at
room temperature and transferred onto an electrospun film and fused into an integrated neo-
cartilage due to spatial confinement and external mechanical compression. The fabricated neo-
cartilage patch could be used for cartilage regeneration by simply attaching it to the degenerated
cartilage with the assistance of a medical glue or suture and the cells within the neo-cartilage
may be able to integrate into the irregular defects by remodeling the surrounding ECM proteins.
5.4 Materials and methods
5.4.1 Poly (N-isopropylacrylamide)-based anionic hydrogel synthesis
The poly (N-isopropylacrylamide-acrylic acid) (p(NIPAAm-AA)) anionic hydrogel was
synthesized according to a previous study. [22] Briefly, N-isopropylacrylamide (NIPAAm,
Tokyo Chemical Industry) was recrystallized from n-hexane and dried overnight. N, N’-
methylenebisacrylamide (MBA, Sigma-Aldrich), sodium dodecyl sulfate (SDS, BDH
Laboratory Supplies Poole), acrylic acid (AA, Acros Organics) and the NIPAAm dissolved in
ultrapure water at a molar ratio of 2 : 1.2 : 1 : 99, after which the precursor solution was
transferred into a 250 mL three-necked flask and degassed by supplying nitrogen gas for 45
min at 50 °C. 1 mM potassium persulfate (KPS, Chem-Supply) solution was injected into the
precursor solution to initiate the free radical emulsion polymerization with continuous nitrogen
gas supply after increasing the heating temperature to 70 °C. Poly (N-isopropylacrylamide)
(p(NIPAAM)) was synthesized by following the same protocol of p(NIPAAM-AA) synthesis,
but without the addition of acrylic acid. The synthesized hydrogel was transferred into a
molecular porous membrane tube (Spectrum Labs, MW 12-14 kDa) and dialyzed against
ultrapure water up to one week with daily change of water at room temperature. The dialyzed
hydrogel was then concentrated to around 120 mg/mL by heating at 70 °C. The final
concentration of the concentrated hydrogel was measured and calculated by weighing the dry
weight of a 100 uL concentrated hydrogel.

5.4.2 Fourier-Transform Infrared Spectroscopy (FTIR)
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The infrared spectra of the functional groups in the MBA, NIPAAm, and dried p(NIPAAmM-
AA) were detected by recording the transmittance from 4000 cm™ to 400 cm™ using a Nicolet
6700 Fourier-transform infrared spectrometer (Thermo Fisher).
5.4.3 Reversible gelation
The concentrated p(NIPAAmM-AA) hydrogel was first diluted into 50 mg/mL with 1 x PBS
(Sigma-Aldrich). The diluted p(NIPAAmM-AA) hydrogel was then mixed with 1 x PBS
containing magnesium chloride (MgCl2, Chem-Supply) at various concentrations and complete
cell culture medium (a-minimal essential medium (MEM, Sigma-Aldrich) + 10% (v/v) fetal
calf serum (FCS, Sigma-Aldrich) + additives (ADDs, 50 U/mL- 50 ug/mL penicillin-
streptomycin (CSL), 2 mM L-glutamine (JRH), 1 mM sodium pyruvate (Sigma-Aldrich), 15
mM HEPES (Life Technologies))) at a volumetric ratio of 3 : 1 : 1 to a final concentration of
p(NIPAAM-AA) at 30 mg/mL and Mg?* at 0, 0.01 M, 0.025 M, 0.05 M, 0.075 M, and 0.1 M
for gelation studies. 500 uL of the prepared hydrogels, with various ionic strengths, was
pipetted into a 1.5 mL Eppendorf tube and incubated at 37 °C for 30 min. Stability of the
hydrogels at 37 °C was examined by inverting the Eppendorf tube, while liquification of the
gelled p(NIPAAmM-AA) hydrogels at room temperature was recorded at two time points (5 min
and 30 min). The time-dependent gelation and liquification process were also monitored by
measuring the transmittance of 30 mg/mL p(NIPAAmM-AA) with 0.01 M MgCl; at 37 °C from
0 to 30 min and at 25 °C from 30 to 60 min using a VersaMax microplate reader (Molecular
Devices) at a wavelength of 720 nm. Besides, the syneresis effect of p(NIPAAmM-AA) and
p(NIPAAmM) hydrogels were also examined by preparing the hydrogels at the same polymer
concentration (30 mg/mL) and ionic strength (0.01 M Mg?*) and incubating at 37 °C for 30 min.
5.4.4 Electrospinning
8 % (w/v) of gelatin (Sigma-Aldrich) were dissolved in a co-solvent (1,1,1,3,3,3-Hexafluoro-
2-propanol (Sigma-Aldrich) : H2O at a volumetric ratio of 39:1). The gelatin solution was

injected into a needle with a size of 23G (Terumo) by a syringe pump (Harvard apparatus) at
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an injection ratio of 1.25 mL/h and charged with a high voltage of 15 kV using a high voltage
supply (Glassman High Voltage). Electrospinning was operated at room temperature and a
metal earth-grounded plate was placed under the needle at a distance of 8 cm to collect the
electrospun nanofibers. After electrospinning, the films were left in the fume hood to eliminate
the remaining organic solvent. The electrospun films were cut into a circle shape with a
diameter of 10 mm and overlaid by compressing the films with a stainless-steel ring (inner
diameter: 5 mm and outer diameter: 10 mm) on the top of the electrospun films, after which the
electrospun films were heated in an oven for 2 h at 190 °C.

5.4.5 Cell viability assay

An immortalised human mesenchymal stem/stromal cell line, UE7T-13 (RIKEN BioResources
Center, Ibaraki, Japan, http://en.brc.riken.jp), with a passage number of 44-45 was used in this
study and their multi-lineage differentiation capacity was reported in a previous study. [21] 100
uL of UE7T-13 cell suspension in the complete cell culture medium at a density of 1x10°
cells/mL was added into a well of a 96-well plate and cultured overnight in a humidified
incubator containing 5% CO- at 37 °C. Following overnight incubation, the spent cell culture
media were replaced with fresh media supplemented with various concentrations of MgCl> (0,
0.01 M, 0.025 M, 0.05 M, 0.075 M, and 0.1 M) and the cells were further incubated for 24 h.
The media in each 96 well were then replaced with 100 uL of fresh complete cell culture
medium and 10 uL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Thermo Fisher). Following an additional 4 h incubation, the supernatant was discarded
and 100 uL dimethyl sulfoxide (DMSO, Chem-Supply) was added into each well to dissolve
the purple crystals within the cells. The absorbance was read at a wavelength of 595 nm with
an iMark™ microplate reader (BIO-RAD). All data were normalized to the absorbance value
of those cells cultured in the media prepared with ultrapure water, 1x PBS, and complete

medium at a volumetric ratioof 3:1: 1.
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In addition, 250 uL of 30 mg/mL p(NIPAAmM-AA) hydrogel with 0.01 M MgCl, was first
coated onto each well of a 48-well plate and incubated at 37 °C for 1 h. Subsequently, an
additional 250 uL of cell suspension, with 30 mg/mL p(NIPAAm-AA) hydrogel in the complete
media, at a cell density of 1x10° cells/mL, was added into the p(NIPAAmM-AA)-coated wells at
37 °C. The cell-gel hybrids were allowed to incubate in a humidified condition containing 5%
COq at 37 °C for 1 h before toping up 500 uL of complete cell culture medium. The cell culture
media were changed every other day. On day 1 and 9, the cell morphology was imaged under
a CKX41 microscope (Olympus) after the cell-gel hybrids were cooled down to room
temperature and the liquid solution became transparent. 250 pL of the staining working solution
(4 uM calcein AM and 2 uM ethidium homodimer-1 in 1x PBS) was added into each well after
discarding the top medium. The cell-gel hybrids were kept in darkness at room temperature for
30 min, and cells were then imaged under a CKX41 fluorescent microscope. Live cells
displayed a green color, while dead cells were stained with a red color.
The electrospun films were cut to fit the bottom of a 96-well plate. 40 uL of UE7T-13 cell
solution, containing around1x10* cells, was then added onto tissue culture plates and the
electrospun films, respectively, and the cells were pre-cultured for 4 h to allow attachment in a
humidified incubator containing 5 % CO> at 37 °C. After another 160 pL of fresh complete
medium was added to each well, the 96-well plate was incubated as above for an additional 24
h. The MTT assay was performed and the reading absorbance values were normalized to cells
cultured on the 96-well plate without electrospun films.
5.4.6 Cell migration assay
100 pL cell-gel hybrids, with a cell seeding density of 1x10° cells/mL, were prepared and pre-
incubated in the upper chamber of each well in a 24-well plate separating from the bottom well
by a membrane with an average pore size of 3 um (Thermo Fisher) at 37 °C for 1 h. The upper
chambers for “Control” and “Top-10% FCS” groups were filled with 100 uL warm cell culture

medium with 10 % FCS, while the chamber for the “Top-20% FCS” group was filled with 100
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uL warm cell culture medium with 20% FCS, and 100 uL warm cell culture medium without
FCS was added into the upper chamber for the “Down-10% FCS” group. On the contrary, 700
uL of warm cell culture medium containing 10 % FCS was gently added along the wall of each
well into the lower chamber for both “Control” and “Down-10% FCS” groups, while the same
volume of cell culture medium without FCS was added along the wall of each well into the
lower chamber for “Top-10% FCS” and “Top-20% FCS” groups. The 24-well plate containing
cell-gel hybrids in the inserts was gently transferred into a humidified incubator containing 5%
CO. at 37 °C for 18 h, and the media and cell-gel hybrids were discarded. The inserts were
gently washed twice with 1x PBS to remove any no-adherent cells. The attached cells on the
bottom of the inserts were first fixed in a co-solvent (ethanol (Chem-Supply): acetic acid
(Chem-Supply) at a volumetric ratio of 6 : 1) for 10 min at room temperature, and washed twice
with 1x PBS. 1 pg/mL of DAPI staining solution prepared in methanol (Chem-Supply) was
then added into the inserts to stain the cell nuclei for 3 min. The inserts were then washed in 1x
PBS once and immersed in ultrapure water on a glass slide. Five images were randomly taken
for each insert under a CKX41 fluorescent microscope and processed with image J to quantify
the amount of cell nuclei on the inserts. The cells cultured in the culture medium with 10 %
FCS were used in the “Control” group, while cells starved in cell culture medium without FCS
overnight were used in the “Down-10% FCS”, “Top-10% FCS”, and “Top-20% FCS” groups.
All data were normalized to the value of the “Control” group and presented as a percentage of
normalized cell migration.

5.4.7 Scanning electron microscopy (SEM)

The cell-gel hybrids were incubated in the upper chamber of a 24-well plate with 10 % FCS as
the chemoattractant in the lower chamber. After 18 h, the media were discarded and the cell-
gel hybrids were rapidly frozen in liquid nitrogen and dried overnight using an Alpha 2-4 LD

freeze dryer (Martin Christ). The freeze-dried cell-gel hybrid was then surface coated with a
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thin layer of platinum and imaged under a XL30 scanning electron microscope (Philips) at an
accelerating voltage of 10 kV.

The electrospun nanofibers were coated with a thin layer of platinum and 5 images were
randomly captured at different areas of the electrospun film using a XL30 SEM. The SEM
images were processed by image J to measure the inter-fiber pore size formed by adjacent
nanofibers (Only the pores with an area larger than 0.5 um?2 were measured) and the fiber
diameter by randomly selecting 20 fibers per SEM image.

5.4.8 Chondrogenesis

The cell-gel hybrids were incubated in a humidified atmosphere containing 5% CO; at 37 °C
for 9 days with a change of the cell culture medium every other day. After culturing in the
complete medium for 9 days, chondrogenesis of the encapsulated cells was induced for a pre-
defined period (4 weeks, 6 weeks, and 8 weeks) by replacing the complete cell culture medium
with a chondrogenic induction medium (high glucose Dulbecco’s Modified Eagle’s Medium
(DMEM-high, Sigma-Aldrich) supplemented with 50 U/mL- 50 ug/mL penicillin-streptomycin
(CSL), 100 uM L-ascorbate-2-phosphate (WAKO), 2 mM L-glutamine, 0.1 yM DBL™
dexamethasone sodium phosphate (Hospira Australia), 1x ITS + (BD Biosciences), 10 ng/mL
human transforming growth factor-beta 3 (TGF-B3, Chemicon International), and 0.125%
bovine serum albumin (BSA, Sigma-Aldrich). A cell suspension containing 2.5x10° cells was
centrifuged into a cell pellet in a 15 mL polypropylene tube at a rotating speed of 600 rcf for 5
min. The cell pellet was used as the control and was cultured as described for the p(NIPAAmM-
AA) hydrogel to induce chondrogenesis.

5.4.9 gRT-PCR

After inducing chondrogenesis for 4, 6 and 8 weeks, cells were harvested from the p(NIPAAmM-
AA) hydrogel by cooling and diluting the cell-gel hybrids in 1x PBS at 4 °C. Following
centrifugation at 600 rcf, the supernatants were discarded and the cells were lysed in TRIzol

(Life technologies). The supernatants were transferred into a new Eppendorf tube after adding
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chloroform (Chem-Supply) and spinning at 12000 rcf and 4 °C for 15 min. Isopropanol (Chem-
Supply) was added to the supernatant to precipitate the mRNA at 4 °C with glycogen (Roche
Diagnostics) acting as a carrier. After spinning and washing in 75% cold ethanol (Chem-
Supply), the precipitated mRNA was dissolved in RNase-free water and measured the
concentration with a Nanodrop spectrophotometer (Therm Fisher). The mixtures of 1 pg of
extracted mRNA, 0.1 ng of random primers (Geneworks), 10 nmol of dNTPs (Adelab
Scientific), and nuclease free water (Invitrogen) with a final volume of 14 uL were incubated
at 65 °C for 5 min and subsequently cooled at 4 °C for 1 min using a Veriti 96 well thermal
cycler (Applied Biosystems). The mixtures were further mixed with 100 nmol of DTT (Thermo
Fisher), 200 U of SuperScript™ IV reverse transcriptase (Thermo Fisher), and 4 uL of 5x
superscript 1V reverse transcriptase buffer (Thermo Fisher). Reverse transcription was initiated
at 55 °C for 60 min and 80 °C for another 10 min using a thermal cycler. Real-time polymerase
chain reaction (PCR) was performed using a CFX Real-Time PCR Detection System (BIO-
RAD) for a mixture of 2 uL diluted cDNA, 7.5 uL SYBR fluorescent probe (QIAGEN), 0.75
uL primer pairs (Table 1), and 4.75 uL RNase free water. The genes for all samples were
performed in triplicate and the RNase free water was used as a control. All data were normalized
to the value of the ACTB gene.

Table 5.1 The sequences of specific genes.

Primers Sequence (5'=>3")

Forward: AGGTGCTCAAAGGCTACGAC

SOX9
Reverse: GCTTCTCGCTCTCGTTCAGA
ACAN Forward: CTGCTTCCGAGGCATTTC
Reverse: GCTCGGTGGTGAACTCTAGC
Forward: ATCACAGGCTTCCATTGACC
COL 2A1
Reverse: CTCCACAGCATCGATGTCAC
Forward: GATCATTGCTCCTCCTGAGC
ACTB

Reverse: GTCATAGTCCGCCTAGAAGCAT
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5.4.10 Fabrication of a neo-cartilage patch
The fabrication of a neo-cartilage patch is shown in Figure 5.1. Briefly, cells embedded inside
the p(NIPAAmM-AA) hydrogel were subjected to chondrogenic culture conditions as described
above. Following 4 weeks of chondrogenic induction, the cells were harvested from the
hydrogel by washing in 1x PBS and spinning at 383 rcf. The harvested cells from 16 wells of
a 48-well plate were then transferred onto an overlaid electrospun film inside a stainless-steel
ring that was pre-sterilized in ethanol and located in a well of a 24-well plate (inner diameter:
5 mm, outer diameter: 10 mm, height: 1 mm). A 3 g sterilized stainless-steel block was used to
compress the cell-film hybrid from the top. 30 mg/mL p(NIPAAmM-AA) hydrogel prepared by
mixing 50 mg/mL p(NIPAAmM-AA), 0.05 M MgCl: in 1x PBS, and inductive medium at a
volumetric ratio of 3 : 1 : 1 was added into the well so that the whole stainless-steel mold was
completely immersed in the liquid. The cells were further cultured in the inductive medium for
an additional 2 weeks, and the p(NIPAAmM-AA) hydrogel and the stainless-steel mold were
subsequently removed and the cells were gently washed with 1x PBS twice. After cells were
transferred onto the overlaid electrospun films, they were stained with 4 uM calcein AM and
imaged using a CKX41 fluorescent microscope.
5.4.11 Histology and immunofluorescence staining
After inducing chondrogenesis at pre-determined periods, the cell-gel hybrids were diluted and
washed in 1x PBS twice and centrifuged at 383 rcf for 5 min to separate cells from the hydrogel.
The cells that had undergone chondrogenic induction and the fabricated neo-cartilage patch
were, in turn, fixed in 4 % cold paraformaldehyde (Sigma-Aldrich) overnight, washed in 1x
PBS twice, and embedded in the 30 % sucrose solution (Chem-Supply) overnight. In addition,
the cells that had undergone chondrogenic induction together with the p(NIPAAmM-AA)
hydrogel were also directly frozen in liquid nitrogen without processing in paraformaldehyde
and the sucrose solution. An OCT compound (Tissue-Tek) was used to embed the the cells and
the fabricated neo-cartilage patch in a pre-labelled cryomold (Tissue-Tek). After keeping them
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at room temperature for 10 min, the cryomolds were transferred to a dry ice box. The frozen
cryomolds were rolled with aluminum foil and stored in a sealed bag at -80 °C. Before
sectioning, the frozen cryomolds were warmed to -20 °C for 20 min. The frozen cells and the
neo-cartilage patch were cut into sections at a thickness of 8 um using a Cryostat Shandon
Cryotome E (Thermo Fisher) and transferred onto the gelatin (Sigma-Aldrich)/chromium
potassium sulfate dodecahydrate (CrK(SO4)2012H20, Sigma-Aldrich) coated glass slides
(Livingstone). The samples were kept at room temperature for 1 h before storing in a sealed
slide box at -80 °C. Before histologically or immunofluorescently staining, the frozen sections
were dried in a fume hood at room temperature for 1 h.
5.4.11.1 Haematoxylin and Eosin (H&E)

The sections were, in turn, stained in Mayers haematoxylin (Sigma-Aldrich) for 10 min, washed
in running tap water for 5 min, differentiated in 0.3 % acidic alcohol once, washed in running
tap water once, washed in Scott’s tap water once, stained in Eosin (Sigma-Aldrich) for 1 min,
washed in tap water once, dehydrated and cleared in 90 % ethanol, 100 % ethanol, and xylene,
respectively. After mounting in a CV mountant and covering with coverslips, the stained
sections were imaged under a CKX41 microscope.

5.4.11.2 Alcian Blue

The sections were stained in 1% Alcian Blue solution (Sigma-Aldrich) for 30 min and
counterstained with 0.1% nuclear fast red solution (Sigma-Aldrich) for 5 min. After staining,
the sectioned slides were, in turn, rinsed with distilled water, 70% ethanol, 100% ethanol, and
xylene. After drying in air, a CV mounting medium was added onto the stained sections and
covered with coverslips. Finally, the stained tissues were imaged under a CKX41 microscope.
5.4.11.3 Masson’s Trichrome

The sections were, in turn, stained in the Weigert’s iron haematoxylin working solution (Sigma-
Aldrich) for 10 min, washed in running warm tap water for 10 min, washed in distilled water

once, stained in the Biebrich scarlet-acid fuchsin solution (Sigma-Aldrich) for 10 min, washed

209



Chapter V
in distilled water once, differentiated in the phosphomolybdic-phosphotungstic acid
solution (Sigma-Aldrich) for 10 min, stained in an Aniline Blue solution (Sigma-Aldrich) for
10 min, washed in distilled water once, differentiated in 1 % acetic acid (Sigma-Aldrich) for 5
min, washed in distilled water once, dehydrated in 95 % ethanol and 100 % ethanol, and cleared
in xXylene. The stained sections were imaged under a CKX41 microscope after mounting in the
CV mountant and covering with coverslips.
5.4.11.4 Collagen 2A1 immunofluorescence staining
The frozen tissue sections were, in turn, blocked with 5% normal goat serum solution (Thermo
Fisher) for 1 h in a humidified box at room temperature, bound with a rabbit anti-collagen 2A1
primary antibody (Santa Cruz) at a dilution of 1 : 250 overnight in a humidified box at 4 °C,
washed in 1x PBS three times, bound with fluorescein (FITC)-labeled goat-anti-rabbit
secondary antibody (SouthernBiotech) at a dilution of 1 : 250 for 2 h in a shielded humidified
box at room temperature. The sections were subsequently counterstained in 300 nM of the
DAPI solution (Sigma-Aldrich) for 15 min and washed in 1x PBS three times (5 min each) at
room temperature. After mounting in the ProLong Gold Antifade reagent (Invitrogen) and
covering with coverslips, the stained sections were imaged under an IX53 fluorescent
microscope (Olympus).

5.4.12 Statistical Analysis
All experiments were performed in triplicates and data were presented as mean + standard error
(SE). One-tailed student t-test was used to compare the difference of two mean values. p < 0.05

implied a significant difference between two mean values.
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Figure 5.1 The procedure of in-vitro cartilage patch fabrication.

5.5 Results

5.5.1 Characterization of p(NIPAAmM-AA) hydrogel

Chapter V

I

Chondrogenesis-
induced cell
aggregates transfer

To confirm successful synthesis of p(NIPAAmM-AA) hydrogel, Fourier-Transform Infrared

Spectroscopy (FTIR) was used to determine the functional groups in the p(NIPAAmM-AA).

(Figure 5.2) It was shown that a peak of N-H was found at 3282.19 cm™in NIPAAm, at 3301.21

cm™? in MBA and at 3292.69 cm™ in p(NIPAAmM-AA). The peak in p(NIPAAM-AA) was

broader than that of NIPAAm and MBA due to merging of the peak of O-H in the O=C-OH

group and N-H. (Figure 1) Moreover, the signal peak of O=C in the O=C-NH group was seen

at 1621.25 cm* in NIPAAm, 1625.7 cm™ in MBA, and 1628.31 cm™ in p(NIPAAM-AA). The

peak of O=C in p(NIPAAM-AA) was also merged with that of O=C in the O=C-OH group.

The CH(CHs). group was identified in NIPAAm at 1452.77 cm™ and in MBA at 1455.68 cm’

! Double carbon bonds (C=C) were only seen in the FTIR spectra of NIPAAm at 960.29 cm!

and MBA at 990.25 cm™, while they disappeared in p(NIPAAmM-AA) due to polymerization.
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Figure 5.2 FTIR spectra of (a) N-isopropylacrylamide (NIPAAm), (b) N, N'-
Methylenebisacrylamide (MBA), and (c) poly (N-isopropylacrylamide-co-acrylic acid)
(p(NIPAAM-AA)).

5.5.2 Gelation and liquification of p(NIPAAmM-AA) hydrogel

1x PBS with various concentrations of magnesium chloride was mixed with the p(NIPAAmM-
AA) hydrogel to facilitate gel formation. The p(NIPAAmM-AA) solution mixed with 1x PBS at
37 °C for 30 min could not form a gel, (Figure 5.3 a) while p(NIPAAmM-AA) hydrogels were
successfully formed after incubation at 37 °C for 30 min at a concentration of MgCl> higher
than 0.01 M. Liquefication of p(NIPAAmM-AA) hydrogels was time- and Mg?*- dependent at
25 °C. p(NIPAAmM-AA) hydrogels with a Mg?* concentration of 0.01 M and 0.025 M turned
into liquid at 25 °C for 5 min, whereas all p(NIPAAmM-AA) hydrogels at all Mg?*
concentrations were liquefied into a transparent solution at the same temperature for 30 min.
To achieve rapid liquification of p(NIPAAmM-AA) hydrogels at room temperature, Mg?* may
be controlled at a concentration lower than 0.05 M.

Moreover, the time-dependent gelation and liquefication profile of the p(NIPAAmM-AA)
hydrogel with 0.01 M Mg?* were also established by measuring the transmittance of the
hydrogel at 37 °C and 25 °C. It was shown that the transmittance of the hydrogel dramatically

decreased when heating at 37 °C during the first 10 min and increased when cooling at 25 °C
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between 30-40 min. The transmittance of the p(NIPAAmM-AA) hydrogel remained stable after
full gelation and liquification. (Figure 5.3 b)

Hydrogel syneresis was seen after incubation of p(NIPAAmM) hydrogels at a concentration of
30 mg/mL in the presence of 0.01 M Mg?* at 37 °C for 30 min, however, syneresis was not
observed with p(NIPAAmM-AA) hydrogels (Figure 5.3 ¢), which was in agreement with previous

reports [22, 23].

37 °C 30 mins 25 °C 5 mins 25 °C 30 mins

120 4
100 4
80 A
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Heating Cooling

Transmittance (%)

40

20 A

0 10 20 30 40 50 60
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Figure 5.3 (a) Liquification of p(NIPAAmM-AA) hydrogels prepared with different ionic
strengths (left to right: 1x PBS, 0.01 M MgCl, in 1x PBS, 0.025 M MgCl, in 1x PBS, 0.05 M
MgCl, in 1x PBS, 0.075 M MgCl, in 1x PBS, 0.1 M MgCl, in 1x PBS) at 25 °C. (b) Time-
dependent gelation and liquification process of p(NIPAAmM-AA) hydrogel prepared with 0.01
M MgClI2 in 1x DPBS by measuring the transmittance at 37 °C from 0 to 30 min and 25 °C
from 30 min to 60 min. (c) Macroscopy images of p(NIPAAmM-AA) and p(NIPAAm) hydrogels
revealing their thermosensitive behaviour. (i) Gelation of the hydrogels after heating at 37 °C
for 30 min. Distinct syneresis was only seen in the p(NIPAAmM) hydrogel; (ii) Liquification of
the hydrogels after cooling at 25 °C for 30 min.

5.5.3 Cytotoxicity of p(NIPAAmM-AA) hydrogels and MgCl2

The viability of UE7T-13 cells cultured in different concentration of MgCl, for 24 h was
measured by the MTT assay. The data presented in Figure 5.4a suggests that medium with 0.01
M MgCl> was not toxic to the UE7T-13 cells, while cells in the media with a concentration of
MgCl; higher than 0.01 M had an extremely low cell viability, implying Mg?* was detrimental

to UE7T-13 cell viability at a concentration higher than 0.01 M. When cells were cultured
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inside the p(NIPAAM-AA) hydrogel at a MgCl. concentration of 0.01 M on day 1 and day 9,
the majority of cells displayed a green color, indicating excellent cell viability and the
biocompatibility of the p(NIPAAmM-AA) hydrogel at a MgCl> concentration of 0.01 M. (Figure
5.4 b) Interestingly, individual cells had a round shape on day 1, whilst cellular aggregates were

presented in the p(NIPAAmM-AA) hydrogel on day 9.
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Figure 5.4 (a) UE7T-13 cell viability assay after 24 h by MTT; (b) Live and dead staining of
UE7T-13 cells cultured in the p(NIPAAmM-AA) hydrogel on (i) day 1 and (ii) day 9. Green: live
cells; Red: dead cells. Scale bar: 100 um.

5.5.4 Cell migration inside p(NIPAM-AA) hydrogel

The cell-gel hybrids were incubated on top of a porous transwell membrane in three different
culture media supplemented with 10% FCS in the upper chamber and 10% FCS in the
microwell below the membrane as a control; (Figure 5.5a control) 10% FCS only in the
microwell below the membrane; (Figure 5.5a down-migration) and 10% FCS only in the upper
chamber above the membrane. (Figure 5.5a up-migration) A chemoattractant (FCS) gradient
was developed in the vertical direction owing to the concentration difference of FCS for both
down-migration and up-migration. When the chemoattractant concentration decreased from the
chamber below the membrane to the chamber above the membrane, cells migrated inside the
p(NIPAM-AA) hydrogel to the membrane of the upper chamber, resulting in approximately 2-
fold increase in cell number on the cell membrane, compared to the control. (Figure 5.5 b)
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However, a greater than 50% decrease in the cell number attached onto the membrane of the
upper chamber when the chemoattractant gradient decreased from the chamber above the
membrane to the microwell below the membrane. There was no significant difference at two
initial concentrations of the chemoattractant (20% vs 10%). The decrease in the cell number
due to cell migration through the p(NIPAAmM-AA) hydrogel was also evidenced from the

fluorescent DAPI staining images of the porous membrane of the upper chamber. (Figure 5.5
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Figure 5.5 (a) Schematic of UE7T-13 single cell migration assay in the poly (N-
isopropylacrylamide-acrylic acid) hydrogel for 18 h. (b) Migration of UE7T-13 cells, which
were normalized to that of control. Control: cells were kept in the complete medium with 10%
FCS at all time. Down-10% FCS, Top-10% FCS, and Top-20% FCS: the cells pre-starved in
the medium without FCS overnight were further cultured inside p(NIPAAmM-AA) hydrogel in
the upper chamber and fed with either 10% of FCS as the chemoattractant in the lower chamber,
or 10% of FCS as the chemoattractant in the upper chamber, or 20% of FCS as the
chemoattractant in the upper chamber for 18 h. After 18 h, the upper chambers were gently
washed with 1x DPBS twice and stained with DAPI for 10 minutes. 5 images were randomly
captured per insert and measured with image J, n = 3 inserts per group, **p < 0.001. (c)
Fluorescent images of migrated UE7T-13 cells on the bottom of the inserts for (i) Down-10%
FCS, (i) Top-10% FCS, and (iii) Top-20% FCS by DAPI staining. Blue: cell nuclei. Scale bar:
100 pm.

(iii) Up-migration

The cell-hydrogel hybrids were also imaged by SEM. Single individual cells were found to
locate inside the p(NIPAAmM-AA) hydrogel without a chemoattractant gradient on day 1. The
SEM images also revealed a porous structure of the freeze-dried p(NIPAAmM-AA) hydrogel.

(Figure 5.6 a) When a chemoattractant gradient was applied, a migrated cell aggregate was
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shown at the bottom of the hydrogel which may migrate through the p(NIPAAmM-AA) hydrogel.

(Figure 5.6 b)

Figure 5.6 (a) SEM images of UE7T-13 cell cultured in the p(NIPAAmM-AA) hydrogel on day
1 at lower magnification (scale bar: 10 um) and higher magnification (scale bar: 2 um); (b)
SEM images of UE7T-13 the cell aggregate migrating through p(NIPAAm-AA) hydrogel to
the bottom after 18 h with 10% FCS of bottom chemoattractant at lower magnification (scale
bar: 100 um) and higher magnification (scale bar: 10 um). The arrow pointed to the cells.

UET7T-13 cells cultured inside the p(NIPAAmM-AA) hydrogel behaved differently from those
cultured as cell pellets in the polypropylene tubes. (Figure S5.1) When cells were embedded in
the p(NIPAAmM-AA) hydrogel, individual cells were initially well distributed in the hydrogel,
which was evident from the images obtained from a CKX41 optical microscope. (Figure 5.7 a)
Once cell aggregates were formed after 9 days, collagen, one of the major ECM proteins, was
produced around the cell aggregates as shown by the Masson’s Trichrome Blue staining.
(Figure 5.7 b) After culture in inductive media for 8 weeks, the cell aggregates displayed an
atypical structure with rich collagen depositing around the cell aggregates and connection
between cell aggregates was established via rich collagen fibrils. (Figure 5.7 ¢) The
p(NIPAAmM-AA) hydrogel in the inductive medium contracted into a smaller size and large cell

pellets were seen on the surface of the hydrogel after induction for 4 weeks. (Figure S5.2 ¢) At
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the late-stage of chondrogenic induction, the p(NIPAAmM-AA) hydrogel was further contracted
and cells were found on the surface of the p(NIPAAm-AA) hydrogel with an adherent
morphology surrounded with distinct blue-stained collagen. (Figure 5.7 d) Moreover, cell
pellets with a larger size were also seen on the contracted hydrogel. In contrast, large cell pellets
in the polypropylene tubes were generated after centrifugation on day 1. Cells were found to
gradually detach from cell pellets from day 1 to week 4. As chondrogenic induction progressed,
there were more cell aggregates with a small size in the polypropylene tubes. (Figure S5.2 a
and b) Moreover, these cell aggregates were found to migrate upwards along the tube wall and

merge with the large cell pellet into a single cell pellet after induction at week 8.

Early-stage cell migration : Late-stage cell migration : p(NIPAAmM-AA) hydrogel
* Settling-down by gravity » Mesenchymal migration
* Amoeboid migration induced by confinement ‘ induced by extracellular *  hMSCs
and low adhesion matrix (ECM)
* Plastic deformation induced by stress relaxation ~ ECM

Figure 5.7 Mechanisms of human mesenchymal stem/stromal cells (hMSCs) migration
within p(NIPAAmM-AA) hydrogels. (a) The scheme (left) and optical microscopy image (right)
of individual cells cultured within p(NIPAAmM-AA) hydrogels on the day 1. Scale bar: 100 pm.
(b) The scheme (left), optical microscopy image (right), and Masson’s trichrome staining image
(right-inset) of the cell aggregates within p(NIPAAmM-AA) hydrogels on the day 9. Scale bar:
100 pm. (c) The scheme (left), optical image (right), and Masson’s trichrome staining image
(right-inset) of cell aggregate migration within p(NIPAAmM-AA) hydrogels after inducing
chondrogenesis for 8 weeks in chondrogenic media from the day 9 (Arrows point to the
connection sites between the cell aggregates). Scale bar: 100 um. (d)The scheme (left), optical
image (right, scale bar: 1 mm), and Masson’s trichrome staining image (right-inset, scale bar:
100 pm) of cell migration and spreading out of the ECM-rich contracted p(NIPAAmM-AA)
hydrogels after inducing chondrogenesis for 8 weeks in chondrogenic media from day 9. Dark
red: cell nuclei; Pink: cell cytoplasm; Blue: collagen.

5.5.5 Chondrogenesis
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After inducing chondrogenesis for 4, 6 and 8 weeks, the expression of chondrogenesis-related
genes (SOX9, ACAN, and COL 2Al) in the cells cultured in polypropylene tubes and
p(NIPAAmM-AA) hydrogels was assessed. The mRNA expression of SOX9, ACAN, and COL
2A1 in cells cultured inside p(NIPAAmM-AA) hydrogels were significantly higher than that in
cells cultured as cell pellets in the polypropylene (PP) tubes at week 4. (Figure 5.8 a) After 6
weeks, a significant difference was still seen for the mMRNA expression of SOX9 and COL 2A1,
but no difference for ACAN. (Figure 5.8 b) After inducing chondrogenesis for 8 weeks, the
MRNA expression of ACAN in cells cultured inside p(NIPAAmM-AA) hydrogels was higher than

that in cells cultured as cell pellets in polypropylene tubes, while no significant difference was
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Figure 5.8 mRNA expression of chondrogenic genes (SOX9, ACAN, and COL 2A1) in UE7T-
13 cells induced with chondrogenic inductive media for (a) 4 weeks, (b) 6 weeks, and (c) 8
weeks. Control: UE7T-13 cells spun into pellets and cultured in the polypropylene tubes; 3D:
UE7T-13 cells incorporated in p(NIPAAmM-AA) hydrogels. All data were normalized to that of
ACTB and presented as the mean + standard error (n = 3). *p < 0.05.

seen in the mRNA expression of SOX9 and COL 2A1. (Figure 5.8 ¢)
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Figure 5.9 Alcian Blue staining images (Red: cell nuclei; Blue: sulfated GAGs) and
immunofluorescent staining images (Blue: DAPI-labelled cell nuclei; Green: FITC-labelled
collagen 2A1) of UE7T-13 cultured (a,c) as cell pellets in polypropylene (PP) tubes or (b,d)
within p(NIPAAmM-AA) hydrogels for (i) 4 weeks or (ii) 8 weeks. Scale bar: 100 pm.

Collagen 2A1

p(NIPAAM-AA)

Furthermore, histological and immunofluorescent staining also revealed deposition of sulfated
glycosaminoglycans (GAGs) and collagen 2Al1 within the neo-cartilage formed in
polypropylene tubes and p(NIPAAmM-AA) hydrogels. (Figure 5.9) The deposited sulfated
GAGs were mainly distributed at the peripheral area of the neo-cartilages at week 4. However,
sulfated GAGs produced in the neo-cartilage formed in the p(NIPAAmM-AA) hydrogels were
more distinct than those formed in the polypropylene tubes. In addition, it was seen that the cell
pellets formed in the polypropylene tubes had a porous structure at week 4 and 8, however, the

porous cell pellets formed in the p(NIPAAmM-AA) hydrogels at week 4 possessed a more
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compact structure and the internal spaces between cells were filled with sulfated GAGs at week
8. In contrast, collagen 2A1 was mainly distributed in the central area of the neo-cartilages in
both systems at week 4. A similar distribution of collagen 2Alwas still seen in the neo-
cartilages in the polypropylene tubes after week 8, while the collagen 2A1 in the neo-cartilages
embedded in the p(NIPAAM-AA) hydrogels was more uniformly distributed, which was in
accordance with the distribution of sulfated GAGs.

5.5.6 Characterization of electrospun films

The morphology of the electrospun films characterized by SEM revealed no beads on each
nanofiber. (Figure S5.3 a) Over 80% of inter-fiber pores were less than 5 um?, and fibers had
an average diameter of 500 nm with a uniform size distribution. (Figure S5.3 b and c¢) The
cytotoxicity of the electrospun films was measured by the MTT assay. After seeding on the
electrospun films for 24 h, cells had a high cell viability, almost identical to the viability seen
with cells on a conventional tissue culture plate. (Figure S5.3 d)

5.5.7 Fabrication of a neo-cartilage patch

After transferring chondrogenesis-induced cell aggregates onto the electrospun film, cells
displayed an adherent fibroblast-like morphology. (Figure S5.4) Moreover, the cells were
merged into a neo-cartilage with a size of 5 mm in diameter and 1 mm in height by the spatial
confinement of the stainless-steel mold and block. (Figure 5.10 a) Furthermore, the histological
staining revealed that the neo-cartilage was attached to the electrospun film. (Figure 5.10 b)
Sulfated GAGs and collagen 2A1 within the neo-cartilage were stained with a blue color by the
Alcian Blue staining and a green color by immunofluorescent staining, respectively. (Figure

5.10 cand d)
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Figure 5.10 (a) Fusion of chondrogenesis-induced cell aggregates in a stainless module with a
stainless block forcing on the top during cell culturing. Diameter and height of the generated
cartilage are 5 mm and 1 mm, respectively. (b) Hematoxylin & Eosin staining images of the in-
vitro fabricated cartilage patch at low magnification (left) and high magnification (right) (Blue:
cell nuclei; Pink: cell cytoplasm). (c) Alcian Blue staining images of the in-vitro fabricated
cartilage patch at low magnification (left) and high magnification (right) (Red: cell nuclei; Blue:
sulfated GAGS). (d) Immunofluorescent staining images of the in-vitro fabricated cartilage
patch at low magnification (left) and high magnification (right) (Green: FITC-labelled collagen
2A1; Blue: DAPI-labelled cell nuclei). Scale bar: 100 pum.

5.6 Discussion

To eliminate the syneresis of p(NIPAAm) at 37 °C, acrylic acid was copolymerized into
p(NIPAAmM) to increase its hydrophilicity, which was confirmed from the FTIR spectra of
p(NIPAAmM-AA) with a new peak of O=C-OH, rather than a peak of the C=C group in
p(NIPAAmM). (Figure 5.2) Due to the introduction of a hydrophilic moiety, p(NIPAAM-AA) did
not form a gel without ionic crosslinking at 37 °C. In this study, magnesium cations were
employed to facilitate crosslinking of the p(NIPAAmM-AA) hydrogel for gelation. As the
concentration of Mg?* increased, the gel formed at 37°C became more stable, leading to a longer

liquefication time. (Figure 5.3 a) However, a higher concentration of Mg?* may affect the cell
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membrane potential and interfere with the normal function of ion channels across the cell
membrane. [24] From the cell viability assay, it was shown that Mg?* at a low concentration
(0.01 M) was non-toxic to cells, while Mg?* at a concentration higher than 0.025 M was very
detrimental to cell viability. (Figure 5.4) When cells were embedded within the p(NIPAAmM-
AA) hydrogel in the presence of 0.01 M Mg?*, a high cell viability was obtained from the live-
dead staining images, indicating excellent biocompatibility of p(NIPAAmM-AA) at a minimal
gelation concentration of 30 mg/mL. (Figure 5.4 b) Cell aggregates were present within the
p(NIPAAmM-AA) hydrogel on day 9, (Figure 5.4 b) while the mechanism of forming cell
aggregates was unclear. We hypothesized that cell migration, inside the hydrogels, might
contribute to formation of cellular aggregates. Mg?*/COO-induced ionic crosslinking and
hydrophobic interaction resulted in cavities with various sizes within the p(NIPAAM-AA)
hydrogel. [25] (Figure 5.6) When individual cells were embedded inside the p(NIPAAM-AA)
hydrogel at 37 °C, due to the absence of cellular binding sites in the p(NIPAAmM-AA) polymeric
structure, these cells initially homogeneously distributed inside the hydrogel. These cells may
then migrate through the soft gel structure by their intrinsic gravity and cell-cell interactions
leading to the formation of cell aggregates. This may provide an explanation for the observation
that cells were attached on the membrane of the microwell insert even without a
chemoattractant gradient. (Figure 5.5 b) When a 10 % of FCS gradient was applied from the
well below the membrane to the chamber above the membrane, the embedded cells moved
downwards through inter-fiber pores due to their intrinsic gravity and a chemoattractant
gradient. Amoeboid-like migration of cells might be induced due to spatial confinement and
the weak interaction forces between cells and supporting hydrogels. [26] Hence, adherent cells
on the membrane of the upper chamber were significantly increased compared to the control
without a chemoattractant gradient (Figure 5.5 b) and a cell aggregate was seen to migrate
through the p(NIPAAmM-AA) hydrogel network to the bottom. (Figure 5.6 b) When the

chemoattractant gradient was generated by decreasing 10 % FCS from the chamber above the
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membrane to the well below the membrane, upward amoeboid-like migration of the embedded
cells might be realized through the polymeric network. Cell migration was not affected by the
initial concentration of the chemoattractant, which might be due to the saturation of the FCS
receptors on the cell membrane. [27, 28] A small number of adherent cells were still seen on
the membrane even in the presence of a upward chemoattractant gradient, because these cells
might retain in the bottom of the p(NIPAAm-AA) hydrogel, where the confinement for single
cells was not sufficient to initiate amoeboid-like migration and overcome the cell gravity.
(Figure 5.5 ¢) The embedded cells might also be able to temporarily liquefy the surrounding
p(NIPAAmM-AA) hydrogel by chemoattractant-induced stiffening on the cell membrane and
disrupting the ionic crosslinking to induce stress relaxation of the hydrogel [29] because of the
weak mechanical structure of the p(NIPAAmM-AA) hydrogel [21].

It was widely reported that cell aggregates were capable of enhancing secretion of endogenous
growth factors and deposition of extracellular matrix (ECM) proteins [6], both of which might
promote chondrogenesis in the context of chondrogenic inducton. A higher expression of
chondrogenesis-related genes (SOX9, ACAN, and COL 2A1) (Figure 5.8) and greater production
of sulfated GAGs and collagen 2A1 (Figure 5.9 i), two major ECM components in cartilage
[30], were found in the cells cultured inside the p(NIPAAmM-AA) hydrogel at week 4 compared
to cells cultured as cell pellets. The difference in cellular behavior in two culture systems might
be due to developmental properties of cell aggregates. Because the p(NIPAAM-AA) hydrogel
facilitated the formation of small cell aggregates at the early-stage, the surface-to-volume ratio
of the cells cultured inside the p(NIPAAmM-AA) hydrogel was substantially larger than that of
cells cultured as cell pellets, resulting in more efficient transportation of both endogenous
growth factors and exogenous inductive components present in the media for small cell
aggregates compared to the large cell pellets. [31] The production of ECM proteins (Figure 5.7
b) was further enhanced around these small cell aggregates after incubating these aggregates in

the chondrogenic medium. The accumulated ECM could interact with the p(NIPAAmM-AA)
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hydrogel to build “bridges” within the p(NIPAAm-AA) hydrogel for the embedded cell
aggregates. (Figure 5.7 ¢) Cell aggregates could, therefore, migrate inside the p(NIPAAM-AA)
hydrogel by binding to the deposited ECM proteins [32], which led to the contraction of the
p(NIPAAmM-AA) hydrogel and establishment of contacting communication between cell
aggregates. In contrast, it was found that even though cells were forced into large cell pellets
by centrifugation, some cells gradually detached from the cell pellets, leading to a decrease in
the size of cell pellets when culturing in the complete culture medium without inductive
biomolecules. (Figure S5.1) Those detached cells would reform cell aggregates within the
polypropylene tubes and merge into a larger cell aggregate when cells were incubated in the
inductive medium, which was quite similar to the development of cell aggregates inside the
p(NIPAAmM-AA) hydrogel. (Figure S5.1) Meanwhile, cell migration was also observed for cells
cultured in polypropylene tubes due to the enhanced deposition of ECM by the cell aggregates
on the tube wall. The mobility of small cell aggregates was better than that of large cell pellets,
resulting in a longer migrated distance (Figure S5.2 a), which was more distinct for cells
cultured in the chondrogenic induction medium in the polypropylene tubes. (Figure S5.2 b)
However, the fusion of cell aggregates in the polypropylene tubes was not as efficient as that
in the p(NIPAAm-AA) hydrogels since endogenous growth factors secreted from cell
aggregates would rapidly diffuse into the medium, but could not form a gradient to initiate
migration of cell aggregates. In contrast, due to the obstacle of the p(NIPAAM-AA) polymeric
network, endogenous growth factors could be transiently retained around the cell aggregate,
generating a chemoattractant gradient to initiate the migration of cell aggregates and fusion of
cell aggregates. [27] Therefore, a relatively large neo-cartilage was formed within the
p(NIPAAmM-AA) hydrogel. (Figure 5.7 d and Figure S5.2 c¢) Although no significant difference
was found in the mMRNA expression of chondrogenesis-related genes ACAN (at week 6), SOX9
and COL 2A1 (week 8) (Figure 5.8 b and c) and the deposition of sulfated GAGs and collagen

2A1 at week 8 (Figure 5.9 ii) for cells cultured in the polypropylene tubes and the p(NIPAAmM-
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AA) hydrogel, more efficient transportation of biomolecules within small cell aggregates and
the developmental difference of cell aggregates reinforced the p(NIPAAmM-AA) hydrogel as a
better platform for short-term chondrogenesis of mesenchymal stem/stromal cells.
Because of reversibility of the p(NIPAAmM-AA) hydrogel (Figure 5.3), these chondrogenesis-
induced cell aggregates were harvested from the hydrogel by simply diluting the hydrogels at
room temperature and transferred onto the electrospun films (Figure S5.4). The mechanical
loading of a stainless-steel block could, on the one hand, induce a compressive stress on the
cell aggregates to enhance the chondrogenesis of cell aggregates [33] and accelerate the
attachment of cell aggregates onto the electrospun film [34]. On the other hand, the stainless-
steel block together with the stainless-steel ring also created a spatial confinement for the cell
aggregates, which forced cell fusion into an integrated neo-cartilage. A neo-cartilage patch with
a diameter of 5 mm and a height of 1 mm was successfully fabricated. (Figure 5.10) The neo-
cartilage patch could be potentially used for treatment of an irregular degenerated cartilage by
simply attaching it to the defect sites and initiating cartilage integration when bearing a
compressive stress.
5.7 Conclusion
In this study, we synthesized a thermosensitive p(NIPAAmM-AA) hydrogel that was capable of
reversible gelation based on the external temperature and the absence of syneresis. With the
assistance of magnesium ions at a biocompatible concentration, human mesenchymal
stem/stromal cells were embedded in the p(NIPAAM-AA) hydrogels. Cells could form cell
aggregates within the p(NIPAAmM-AA) hydrogel at the early-stage by cell migration, initiated
by the intrinsic cell gravity, confinement- and low adhesion- induced amoeboid-like migration,
and the stress relaxation of the p(NIPAAmM-AA) hydrogel. After inducing in the chondrogenic
medium, the embedded cells could further migrate close to each other to form contacting
connection by accumulatively produced extracellular matrices and the local gradient of

endogenous growth factors, and thus develop into larger aggregates. Efficient transportation of
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inductive biomolecules for smaller cell aggregates and gradual development into large
aggregates led to significantly higher mRNA expression of chondrogenesis-related genes and
more distinct production of sulfated GAGs and collagen 2A1 in the cells cultured in the
p(NIPAAmM-AA) hydrogel than those cultured as cell pellets in the polypropylene tubes. The
chondrogenesis-induced cell aggregates were harvested from the p(NIPAAmM-AA) hydrogel,
transferred onto the electrospun film by a compressive stress, and fused together by spatial
confinement. An integrated neo-cartilage patch was fabricated, which might be potentially used
for the treatment of irregular degenerated cartilage by simply attaching to the defect sites and
initiating cartilage integration when bearing a compressive stress.
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Figure S5.1 In-vitro chondrogenic progression of human mesenchymal stem/stromal cells
within poly (N-isopropylacrylamide-acrylic acid) hydrogels and polypropylene (PP) tubes.
Scale bar: 100 pum.
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Figure S5.2 Optical images of UE7T-13 cells cultured in (a) polypropylene (PP) tubes without
inductive media, (b) polypropylene (PP) tubes with chondrogenic inductive media, or (c) poly
(N-isopropylacrylamide-acrylic acid) (p(NIPAAmM-AA)) hydrogels with chondrogenic
inductive media for 4 weeks in vitro. Scale bar: 100 um. Arrows point to migrated cell
aggregates and cell pellets.
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Figure S5.3 (a) SEM image of electrospun scaffolds. Scale bar: 5 um. (b) Pore size distribution
of electrospun scaffolds. (c) Fiber diameter distribution of electrospun scaffolds. (d) Cell
viability study of UE7T-13 by MTT assay in 24 h. Control: cells were cultured on 96-well tissue
culture plate; Gelatin: cells were cultured on electrospun gelatin scaffolds. Data were
normalized to the control and presented as mean + standard error. n = 3.

Figure S5.4 Fluorescent image of chondrogenesis-induced hMSCs attaching on an electrospun
gelatin scaffold by calcein-AM staining. Green: cells. Scale bar: 100 pum.
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Chondrogenesis-
induced MSCs
Osteogenesis-
induced MSCs

Electrospun ball with
citric acid- or poly (vinyl
pyrrolidone)- coated
magnetic nanoparticles

Tube wall

Rotating magnet

In this study, a magnetic field-responsive ball together with an in-house rotating magnet device
were fabricated to study stem cell differentiation. As a result, chondrogenesis and osteogenesis
of mesenchymal stromal/stem cells are significantly enhanced within the magnetic field-
responsive balls by the synergic effect of dynamic magnetic field, mechanical stimulation, fiber
topography, dynamic culture, gelatin polymer, and inductive biomolecules.
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6.2 Abstract
Mesenchymal stromal/stem cells (MSCs) represent a novel cell therapy source to treat severe
diseases, such as osteoarthritis. However, the therapeutic benefit of MSCs are highly dependent
on their differentiation state and the intended clinical application. MSC differentiation is
regulated by many factors, while traditional cell culture systems are limited in providing
multiple stimuli. Here, a magnetic field-responsive ball is successfully fabricated by
incorporating magnetic nanoparticles (MNPs) into the electrospun nanofibers. When
positioning near a rotating magnet (f = 0.5 Hz), the electrospun film-derived balls, together with
the MSCs, are driven upward/downward in the culture container and induced mechanical
stimulation by spatial restriction and fluid flow. The extracellular matrix-mimicking scaffold
and the dynamic magnetic field significantly enhance cell chondrogenesis instead of
osteogenesis. Moreover, the difference in the fiber topography results in selective up-regulation
of chondrogenesis-related genes (COL 2A1 and ACAN) for the balls with citric acid-coated
MNPs. In contrast, osteogenesis-related genes (RUNX2 and SPARC) are selectively and
significantly up-regulated for the balls with PVVP-coated MNPs. Hence, the magnetic field-
responsive scaffolds together with an in-house rotating magnet device can be a novel system
for study influence of multiple stimuli on stem cell differentiation in vitro.
KEYWORDS: multi-lineage cell differentiation, mesenchymal stromal/stem cell, magnetic
field, mechanical stimulation, magnetic nanoparticle-incorporated nanofibers
6.3 Introduction
Mesenchymal stromal/stem cells (MSCs), a multipotent mesodermal-tissue derived stem cell
population, show great potential in cell-based therapy to treat several severe diseases [1, 2],
including late-stage osteoarthritis (OA) [3-5]. The mechanisms which underlie their therapeutic
function are thought to involve paracrine effect [6, 7] and/or their capacity to differentiate,
amongst other cells, into cells of the osteochondral lineage cells [8]. Many factors in the stem

cell niche can influence cell differentiation including physical [9-11] and biochemical stimuli
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[12-14]. External magnetic field [15, 16] and mechanical force [17-19] are two physical stimuli
that can regulate the fate of stem cells. Numerous studies have examined the impact of
frequency [20] and magnetization [18] of a pulsed electromagnetic field [16] or a static
magnetic field [21] on chondrogenesis and osteogenesis of MSCs. To this end, magnetic
nanoparticles (MNPs) have been incorporated into scaffolds/hydrogels in order to regulate the
fate of stem cells by their intrinsic magnetism. [22, 23] However, there are very few studies on
examining the synergistic impact of an external alternating magnetic field and the MNPs on the
fate of stem cells. In addition, dynamic strain at a certain frequency and intensity may also
enhance chondrogenesis and osteogenesis of MSCs. [24-27] For example, in one study,
mechanical stimulation was induced in a customized bioreactor in which compression on the
cell-embedded scaffold was achieved by alternating the vertical movement of a ceramic ball
and shear stress was induced on the cells by horizontal movement of the ball. [19] Although the
frequency and the intensity of both mechanical stimulations was well controlled, the system
was only able to apply the mechanical stimulations on one sample and was prone to
contamination when the scaffold was directly and repetitively contacted with the ceramic ball
in the culture medium.
Herein, we developed a cell culture system that allows us to apply an external alternating
magnetic field and simultaneously induce mechanical stimulation on the cells embedded within
an extracellular matrix (ECM)-mimicking 3D scaffold. The 3D scaffold was constructed in a
ball-like shape from electrospun gelatin films with incorporation of two different MNPs. The
magnetic field-responsive scaffolds were characterized by various methods to evidence the
embedment of MNPs inside the electrospun nanofibers. Moreover, cytotoxicity of MNPs and
electrospun films and cell proliferation in the electrospun film-derived balls were also measured
by MTT assay. The magnetic field-responsive scaffolds were used to study influence of
multiple stimuli on chondrogenesis and osteogenesis of AMSCs in the presence of an alternating

magnetic field.
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6.4 Materials and methods
6.4.1 Preparation of MNPs and fabrication of scaffolds
The details of magnetic nanoparticle preparation and scaffold fabrication were described in
“Supporting Information”. The process for preparing electrospun films and film-derived balls
with/without MNPs incorporation was shown in Figure S6.1.
6.4.2 X-ray diffraction
The synthesized MNPs and the electrospun films with/without incorporation of MNPs were
characterized by X-ray diffraction (XRD) using a Rigaku MiniFlex 600 X-ray diffractometer
at a voltage of 40 kV and a current of 15 mA. The XRD patterns were recorded from 10° to 80°
(20) at a speed of 10°/min and an interval of 0.02°.
6.4.3 Scanning electron microscopy and transmission electron microscopy
After electrospinning, a small piece of the electrospun film with/without incorporation of MNPs
was coated with a thin layer of platinum and imaged by a XL30 FEGSEM (Philips) with an
accelerating voltage of 10 kV.
Nanofibers with/without MNPs was also directly electrospun onto a copper grid for 5 sec and
sandwiched with another copper grid for transmission electron microscopy using a CM 200
TEM (Philips). During TEM imaging, an energy dispersive X-ray spectrum (EDS) was also
recorded to confirm the existence of MNPs within the electrospun nanofibers.
6.4.4 Thermogravimetric analysis
A ball with/without incorporation of MNPs (3 mg) was transferred to an alumina crucible and
the thermostability was determined by a thermogravimetric analyzer (TGA)/ differential
scanning calorimeter (DSC) 2 (Mettler Toledo). The sample was heated from 25 °C to 1550 °C
at a heating rate of 10 °C/min and supplied with air as a purge gas at a continuous flowing rate
of 50 mL/min.

6.4.5 Magnetic behavior study
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Magnetic hysteresis loops of MNPs, gelatin balls, gelatin balls with citric acid coated MNPs,
and gelatin balls with PVVP coated MNPs were measured by a vibrating sample magnetometer
(VSM, lakeshore 7407) at room temperature, respectively.
6.4.6 Swelling ratio measurement
The balls with/without incorporation of MNPs were weighted at a dried status (Wary). After
soaking in water for 30 min, excessive water was removed and the balls were weighted at a wet
status (Wwet). The swelling ratio was calculated according to the following formula. All

measurements were repeated in triplicates.

Swelling ratio (fold) = %:; (@))

6.4.7 Biocompatibility assay

An immortalized human mesenchymal stromal/stem cell line (UE7T-13, RIKEN BioResources
Center) at passage 45-47 was used for the biocompatibility assay of MNPs and electrospun
films with/without MNPs. The multi-potency of hMSCs has been studied previously. [28-30]
The biocompatibility study of magnetic nanoparticles was described in detail in “Supporting
Information”. All electrospun films were cut to fit the bottom of a 96-well plate. A hMSC
solution (40 pL) containing around 1 x 10* cells was then added onto the electrospun films
and the cells were cultured for 4 h in a humidified incubator containing 5 % CO> at 37 °C before
addition of fresh complete medium (160 uL/well). The 96-well plate was placed in the incubator
up to 24 h, after which the MTT assay was performed. The absorbance of the cells directly
cultured on a 96-well plate without electrospun films was used as the control. All the absorbance
values were normalized to the value of control and presented as cell viability.

6.4.8 Cell proliferation in the balls

The electrospun film-derived balls with/without MNPs were placed into individual 1.5 mL
Eppendorf tubes with lids open for cell culture. Cell solution (20 pL) containing 1 x 10* cells
was injected into each electrospun film-derived ball from multiple sites to allow homogeneous

cell distribution within the scaffolds. Cells were incubated for 4 h to allow complete cell
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attachment to the scaffolds prior to addition of fresh medium (180 uL). During cell culture, the
Eppendorf tubes were placed inside the Falcon petri dishes with a dimension of 100 mm x 20
mm (Corning) under a humidified condition at 37 °C with 5 % CO> supply. The medium was
changed every other day. On day 1 and 3, MTT assay was performed to determine cell growth.
The cells cultured on a 96-well plate were used as the control. All data were normalized to the
absorbance value of the control measured on day 1 and presented as fold increase in cell number.
6.4.9 Cell differentiation under an external alternating magnetic field
An in-house device, consisting of a reversible gearhead motor (Jaycar electronics) with a
maximal torque of 2.1 kg cm fixed on the top of a clear plastic stage, a MP-3080 power supply
(Jaytech) connected to the motor, a N52 magnet block with a dimension of 50 mm x 25 mm x
10 mm and a balanced block with the equivalent weight as the magnet block, both of which
were fixed to a rotating bar driven by the attached motor. The distance from the balanced block
or the magnet block to the rotating center and the height of the rotating bar were adjustable.
During chondrogenic and osteogenic induction, the Eppendorf tubes containing cell-loaded
balls were placed 2 cm below the rotating magnet block at a rotating frequency of 0.5 Hz.
Following chondrogenic or osteogenic induction for three weeks, mMRNA was extracted and
detected for expression of specific genes by qRT-PCR. Primer sequences of targeting genes are
shown in Table S1. All data were normalized to the value for the ACTB gene.
6.4.9.1 Chondrogenesis
The experimental set-up was similar to the above cell proliferation study. hMSCs were loaded
into electrospun film-derived balls at a cell density of 2.5 x 10° per ball, and incubated in
complete cell culture medium overnight. The culture medium was replaced with the same
volume of chondrogenic induction medium as reported in a previous study [28]. For the control,
a similar number of cells were centrifuged in a 12 mL polypropylene tube (SARSTEDT
Australia) at 600 rcf for 5 min and cultured in the complete medium overnight to form a large

cell pellet. The pellet was then transferred to a 1.5 mL of Eppendorf tube and cultured in the
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same way as that for the cell-loaded balls. All cells submerged in the chondrogenic medium
were exposed to an alternating magnetic field for three weeks with medium change three times
per week. Cells cultured in the balls without MNPs or without exposure to the external magnetic
field were used as the control groups.
6.4.9.2 Osteogenesis
The cell-loaded balls were subjected to the similar procedure as the chondrogenesis except that
the medium was replaced with osteogenic medium as reported in a previous study [28]. The
cells for the control were cultured on a 48-well plate with the same cell number per well with
or without exposure to the external alternating magnetic field.

6.4.10 Histology and immunofluorescence staining

After three weeks of induction culture, cells and scaffolds were processed by cryosection for
hematoxylin and eosin (H&E) staining to visualize cell distribution in the scaffolds, Alcian
Blue staining to evidence production of sulfated glycosaminoglycans (GAGSs), Alizarin Red S
staining to evidence deposition of calcium, immunofluorescence staining for collagen 2Al,
aggrecan, and osteocalcin. All stained sections were imaged with an IX53 fluorescence
microscope (Olympus).

6.4.11 Statistical analysis

All experiments were performed in triplicates and data were presented as mean + standard error.
One-tailed student t-test was used to evaluate the statistical significance. * 0.01< p < 0.05 and
**(0.001< p < 0.01 were considered as a significant difference and a very significant difference,
respectively, while *** p < 0.001 was considered as a highly significant difference.

6.5 Results and discussion

6.5.1 Evidence of MNPs in magnetic field-responsive scaffolds

The characterization of magnetic nanoparticles (MNPs) (Figure S6.2 and Figure S6.3), the

optimization of electrospinning parameters (Figure S6.4), and the characterization of
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electrospun nanofibers with/without MNPs (Figure S6.5) were described in the “Supporting

Information”.

a

Intensity (counts)

0 1 2 3 4 5 6 7 8 9 10
Energy (keV)

c d
100 80 4
90 125%  |14.5% =P
_ v S 60 { —#—Gelatin ball
80 - == Gelatin+citric acid coated MNPs
Gelatin ball 40 | —8—Gelatin+PVP coated MNPs
70 —— Geletin ball+Citric acid coated MNPs E 3
F 60 A ——Geletin ball+PVP coated MNPs E 20 4 8,
S
< 81.84% < H
£ s0 S o =
2 83.59% ® So
3 40 3 3
-20 51
30 A 87.5% % :‘.-:» .
3 40 £3
20 A S
. 8000 -4000 O 4000 8000
10 1 1.91% 3fs/" -60 Magnetic field (G)
L
0 . T ] - — T : )
0 200 400 600 800 1000 f 1*200 1400 1600 80

-8000 -4000 0 4000 8000

Te it °C
emperatire ('C) Magnetic field (G)

Figure 6.1 Transmission electron microscopy images of the electrospun films with (a) citric
acid-coated MNPs or (b) PVVP-coated MNPs at (i) a lower magnification (scale bar: 100 nm)
and (ii) a higher magnification (scale bar: 50 nm) and (iii) energy dispersive X-ray spectrum
for both electrospun films. (c) Thermogravimetric analysis of balls with/without MNPs with a
thermal heating from 25 to 1550 °C in presence of air flow at 50 mL/min. (d) Hysteresis loops
of magnetic nanoparticles (MNPs), electrospun gelatin ball (Gelatin ball), electrospun gelatin
ball with citric acid coated MNPs (Gelatin+citric acid coated MNPs), and electrospun gelatin
ball with PVP coated MNPs (Gelatin+PVP coated MNPs).

As TEM images indicated, the MNPs located inside the electrospun nanofibers induced
protrusion at the edge of the electrospun nanofibers (Figure 6.1i), which confirmed that MNPs
were successfully embedded inside the electrospun nanofibers. Besides, the synthesized
magnetic nanoparticles maintained a spheroid-like structure with many smaller particles
(Figure 6.1ii), which was unaffected by electrospinning and consistent with a previously

published study [31]. Furthermore, the chemical components of the particles were further
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confirmed to be the iron element detected by EDS (Figure 6.1iii). It was worth noting that metal
copper signals were also observed in the energy dispersive X-ray spectra, which came from the
coppery grids used in TEM imaging. XRD peaks of the electrospun film with incorporation of
citric acid or PVP-coated MNPs were shifted to a lower angle because of the planar compressive
stress-induced strain [32]. (Figure S6.6) However, the overall XRD pattern was still similar to
the standard one of Fe3O4 in JCPDS card No0.19-629 [31], which also indicated that the MNPs
were successfully incorporated into the electrospun films.

Thermogravimetric analysis revealed that the ball without MNPs incorporation was completely
combusted at around 610 °C, while there was 1.91% residue in the ball with incorporation of
citric acid-coated MNPs and 3.66% residue in the ball with PVP-coated MNPs due to high
thermo-stability of FesO4 (Figure 6.1c). Furthermore, incorporation of citric acid coated MNPs
or PVP coated MNPs enabled gelatin ball responsive to a dynamic magnetic field. (Figure 6.1d)
It was showed that saturation magnetic moment of gelatin balls with PVVP-coated MNPs was
also higher than that of gelatin ball with citric acid coated MNPs, 2.2 emu/g and 0.8 emu/g,

respectively, which was consistent with TGA results. (Figure 6.1d)

Swelling ratio (fold)
o ~ &5 o -

Gelatin ball  Gelatin ball+Citric Gelatin bal+PVP
acid coated MNPs  coated MNPs

Figure 6.2 (a) Distinct color for different electrospun film-derived balls and their size
measurement (inset). Left: balls without MNPs; Middle: balls with citric acid-coated MNPs;
Right: balls with PVVP-coated MNPs. (b) Swelling ratio of the electrospun film-derived balls
with/without MNPs. Data were presented as mean * standard error, n = 3. (c) Magnetic field
responding behavior of a ball with MNPs at a dry status: (i) settling down with no magnet and
(i) suspending with a magnet. (d) Magnetic field responding behavior of a ball with MNPs in
water: (i) settling down with no magnet and (ii) suspending with a magnet.
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The average size of electrospun film-derived balls with/without MNPs was approximately 3
mm in diameter. (Figure 6.2a) Due to incorporation of MNPs, the fabricated balls displayed a
distinct color: the balls without MNPs incorporation appeared bright white, while the balls with
incorporation of PVP-coated MNPs had a darker brown color compared to those with
incorporation of citric acid-coated MNPs. (Figure 6.2a) The swelling ratio of the balls
with/without incorporation of MNPs was also measured and calculated according to the Eq. 1.
Since the total weight of the MNPs was negligible compared to the total weight of the balls,
there was no significant difference in the swelling ratio among three types of balls with an
approximately 7-fold increase, indicating an excellent capacity of water retention. (Figure 6.2b)
To avoid cytotoxicity of chemical residue [33], a physical crosslinking method was used in this
study by heating the fabricated balls at 190 °C for 2 h [34]. After crosslinking, the balls
maintained their ball-like structures in water due to the formation of the amide bonds. The
magnetic ball in air (Figure 6.2c) or water (Figure 6.2d) settled down when no magnet was
present, while it moved along the wall of the container and remained suspended in the presence
of a magnetic field.
6.5.2 Cell viability and cell proliferation
It was found that cells cultured on electrospun film-derived balls with or without MNPs had a
relatively high cell viability, over 90%, and no significant difference was seen among all
groups. (Figure 6.3a) However, cell number of balls with/without MNPs was significantly
higher than that of the tissue culture plate, particularly on day 1. (p < 0.001 for balls without
MNPs on day 1, 0.001< p < 0.01 for balls without MNPs on day 3 and balls with MNPs on day
1 and 3 compared to the control group on the tissue plate) (Figure 6.3b) There was no significant
difference in cell proliferation among the balls with or without MNPs. The high surface area
might contribute to the cell proliferation in the gelatin electrospun film-derived balls, while the

presence of MNPs did not have an impact on cell proliferation. In addition, the porous structure
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of electrospun film-derived balls (Figure S6.4f) also facilitated cell penetration and migration

and enhanced nutrients and gases exchange.
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Figure 6.3 (a) Cell viability measurement by MTT after 24 h. Control: hMSCs were cultured
on a 96-well tissue culture plates; Gelatin film, Gelatin film + Citric acid-coated MNPs, Gelatin
film + PVP coated MNPs on the x-axis: hMSCs were cultured on the electrospun gelatin films
without MNPs incorporation, with incorporation of citric acid-coated MNPs, and with
incorporation of PVP-coated MNPs, respectively. All data were normalized to the absorbance
value of the control and presented as the mean + standard error (n = 3). (b) Cell proliferation
measurement by MTT. Control: hMSCs on a 96-well tissue culture plate; Gelatin ball,
ball+Citric acid-coated MNPs, Gelatin ball+PVP-coated MNPs: hMSCs in the balls without
MNPs incorporation; with incorporation of citric acid-coated MNPs, and with incorporation of
PVP-coated MNPs, respectively. All data were normalized to the absorbance value of the
control measured on day 1 and presented as mean + standard error (n = 3). *, **, *** ndicated
0.01 <p<0.05,0.001 < p<0.01, and p < 0.001, respectively.

6.5.3 Regulation of cell differentiation using alternating magnetic field and mechanical
stimulation

During cell induction, hMSCs, on the one hand, were exposed to an external alternating
magnetic field, which were reported to play an important role on osteogenesis [35] and
chondrogenesis [16] of stem cells. On the other hand, for cells cultured inside the electrospun
film-derived balls, they were stimulated with mechanical force and dynamic magnetic field.
When a magnet block approached above the top of magnetic balls, the seeded cells and their
carrier balls were attracted to roll upward by a magnetic attraction (Fattraction). Otherwise, the
balls settled down due to the intrinsic gravity (G) when the magnet block moved away the balls.
The movement of electrospun film-derived balls was restricted along the walls of the Eppendorf

tube due to the space limitation and the balls were forced to rotate anti-clockwise

upward/downward paralleling to the contacted walls of the tube. Rolling movement of the soft
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balls may generate stretching or compressing stimulations on cells. Moreover, ball movement-
induced fluid flow generated a shear force (Fsnear) On the ball and the seeded cells. The shear
force was applied to cells in an alternating direction at the same frequency as the rotational
magnetic block. (Figure 6.4) The synergetic impact of an alternating magnetic field,
mechanical stimulation, ECM mimicking polymeric surface, fiber topography, dynamic

culture, and inductive biomolecules on the cell differentiation was shown in Table S2.
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Figure 6.4 A schematic illustration of dual-stimulation induced by alternating magnetic force
and mechanical force on hMSCs cultured inside electrospun film-derived balls with/without
MNPs.

6.5.3.1 Chondrogenesis of hMSCs

It was shown that the mMRNA expression of COL 2A1 gene (0.001 < p <0.01) and ACAN (p <
0.001) for hMSCs inside the electrospun film-derived balls without MNPs after inducing
chondrogenesis for three weeks in comparison with the cell pellets under the same magnetic
field (Figure 6.5), which was in consistent with other published studies regarding the promotion
of gelatin on chondrogenesis of MSCs. [36-39]. It was believed that extracellular matrix (ECM)
plays an important role in regulation of stem cell differentiation [40], therefore, cells inside the
ECM-mimicking scaffolds without MNPs behaved differently from those condensed cell
pellets when both exposing to an alternating magnetic field. Gelatin used in our study was
extracted from the bovine skin (Sigma-Aldrich) by the base method. Hence, the material is a
mixture of different denatured collagens, including type 2 collagen. [41] Despite the 3D
structure of collagen being denatured by heating, the functional peptides, which were detectable

by immunofluorescence (Figure S6.7), were capable of engaging with the appropriate integrin
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adhesion molecules on the cells. [42, 43] A similar significant increase in mMRNA expression of
ACAN and COL 2Al1 genes was also observed for hMSCs cultured inside balls with
incorporation of citric acid-coated MNPs compared to the cell pellets (p < 0.001) and balls with
incorporation of PVVP-coated MNPs (0.001 < p < 0.01 for ACAN gene and 0.01 < p < 0.05 for
COL 2A1 gene) compared to cell pellets. (Figure 6.5) Besides, a highly significant increase in
the mMRNA expression of COL 2Al gene was found for hMSCs exposed to an external
alternating magnetic field, which was in consistent with the conclusions of other previous
studies [16, 20, 44]. (Figure 6.5) The enhanced chondrogenesis may be explained by the fact
that the dynamic magnetic field at such a low frequency (0.5 Hz) may initiate the Ca?* influx
across the plasma membrane and trigger the relevant intracellular signaling pathways, such as
the Wnt signaling pathway. [16, 44-46] The dynamic magnetic field also significantly up-
regulated the mRNA expression of COL1A1 gene (0.01 < p <0.05), a gene mainly expresses in
a fibrocartilage but none in a hyaline cartilage [47], for hMSCs cultured inside the electrospun
film-derived balls without MNPs. (Figure 6.5) However, with the same stimulation of a
dynamic magnetic filed, the mRNA expression of COL1A1 gene for cells cultured in the both
magnetic field-responsive scaffolds was significantly lower than that for cell pellets (0.01 < p
< 0.05). (Figure 6.5) When normalizing the mRNA expression value of COL2A1 gene to that
of COL1A1 gene, a similar result as the mRNA expression of COL2A1 gene was seen, which
revealed that the impact of dynamic magnetic field mainly induced chondrogenesis of cell
pellets towards a fibrocartilage, while chondrogenesis of cells cultured in electrospun film-

derived balls with incorporation of citric acid-coated MNPs was directed to an hyaline cartilage.
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Figure 6.5 mRNA expression of chondrogenesis-related genes (SOX9, ACAN, COL 2A1,
COL1A1, and COL 10A1) in hMSCs after induced chondrogenesis for three weeks. Gelatin
ball (NMF), Gelatin ball (MF), Gelatin ball+Citric acid coated MNPs (MF), Gelatin ball+PVP
coated MNPs (MF): induced chondrogenesis for cells seeded in the gelatin balls without MNPs
without a magnetic field; without MNPs in a magnetic field; with citric acid-coated MNPs in a
magnetic field; and with PVP-coated MNPs in a magnetic field, respectively. Pellet (MF):
induced chondrogenesis for cells centrifuged into pellets in a magnetic field. MRNA expression
of all genes was normalized to the value of ACTB gene and showed as fold increase in Ct value
compared to Gelatin ball (MF). Data were presented as mean + standard error (n = 3). *, **,
*** indicated 0.01 < p < 0.05, 0.001 < p <0.01, and p < 0.001, respectively.

The role of mechanical stimulation in induced chondrogenesis was revealed by comparing
hMSCs cultured inside the balls with MNPs to those inside the balls without MNPs. A
significantly increased level of the mMRNA expression of COL 2A1 gene was found for those
cells cultured inside the balls with citric acid-coated MNPs (0.01 < p < 0.05). (Figure 6.5)
Because the incorporated amount of citric acid-coated MNPs embedded inside the electrospun
nanofibers was quite small, approximately 1.91% of a ball (Figure 6.1c), and the structure of
balls was still maintained even immersing in medium for three weeks, citric acid-coated MNPs
might neither be able to stimulate the cells by the intrinsic magnetism of the citric acid-coated

MNPs nor be up-taken inside the cells to mediate the chondrogenesis-related signaling
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pathways. Hence, the main contributor for the increased mRNA expression of COL 2A1 gene
might be due to the mechanical stimulation [48-50] and promoted mass transfer of
chondrogenic biomolecules by dynamic movement [51]. On the contrary, a significantly lower
level of the mRNA expression of COL 10A1 gene (0.01 < p < 0.05), a specific gene of the
hypertrophic chondrocytes, and a significantly higher level in the mRNA expression of SOX9
(0.001 < p < 0.01), an early chondrogenesis-related gene, in hMSCs cultured inside the balls
with PVP-coated MNPs revealed that the chondrogenic enhancement presented a much delayed
manner in balls with PVP-coated MNPs. (Figure 6.5) The non-uniform electrospun nanofibers
of electrospun film-derived balls with PVP-coated MNPs (Figure 6.1c) promoted spreading of
the cell with a stretched nucleus, while hMSCs cultured inside the balls with citric acid-coated
MNPs displayed a chondrocyte-like shape with a round nucleus (Figure S6.8), which might,

therefore, enhanced chondrogenesis of hMSCs. [52-55]
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Figure 6.6 Histology and immunofluorescence images of hMSCs after induced
chondrogenesis in the gelatin balls (i) without an magnetic field or (ii) in a magnetic field
for three weeks. (a) Hematoxylin and eosin (H&E) staining images. Blue: cell nuclei; Red:
cytoplasm; Pink: collagen and gelatin nanofibers. Scale bar: 100 um. (b) Alcian Blue staining
images. Blue: sulfated glycosaminoglycans (GAGs); Red: cell nuclei. Scale bar: 100 pm. (c)
Collagen 2A1 immunofluorescence staining images. Green: collagen 2A1; Blue: cell nuclei.
Scale bar of a lower magnification: 100 pm (i); Scale bar of a higher magnification: 50 um (ii).
(d) Aggrecan immunofluorescence staining images. Red: aggrecan; Blue: cell nuclei. Scale bar:
100 pm. Gelatin ball (NMF) and Gelatin ball (MF): cells in the gelatin balls without a magnetic
field and in a magnetic field respectively.

The H&E staining images revealed a highly porous structure of the balls and homogeneous
distribution of cells. (Figure 6.6a and Figure 6.7a) Sulfated glycosaminoglycans (GAGS), one
of the main components of cartilage, were also evident and stained as a blue color in the all
groups, however, no significant difference between them was seen. (Figure 6.6b and Figure
6.7b) Even though the electrospun films were also stained as a green color (Figure S6.7), more
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evident collagen 2A1 staining was observed in the cells after stimulation in the alternating
magnetic field than that without stimulation (Figure 6.6c), which was consistent with the
difference in the mRNA expression of COL 2A1 gene. However, no significant difference of
stained collagen 2A1 was seen between cell pellets, balls with citric acid-coated MNPs, and
balls with PVVP-coated MNPs. (Figure 6.7c) Aggrecan was stained in a red color for both cells
cultured with/without an external magnetic field, while no significant difference between them
was noticed. (Figure 6.6d) No significant difference in aggrecan protein expression was seen
between in the cell pellets and in the balls with PVVP-coated MNPs. However, more positively
stained aggrecan was shown in the balls with citric acid-coated MNPs compared to that in the
cell pellets, which was in accordance with the difference shown in the mMRNA expression of
ACAN gene. (Figure 6.5 and Figure 6.7d)

The synergistic contribution from the magnetic field, mechanical stimulation, and ECM-
mimicking scaffolds revealed that electrospun film-derived balls with citric acid-coated MNPs
held great potential for enhancing chondrogenesis of hMSCs in an alternating magnetic field

and a dynamic culture environment. (Table S2)
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Figure 6.7 Histology and immunofluorescence images of hMSCs in an external magnetic
field after induced chondrogenesis for three weeks (i) in cell pellets, or (ii) in balls with
citric acid-coated MNPs, or (iii) in balls with PVP-coated MNPs. (a) Hematoxylin and eosin
(H&E) staining images. Blue: cell nuclei; Red: cytoplasm; Pink: collagen and gelatin nanofibers.
Scale bar: 100 um. (b) Alcian Blue staining images. Blue: sulfated glycosaminoglycans
(GAGs); Red: cell nuclei. Scale bar: 100 um. (c¢) Collagen 2A1 immunofluorescence staining
images. Green: FITC-labelled collagen 2A1; Blue: DAPI-labelled cell nuclei. Scale bar of a
lower magnification: 100 pum; Scale bar of a higher magnification: 50 um. (d) Aggrecan
immunofluorescence staining images. Red: PE-labelled aggrecan; Blue: DAPI-labelled cell
nuclei. Scale bar: 100 um. Pellet (MF), Gelatin ball+Citric acid coated MNPs (MF), and Gelatin
ball+PVP coated MNPs (MF): cells were centrifuged into pellets, and seeded in the balls with

incorporation of citric acid-coated MNPs and PVP-coated MNPs in the presence of a magnetic
field, respectively.

Aggrecan

6.5.3.2 Osteogenesis of hMSCs
When the 2D cell culture with or without an alternating magnetic field was used to study the
effect of magnetic field on cell osteogenesis, no significant difference was seen in the mMRNA

expression of osteogenesis-related genes (RUNX2, SPARC, SP7, and BGLAP), which
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demonstrated that the alternating magnetic field at such a frequency and a magnetization level
did not influence the osteogenesis of hMSCs. Moreover, the cells cultured inside the balls
without MNPs expressed a similar level of osteogenesis-related genes (RUNX2, SPARC, SP7,
and BGLAP) as the cells cultured on the 2D tissue culture plates, which indicated that gelatin
and the 3D structure of the balls did not affect the osteogenesis of hMSCs. (Figure 6.8)
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Figure 6.8 mRNA expression of osteogenesis-related genes (RUNX2, SPARC, SP7, and
BGLAP) in hMSCs after induced osteogenesis for three weeks. 2D (NMF), 2D (MF): Cells
were incubated in a 48-well plate without and with a magnetic field, respectively; Gelatin ball
(MF), Gelatin ball+Citric acid coated MNPs (MF), Gelatin ball+PVP coated MNPs (MF): cells
were incubated in the gelatin balls in a magnetic field without MNPs, with citric acid-coated
MNPs, and with PVP-coated MNPs, respectively. mRNA expression of all genes was
normalized to the value of ACTB gene and showed as fold increase in Ct value compared to 2D
(MF). Data were presented as mean + standard error (n = 3). *, **, *** |ndicated 0.01 < p <
0.05, 0.001 < p < 0.01, and p < 0.001 respectively.

256



Chapter VI
However, the mRNA expression of RUNX2 gene was significantly enhanced in cells cultured
inside the balls with PVVP-coated MNPs compared to that cultured on 2D plates and inside balls
without MNPs (0.01 < p < 0.05). Similarly, significant enhancement in the mRNA expression
of SPARC gene was observed in cells cultured inside the balls with PVP-coated MNPs
compared to those cultured on 2D plates (0.01 < p < 0.05) and inside the balls without MNPs
(p < 0.001). The exclusive up-regulation of RUNX2 and SPARC genes for hMSCs cultured
inside the balls with PVP-coated MNPs might be due to the different amount of MNPs
incorporation in the balls. There was more PVP-coated MNPs inside the balls, 3.66% of a ball,
than citric acid-coated MNPs (1.91%), which resulted in a slightly stronger mechanical
stimulation from the balls with PVVP-coated MNPs. (Figure 6.1c) The expression of RUNX2
gene, a central control gene, was mainly regulated by chemical signals and the mechanical
stress. [56] Hence, although the cells in all groups were cultured in the same osteogenesis-
inductive medium, a stronger mechanical stimulation applied to the cells cultured inside the
balls with PVP-coated MNPs facilitates up-regulation of a higher level of the mRNA expression
of RUNX2 gene. [18] Moreover, SPARC gene, an osteoblast specific downstream gene, was
regulated by RUNX2 gene [56], therefore, its expression was in accordance with that of RUNX2
gene, namely exclusively promoted for the cells cultured inside the balls with PVP-coated
MNPs. (Figure 6.8) In addition, the impact of nanofiber topography on stem cell differentiation
might also account for the different expression of osteogenesis-related genes in the cell-seeded
balls with citric acid- or PVP- coated MNPs. Since non-uniform size distribution of electrospun
nanofibers with PVVP-coated MNPs facilitated spreading of the attached hMSCs (Figure S6.8iii)
[57], osteogenesis of hMSCs were accordingly enhanced [50, 58] with the synergetic impact of
osteogenesis-inductive medium, mechanical stimulation [50, 59, 60], and enhanced supply of

inductive biomolecules during dynamic movement [61].
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Figure 6.9 Histology and immunofluorescence images of hMSCs after induced
osteogenesis for three weeks in the gelatin balls (i) without MNPs, or (ii) with citric acid-
coated MNPs, or (iii) with PVP-coated MNPs, in the presence of an external magnetic
field. (a) Hematoxylin and eosin (H&E) staining images. Blue: cell nuclei; Red: cytoplasm;
Pink: collagen. (b) Alizarin Red S staining images. Orange: deposited calcium. (c) Osteocalcin
immunofluorescence staining images. Green: FITC-labelled Osteocalcin; Blue: DAPI-labelled
cell nuclei. Scale bar: 100 um. Gelatin ball (MF), Gelatin ball+Citric acid coated MNPs (MF),
Gelatin ball+PVP coated MNPs (MF): cells were incubated in the gelatin balls without MNPs,
with citric acid-coated MNPs, and with PVVP-coated MNPs in the presence of a magnetic field.
The mRNA expression of SP7 gene and BGLAP gene were significantly enhanced in the cells
cultured inside the balls with citric acid-coated MNPs and PVP-coated MNPs (0.001 < p <
0.01 for SP7 gene expression between cells inside the balls with citric acid-coated MNPs and
inside the balls without MNPs; 0.01 < p < 0.05 for other comparisons). Since function of SP7
gene, one important osteoblast-specific gene, was independent of RUNX2 gene [56], the
regulated signaling pathway of SP7 gene might be also different from that of RUNX2 gene when
hMSCs were exposed to chemical and mechanical stimulations. Hence, the significantly
enhanced mRNA expression of SP7 gene was both seen in balls with citric acid- or PVP- coated

MNPs. Furthermore, the expression of BGLAP gene, an osteoblast-specific downstream gene
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whose protein expression was the second most abundant protein in bones, was regulated by
RUNX2 and SP7 genes, therefore, its mMRNA expression was consistent with that of RUNX2 and
SP7 genes. [56] (Figure 6.8) The enhancement in osteogenesis for cells cultured inside the balls
with citric acid- or PVP- coated MNPs was also confirmed with distinct red-stained calcium
deposition and more FITC-labelled osteocalcin compared to that inside the balls without MNPs
(Figure 6.9), which was in consistence with the difference shown in the mRNA expression of
BGLAP gene (Figure 6.8).

Mechanical stimulation, scaffold surface topology, and chemical signals have been found to
play a synergistic effect on enhancing osteogenesis of hMSCs, which was the case of
electrospun film-derived balls with PVP-coated MNPs in the presence of an alternating
magnetic field. (Table S2)

6.6 Conclusion

In this study, we have demonstrated that a 3D porous electrospun film-derived ball with
incorporation of MNPs was biocompatible and could facilitate cell growth. It could be driven
upward/downward along the wall of the container by an external alternating magnetic field.
The synergetic effect of nanofiber topography, mechanical stimulation, dynamic culture, and
inductive media enhanced the chondrogenesis of hMSCs cultured inside the electrospun film-
derived balls with citric acid-coated MNPs and osteogenesis of hMSCs cultured inside the
electrospun film-derived balls with PVVP-coated MNPs. Hence, the magnetic field-responsive
scaffolds together with an in-house rotating magnet device can be a novel system for study
influence of multiple stimuli on stem cell differentiation in vitro.

SUPPLEMENTARY INFORMATION

Supplementary data please refer to “Supplementary information”.
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6.1 Materials and methods
6.1.1 Magnetic nanoparticle synthesis
Magnetic nanoparticles (MNPSs) were synthesized as described in a previous study. [1] Briefly,
iron (1I1) chloride hexahydrate (FeClze6H.O, 1.36 g, Sigma-Aldrich), sodium acetate
anhydrous (NaAc, 1.2 g, Sigma-Aldrich), ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na, 0.068g, Ajax Finechem) were dissolved in ethylene glycol (40 mL, Sigma-
Aldrich) and sonicated in an ultrasonic bath (Grant XUBAL) for 2 h. The homogenous mixture
was transferred to a 50 mL hydrothermal autoclave reactor and heated at 200 °C overnight. After
the synthesis, the precipitates were centrifuged and harvested in a 50 mL tube at 800 rcf for 15
min. The synthesized MNPs were then in turn washed with water and ethanol three times each
and dried overnight at 50 °C.
6.1.2 Surface coating
The synthesized MNPs were immersed either in poly (vinyl pyrrolidone) (PVP, 5 mg/mL,
Sigma-Aldrich) aqueous solution or in citric acid (0.05 m, Chem-supply) aqueous solution (pH
= 5.5, adjusted by addition of ammonia solution (10%)) and sonicated for 5 min. After
incubation for another 4 h, the MNPs were centrifuged at 800 rcf for 15 min. The supernatant
was discarded and the coated MNPs were dried at 50 °C overnight.
6.1.3 Particle size measurement
The MNPs, citric acid coated MNPs, and PVP coated MNPs were homogenously dissolved in
water at 0.5 mg/mL with the aid of sonication for 30 min, respectively. The particle size
distribution was measured by dynamic light scattering (DLS) with a detected angle of 90° at
25 °C using a Zetasizer Nano ZS (Malvern).
6.1.4 Fabrication of scaffolds
Briefly, 8 (w/v) % of the electrospinning solution was prepared by dissolving gelatin (0.12 g,
Sigma-Aldrich) in the co-solvent (1.5 mL, 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Sigma-

Aldrich) : H>O at a volumetric ratio of 39:1) at 40 °C for 2 h. Citric acid coated MNPs or PVP
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coated MNPs were mixed well with the electrospinning solution by sonication treatment for 1
h. The electrospinning solution was left static for a few min to precipitate the excessive MNPs,
after which an electrospinning solution with a saturated concentration of MNPs was obtained.
The electrospinning solution with/without MNPs was then drawn into a 5 mL of plastic syringe
(BD) and connected to a plastic pipeline equipped with a needle (Terumo) at a size of 23G. The
electrospinning solution was driven down by a PHD ULTRA syringe pump (Harvard apparatus)
towards a metal panel grounded to the earth. The distance between the metal panel and the
needle tip was kept at 8 cm, while the injection rate was varied from 0.75 mL/h to 1.25 mL/h.
The needle tip and the metal panel were separately connected with the positive and negative
poles of a high voltage supplier (Glassman High Voltage). The electrospinning was performed
at a high voltage supply ranging from 15 kV to 20 kV at room temperature. During the
electrospinning, a glass slide was mounted on the metal panel to collect the electrospun
nanofibers. The electrospun nanofibers were then imaged under an optical microscope to
determine the optimal electrospinning parameters.
After electrospinning, the electrospun films were kept in a fume hood overnight to remove any
remaining HFIP residue. Secondary large pores between the electrospun films were created by
rolling a dermal roller equipped with 540 micro-needles on the film. Electrospun scaffold (3
mg) and ethanol (20 uL) were added into a 1.5 mL Eppendorf tube, and the scaffolds were spun
to form a ball-like morphology. The balls were then dried at 50 °C overnight to remove ethanol
and transferred to a glass bottle. Physical crosslinking of balls was performed by heating the
dried balls at 190 °C for 2 h. Each gelatin ball was transferred back to a 1.5 mL Eppendorf tube
for further crosslinking by immersing the ball in water for 20 min and the ball was freeze-dried
in an Alpha 2-4 LD plus lyophilizer (Martin Christ) overnight. The crosslinked balls were then
washed and sterilized in ethanol and dried at 50 °C overnight. The size of the balls was

measured by a ruler and imaged to reveal the difference in the morphology among the balls
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with/without incorporation of MNPs. In addition, magnetic force-driven movement of the balls
with MNPs incorporation were examined at a dried condition or in water by an external magnet.
6.1.5 Fiber diameter and pore size measurement
20 nanofibers and 60 pores created among the neighboring nanofibers were randomly selected
from each SEM image and 5 SEM images were processed with image J to measure the nanofiber
diameter and the pore area. In addition, the secondary pores were imaged with an Axio Vert.
Al inverted microscope (Zeiss) and the averaged diameter was calculated by randomly
processing 60 pores with image J.

6.1.6 Biocompatibility of magnetic nanoparticles

Approximately 1 x 10* of hMSCs were seeded onto each well of a 96-well plate and cultured
with complete cell culture medium (200 uL, a-modified minimum essential medium (MEM,
Sigma-Aldrich) with Gibco fetal bovine serum (FBS, 10 (v/v)%, Thermo Fisher) and 1x
additive’s (ADDs) (L-glutamine (2 x 1073 u, JRH), penicillin-streptomycin (50 U/mL- 50
ug/mL, CSL), HEPES (1.5 x 1072 \, Life Technologies), sodium pyruvate (1 x 1073 w,
Sigma-Aldrich)) at 37 °C in a humidified incubator containing 5 % of CO,. After incubation
overnight, half of the medium was replaced by fresh complete medium containing MNPs, citric
acid- coated MNPs, or PVVP- coated MNPs with a final particle concentration ranging from 0 to
10 pg/mL. The cells were further cultured for an additional 24 h, and imaged with a CKX41
fluorescent microscope (Olympus). In addition, cells in the 96-well plate were further incubated
for another 4 h after gently washing with 1x Dulbecco's phosphate-buffered saline (DPBS,
Sigma-Aldrich) before adding complete culture medium (100 pL) and 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT, 10 uL, 5 mg/mL, Thermo Fisher) into each well.
The medium in each well of the 96-well plate was replaced with dimethyl sulfoxide (DMSO,
100 uL, Chem-Supply) to dissolve the formed purple crystals within cells. The absorbance of

the solution in the 96-well plate was then read by an iMarkTM microplate reader (BIO-RAD)
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at a wavelength of 595 nm. The absorbance values were normalized to that without the addition
of MNPs and presented as the cell viability.

6.2 Results and discussion

6.2.1 Characterization of magnetic nanoparticles

To confirm successful synthesis of magnetic nanoparticles (MNPs), X-ray diffraction (XRD)
was performed. From the XRD data, it was observed that the peaks occurred at 26 = 30.06 °,
35.52°,43.06 °,53.8°,57.06 °, 62.76 °, and 74.18 ° (Figure S6.2a), consistent with the standard
XRD pattern of Fe;0, in JCPDS card N0.19-629 [1]. To keep the magnetic nanoparticles stable
in the organic solvent, citric acid [2] and poly (vinyl pyrrolidone) (PVP) [3] are two common
surfactants for coating MNPs prior to electrospinning. However, the mechanism of stabilization
of MNPs by citric acid was different from that by PVP. Citric acid facilitates stabilization of
citric acid-coated MNPs in both polar and non-polar solvents due to free carboxylate groups
(COO"). The MNPs with free carboxylate groups has a negative charge, which induces
sufficient electrostatic repulsion among citric acid-coated MNPs to overcome the attraction
generated by the intrinsic magnetism of MNPs. [2] In contrast, the amphiphilicity of PVVP helps
stabilizing the PVVP-coated MNPs distributed in both polar and non-polar solvents instead of
electrostatic repulsion due to a neutral property of PVP. [4] Dynamic light scattering was then
used as an indirect method to confirm coating of citric acid or PVP on the surface of MNPs. An
increase in the average particle size of citric acid-coated MNPs (140.8 nm) and PVP-coated
MNPs (237.7 nm) compared to that without coating (119.7nm) confirmed successful coating of
citric acid or PVP onto the MNPs (Figure S6.2b). Moreover, the narrowest particle distribution
of the citric acid-coated MNPs indicated that the citric acid-coated MNPs had the most uniform
size and was very stable in water. However, the widest particle size distribution of PVP-coated
MNPs may be ascribed to different length of polymer chains of PVP, due to various degrees of
polymerization in producing PVP. Since the polymer chains of PVP on the surface of MNPs

may interact with each other to induce aggregation of MNPs at a high concentration, a peak
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corresponding to a large particle size was observed for PVP-coated MNPs. (Figure S6.2b) The
aggregation of PVP-coated MNPs was less severe than that of MNPs without any coating.
(Figure S6.2b)

6.2.2 Endocytosis and cell viability

After incubation with MNPs at different concentrations for 24 h, hMSCs exhibited a normal
fibroblast-like morphology, similar to those cultured in the complete medium without MNPs.
However, red particles were seen within the cells cultured with MNPs, citric acid-coated MNPs,
and PVP-coated MNPs at a concentration of 10 ug/mL, indicating that MNPs were uptaken by
hMSCs through the endocytosis [5-7] with the endocytosed FesO4 nanoparticles oxidized into
Fe203 [8]. (Figure S6.3a) Moreover, the MTT results indicated excellent biocompatibility of
MNPs at various concentration for h(MSCs. (Figure S6.3b)

6.2.3 Optimization of electrospinning parameters

The process for preparing electrospun films and film-derived balls with/without MNPs
incorporation was shown in Figure S6.1. Since MNPs might become unstable and precipitate
at a high voltage, the electrospinning operation was executed in a short time. No significant
difference was observed when electrospinning the gelatin/citric acid-coated MNPs hybrid with
an injection rate increasing from 0.75 mL/h to 1.25 mL/h at a fixed voltage supply of 15 kV
and a fixed collective distance of 8 cm (Figure S6.4a-c). A precipitation was clearly seen in
Figure S6.4 d and e when increasing the applied voltage from 15 kV up to 20 kV and keeping
the injection rate at 1 mL/h and the collective distance at 8 cm. As the voltage supply increased,
the MNPs became unstable due to relatively high electrostatic interactions. (Figure S6.4)
Hence, to rapidly electrospin continuous nanofibers without beads and avoid precipitation of
citric acid or PVP-coated MNPs, an injection rate of 1.25 mL/h and a high voltage of 15 kV
were determined as the optimal parameters and applied for all electrospinning processes.

6.2.4 Characterization of electrospun nanofibers with/without MNPs
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The SEM images at a lower magnification revealed the successful electrospinning of nanofiber
in the absence of beads. (Figure S6.5i) At a higher magnification, the surface of the nanofibers
without MNPs was smooth, while citric acid-coated MNPs or PVP-coated MNPs were clearly
seen within the nanofibers. (Figure S6.5ii)
When the needle outer surface was connected to the positive pole of a high voltage supply, the
gelatin polymer in the solution within the needle was repelled into the center due to its positive
charge, while the citric acid-coated MNPs with an overall negative surface charge were
distributed adjacent to the needle surface because of the electrostatic attraction. [9] Meanwhile,
negatively charged citric acid-coated MNPs can interact with positively charged gelatin
polymer, allowing them to be successfully embedded inside the electrospun nanofibers with a
slight increase in the electrospun nanofiber diameter. (Figure S6.5b and Figure S6.5d) On the
contrary, overall charge of PVP-coated MNPs was positive since PVP was neutral. Hence, PVP-
coated MNPs were pushed into the center due to electrostatic repulsion induced by the positive
pole of the high voltage supply and the positively charged gelatin macromolecules. However,
PVP-coated MNPs moved further into the center than gelatin polymers due to their small
molecular weight compared to gelatin macromolecules. This made the PVP-coated MNPs more
easily aggregate and initiate precipitation, which may block the nozzle and narrow the inner
diameter of the electrospinning needle, accordingly leading to a decrease in the diameter of the
electrospun nanofibers. When PVP-coated MNPs aggregates were accumulated to a high level
near the nozzle, the PVP coated-MNPs were sprayed onto the electrospun films, and a normal
electrospinning resumed. Since this process was continuously repeated during electrospinning
the gelatin and PVP-coated MNPs hybrid, the diameter of the electrospun nanofibers in the
electrospun films with PVP-coated MNPs had a wide distribution. (Figure S6.5¢ and Figure
$6.5d)
Although majority of the pores created among neighboring electrospun nanofibers inside the

electrospun films with/without MNPs were less than 5 um? (Figure S6.5e), with the aid of a
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dermal roller equipped with 540 micro-needles, the secondary pores generated among the
electrospun films were approximately 65.5 um in diameter (Figure S6.4f), which allowed better
cell penetration and migration inside the electrospun films-derived balls.
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Figure S6.1 Fabrication of electrospun gelatin films-derived balls for embedding cells. (a)
Electrospinning a gelatin solution with/without MNPs to produce electrospun films. (b) Rolling
the electrospun films into a ball-like morphology. (c) Physical crosslinking electrospun film-
derived balls. (d) Enhancing the crosslinking of electrospun film-derived balls. (e) Sterilizing
the balls before seeding cells. (f) Seeding cells into the balls and incubating them in the cell
culture media.
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Figure S6.3 (a) Optical images of hMSCs cultured in the complete medium after 24 h (i)
without MNPs, or with 10 pg/mL (ii) MNPs, (iii) citric acid-coated MNPs, and (iv) PVVP-coated
MNPs. Scale bar: 100 pm. (b) Cell viability of hMSCs cultured with MNPs at various
concentrations. Cells cultured in the complete medium without MNPs were used as the control.
All data were normalized to the absorbance value of the control and presented as mean *
standard error, n = 3.
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Figure S6.4 Optical microscopy images of electrospun films generated by electrospinning
gelatin and citric acid coated MNPs hybrid at varying voltage ((a-c) 15 kV; (d) 17.5 kV; (e) 20
kV) and injection rate ((a) 0.75 mL/h; (b,d-e) 1 mL/h; (c) 1.25 mL/h). The electrospinning was
performed with 23G needle and 8 cm of collective distance at room temperature. (f) Generation
of the secondary pores by rolling a dermal roller equipped with 540 microneedles on the
electrospun films. The average diameter of the secondary pores was around 65.5 um, which
was calculated by random measurement of 60 pores with image J. Scale bar: 100 pm.
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Figure S6.5 SEM images of electrospun films fabricated (a) without magnetic nanoparticles
(MNPs) incorporation, (b) with incorporation of citric acid-coated MNPs, (c) with
incorporation of PVVP-coated MNPs at 15kV voltage, 1.25 mL/h injection rate with (i) a lower
magnification (scale bar: 5 um) and (ii) a higher magnification (scale bar: 1 pm). Red arrows
point to the MNPs. (d) Size distribution of nanofibers and (e) pore size distribution of the
electrospun gelatin films with or without MNPs.

(311)

= ~N— =

S 9 ~N =

A I =
A

: (620)

——Gelatin film+Citric acid coated MNPs
——Gelatin film+PVP coated MNPs
Gelatin film

Intensity (arb. units)

10 20 30 40 50 60 70 80
2 theta (°)

Figure S6.6 XRD pattern of electrospun gelatin films without MNPs incorporation, electrospun
gelatin films with the incorporation of citric acid coated MNPs, and electrospun gelatin films
with the incorporation of PVP coated MNPs.
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Figure S6.7 Collagen 2A1 immunofluorescence staining images of cross-sectioned electrospun
films without cells at the lower magnification and the higher magnification (the up-right inset).
The porous structure could be seen across the electrospun scaffolds. Green: FITC-labelled

collagen 2A1. Scale bar: 100 pm.
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Figure S6.8 Nuclei morphology of cells induced (a) chondrogenesis or (b) osteogenesis inside
the electrospun film-derived balls (i) without MNPs, or (ii) with citric acid-coated MNPs, or
(i) with PVVP coated MNPs. Blue: DAPI-stained cell nuclei. Scale bar: 20 um
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Table S6.1 Specific primers for Real-Time PCR.

Genes Primer sequence (5'—>3")

Forward: GATCATTGCTCCTCCTGAGC
Reverse: GTCATAGTCCGCCTAGAAGCAT

ACTB

SOX9 Forward: AGGTGCTCAAAGGCTACGAC
Reverse: GCTTCTCGCTCTCGTTCAGA

ACAN Forward: CTGCTTCCGAGGCATTTC
Reverse: GCTCGGTGGTGAACTCTAGC

coL 2A1 Forward: ATCACAGGCTTCCATTGACC
Reverse: CTCCACAGCATCGATGTCAC

Forward: AATGCCCACAGGCATAAAAG
Reverse: AGGACTTCCGTAGCCTGGTT

RUNX?2 Forward: GTGGACGAGGCAAGAGTTTCA
Reverse: CATCAAGCTTCTGTCTGTGCC

BGLAP  Forward: ATGAGAGCCCTCACACTCCTCG
Reverse: GTCAGCCAACTCGTCACAGTCC

SP7 Forward: CTGCGGGACTCAACAACTCT
Reverse: GAGCCATAGGGGTGTGTCAT

SPARC Forward: ATGTGCATCAGTCGCAAGAA
Reverse: AAGTCTCTGGTTTGCCATCG

COL 10A1
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Table S6.2 Synergetic effect of physical and biochemical stimuli on the cell differentiation of mesenchymal stromal/stem cells cultured in different

systems.

System type Induction type  Inductive Fiber Materials Magnetic Mechanical Dynamic
biomolecules topography field stimulation  culture

Chondrogenesis ~ +! + + + N/A? N/A

Electrospun film-derived ball _
Osteogenesis + N/A N/A N/A N/A N/A
Chondrogenesis  + + + + + +

Electrospun film-derived ball with

citric acid-coated MNPs Osteogenesis ~ + N/A N/A N/A + +
Chondrogenesis  + 3 + + + +

Electrospun film-derived ball with

PVP-coated MNPs Osteogenesis + + N/A N/A + +

Cell pellet Chondrogenesis  + N/A N/A + N/A N/A

2D tissue culture plate Osteogenesis + N/A N/A N/A N/A N/A

! Positive influence
2 Not applicable or no influence
3 Negative influence
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7.1 Conclusions
The distinct physiological structure of cartilage and bone makes it challenging to achieve
promising osteochondral regeneration with current single therapeutic strategies for treatment of
OA. Smart materials as ECM-mimicking scaffolds/hydrogels that can actively regulate the fate
of stem cells according to external stimuli in addition to conventional structural support have
inspired researchers to explore their potential application in stem cell therapy for OA treatment.
In this thesis, two smart materials, a thermo-responsive hydrogel and a magnetic field-
responsive scaffold, were fabricated either as an in-vitro platform for stem cell differentiation
or as a vehicle for in-vivo delivery of stem cells for cartilage and bone tissue regeneration.
In contrast to conventional methods of fabrication of cell aggregates, uniform-sized cell
aggregates without a necrotic centre were generated by 3D hydrogel-mediated cell aggregation
inside the thermo-responsive p(NIPAAmM-AA) hydrogel. As an in-vitro platform for stem cell
differentiation (Chapter 3), MSCs cultured in the hydrogel were induced to form cell aggregates
in situ with enhanced multi-lineage differentiation avoiding extra procedures for harvest and
embedment of cell aggregates into new supporting systems.
Although a variety of thermo-responsive hydrogels were fabricated and studied, very few of
such soft hydrogels are reported to apply in cartilage and bone tissue engineering due to their
soft mechanical strength. In our study (Chapter 4), by contrast, a thermo-responsive ultra-soft
p(NIPAAmM-AA) hydrogel was used as a delivery vehicle for injection of cell aggregates into
an osteochondral defect site. In addition to synergy of enhanced paracrine effects and cell
differentiation, such soft hydrogels benefited to osteochondral regeneration by facilitating
penetration of endogenous stem/progenitor cells into the hydrogels and remodeling of ECMs.
Cell migration inside the thermo-responsive 3D hydrogel was evidenced over an extended
period, revealing its involvement in cell aggregation. The resultant MSC-derived chondrocytes
were harvested and used as building blocks for fabrication of a neo-cartilage patch in vitro by

mechanical forcing- and spatial confinement- mediated cell fusion. Integration of such an in-
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vitro engineered living neo-cartilage patch into the irregular defects by cell fusion may be a
novel strategy for superficial cartilage regeneration in vivo. (Chapter 5)
By coupling magnetic field-responsive scaffolds with an alternating magnetic field (Chapter 6),
a series of external stimuli can be introduced to stem cells, therefore, whose fate was able to be
regulated. With such an in-vitro smart platform, influence of various factors on differentiation
of stem cells can be systematically studied. Moreover, enhanced chondrogenesis and
osteogenesis of MSCs in a magnetic field-responsive scaffold upon exposure of an alternating
magnetic field might also hold potential promise in in-vivo cartilage and bone regeneration.
7.2 Future directions
Despite of promising osteochondral regeneration in vivo (Chapter 4), non-biodegradability of
p(NIPAAmM-AA) might be a potential issue. It was notable that there was no visible p(NIPAAm-
AA) hydrogel remaining in the regenerated cartilage and bone. Therefore, a further study
systematically tracking distribution of injected p(NIPAAmM-AA) in vivo might be necessary
before clinical trials. In addition, the in-vivo expression of chondrogenesis-related and
osteogenesis-related genes might also need to be evaluated in the further study.
Even though theoretical integration of an in-vitro engineering neo-cartilage patch into
superficial defects of cartilage by mechanical forcing-mediated cell fusion might be applicable,
the complex in-vivo environment still makes it challenging. (Chapter 5) Therefore, when
considering in-vivo application for cartilage regeneration, a series of potential issues need to be
addressed. For example, retention of such a neo-cartilage patch in situ might require the
assistance of a medical glue [1, 2] or suture [3].
As Chapter 2 indicates, in addition to the potential application of a magnetic field in targeting
delivery, regulation of stem cell fate by a magnetic field was also previously reported. However,
a systematic study of influences of the magnetic field on fate of stem cells using a consistent
system is still necessary. When considering the synergy of other factors, requirements of such

a system become demanding. Since the magnet and its distance to cells and the rotating
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frequency are all controllable in our platform (Chapter 6), the influence of the magnetic field
including intensity and frequency on chondrogenesis and osteogenesis of MSCs can be further
studied in vitro using the magnetic field-responsive scaffolds and the in-house rotating magnet
device. It is known that pre-conditioned MSCs are capable of achieving a higher cell survival
rate and enhance biological functions after implanting in vivo. [4] Hence, with synergy of a
series of external stimuli, the pre-chondrogenesis induced MSCs may advance in restoration of
an osteochondral defect by cartilage regeneration and endochondral ossification. [5, 6]
However, an in-vitro study on pro-inflammation and degradation of magnetic field-responsive
scaffolds should be performed prior to implantation of chondrogenesis-induced MSCs and
magnetic field-responsive scaffolds in vivo.
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17.1 Introduction

Many serious diseases, such as Parkinson’s disease (PD), acute myocardial
infarction (MI), and acute low back pain (LBP), are caused by either tissue/
organ degeneration or accident damage and they interrupt the normal daily
activities of patients.'™ Stem cell therapy, as a potential treatment for these dis-
eases, is currently being intensively explored by many researchers." Stem cells,
such as embryonic stem cells (ESCs) or adult stem cells, together with biocom-
patible support materials are injected into the defect or damaged site, allowing
stem cells to proliferate and then differentiate into target cells in situ. In the last
decades, more and more researchers have focused on the applicability of the
implanted materials for stem cell cultivation.’ Scaffolds or hydrogels generated
from various materials are modified to mimic the properties of the extracellular
matrix (ECM),® which is an essential component of the surrounding environ-
ment of cells to provide mechanical supports for stem cells and facilitate signal
communications between cells or cells-ECM. However, most of the reported
materials provide passive supports for the stem cells,” while only a few have
functions of active regulation in the proper differentiation of stem cells.®
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Smart materials, just like traditional normal biomaterials, can provide
ECM-like topography for stem cells. More importantly, smart materials
can be physically or chemically modified by actively responding to external
stimuli, such as temperature, electricity, pH, shear stress, light and ions.»'’
Smart materials with finely tuned properties can be utilised to accurately and
directly regulate differentiation of the encapsulated stem cells (Figure 17.1)
because stem cell differentiation, to a great extent, depends on the mechani-
cal/chemical properties of the surrounding microenvironment.'**

Smart materials are divided into groups according to external stimuli, such
as thermosensitive (temperature), thixotropic (shear stress), conductive/elec-
troactive (electricity), photo-responsive (light), pH-responsive (pH) and oth-
ers. They are widely reported to be used as injectable materials in the liquid
form of hydrogels containing stem cells, which can turn into the gel form and
encapsulate stem cells inside the hydrogels in response to temperature, light,
shear stress, or pH after injection.”" These hydrogels further recruit inter-
nal chemical growth factors or signal factors, or receive physical simulations
in situ® so that the encapsulated stem cells are differentiated into cell types in
the damaged site for effective repair and regeneration." Stem cell differentiation

*Neurogenesis
- *Adipogenesis
. *Chondrogenesis
. *Osteogenesis

*Chondrogenesis
. *Osteogenesis

Biochemistry
(RGD, lons,
biomolecules,
enzyme)

*Myogenesis

*Cardiogenesis

*Vasculogenesis

. *Neurogenesis

‘ *Chondrogenesis
*Osteogenesis

*Cardiogenesis
*Neurogenesis
*Osteogenesis

Figure 17.1 Differentiation of stem cells in response to external stimuli. Chemical
stimuli, such as RGDs, ionic strength, growth factors and enzymes,
facilitate directing the differentiation of stem cells into a wide range
of cell types,'* while neurogenesis, cardiogenesis and osteogenesis are
enhanced through electrical stimulus® and mechanical stimulus of
the supported materials.'® Moreover, shear stress is often utilised to
induce bone and cartilage formation."’
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can also be regulated by either the property changes or inherent stiffness and
topography of the smart materials.”® Conductive/electroactive materials that
have bulk property changes in response to electrical stimuli have been widely
applied in osteogenesis and neural differentiation for bone and neural regen-
eration, respectively.'®'” Light-responsive and pH-responsive hydrogels allow
control of the concentration and distribution of incorporated biomolecules
in the gel, which play a role in guiding the differentiation of stem cells."* Each
type of smart material can even respond to more than one single stimulus'
and a combination of two or more smart materials is used to achieve spatial
and temporal control over stem cell differentiation."

There have been excellent reviews on smart materials. A few reviews
address the application of smart materials in drug/gene delivery for cancer
treatment'**'?? and some of them focus on the modelling of physical cues
and elucidation of the mechanisms that influence cell behaviours,'>* such
as cell attachment, spreading and proliferation. However, very few of them
cover the details in the differentiation of stem cells."®* Among a very few
of them, piezoelectric materials are comprehensively reviewed in regulating
stem cell fate.”” Therefore, the present review focuses mainly on the applica-
tion of smart materials, including scaffolds and hydrogels, in guiding stem
cell differentiation in response to external stimuli, such as temperature, elec-
tricity, pH, shear stress, light and ions.

17.2 Thermosensitive Materials

Thermosensitive materials, usually in the form of hydrogels for applications
in tissue engineering and regenerative medicines, not only have a hydrophilic
property but also allow a sol-gel transition by a simple increase or decrease
of the surrounding temperature (Figure 17.2). The gelation can be initiated

(@) _ Cell

(@] /
@ : @ Temp., light,
pH, Stress
Gl ——
@ @ N
(@]

@

Hydrogel
o ])

Thermosensitive/ photo-activable/
pH-sensitive/ thixotropic hydrogel

Figure 17.2 Schematic of encapsulation of stem cells in thermosensitive, photo-
active, pH-sensitive or thixotropic hydrogels due to external stimuli.
The incorporated biomolecules or the conjugated RGDs interact with
the integrin of the encapsulated stem cells and direct differentiation
of stem cells into defined cells." Adapted from ref. 25 with permission
from the Royal Society of Chemistry.
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above the lower critical solution temperature (LCST) or below the upper crit-
ical solution temperature (UCST). LCST thermosensitive hydrogels, such
as polyethylene glycol (PEG)-based copolymers, polyethylene oxide-poly-
propylene oxide-polyethylene triblock copolymers (PEO-PPO-PEO)* and
poly(N-isopropylacrylamide) (PNIPAAm),”?® are more popularly utilised
since the LCST is close to body temperature (Table 17.1). In addition, the
inherent properties of LCST thermosensitive hydrogels, including stiffness,
biocompatibility and gelation temperature, can be adjusted by copolymer-
izing with other biocompatible components. Conjugation of RGD peptides/
proteins with the hydrogels facilitates cell binding to the receptors of cells for
better adhesion or guided differentiation.”’

17.2.1 Facilitating Cell Differentiation by in vivo Gelation

Because of the adjustability of the gelation temperature for thermosensitive
materials, LCST thermosensitive hydrogels are often employed as injectable
carriers for stem cells, which can not only supply in situ gel formation to
localize stem cells in the damaged/degenerative site, but also provide assis-
tive functions for guiding stem cell differentiation. After implantation, the
hydrogels turn into a three-dimensional (3D) gel-like network structure to
retain the encapsulated stem cells, avoiding stem cell migration into other
sites or circulation in the blood vessels. Physiological stimuli produced by
the host are received by cells through the thermosensitive hydrogels, and
these localized stimuli can guide differentiation of stem cells into specific
lineage cells in the injection site. For instance, Gao et al. directly injected rat
adipose-derived mesenchymal stem cells (ASCs), which were encapsulated in
a chitosan-based thermosensitive hydrogel (chitosan chloride and p-glycero-
phosphate (B-GP)), into the ischemia-induced acute kidney injury site.*® Four
weeks after the transplantation, pre-labelled rat ASCs were found to hold a
positive epithelial cell marker (Anti-pan-CK antibody) and vascular endothe-
lial cell marker (anti-CD31 antibody), which indicated that the encapsulated
stem cells were induced for differentiation into renal epithelial cells and vas-
cular endothelial cells. Through analysing the concentration level of creati-
nine and blood urea nitrogen (BUN), it was shown that the concentration of
both components continuously decreased from a significant value to a rel-
atively normal level during the implantation period, which meant that the
function of the injured kidneys was repaired and improved by the thermo-
sensitive hydrogel-ASCs hybrid. Another in vivo study of the impact of ther-
mosensitive hydrogels upon the differentiation of stem cells was reported by
Li et al., who injected Dil-labelled brown ASCs and a single-wall carbon nano-
tube-modified poly(N-isopropylacrylamide) (PNIPAAm) mixture into myocar-
dial infarction (MI) lesion sites.”® The improvement in the left ventricular
shortening fraction (LVSF) and the left ventricular ejection fraction (LVEF)
was observed by echocardiography in four weeks. In addition, the MI area
and the thickness of the ventricular wall at the MI lesion site was significantly
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decreased and prominently increased, respectively. The immunofluorescent
images of the cardiac section also indicated that the implanted ASCs differ-
entiated towards cardiac lineage cells with expression of cardiac proteins,
such as ¢TnT and a-SA.

17.2.2 Determining Cell Differentiation by Gel Modification

Thermosensitive hydrogels can also induce differentiation of stem cells
through changes of their hydrogel properties.® It was reported that over 76%
of bone-marrow-derived MSCs cultured in the stiffer thermosensitive hydro-
gel (NTIPAAm/AAc/NAS/HEMA-PTMC) at a Young's modulus of 45 kPa and 65
kPa for fourteen days were detected to proceed with cardiac differentiation
by expressing specific genes and proteins (¢TnI and MEF2C).** Moreover,
incorporation of biomolecules inside the thermosensitive hydrogel and con-
jugation of proteins/peptides with the thermosensitive polymers are both
effective methods to regulate the fate of stem cells (Figure 17.2). 1-Alanine
was copolymerized with ethylene glycol to form a thermosensitive polymer
poly(ethylene glycol)-block-poly(i-alanine) (PEG-L-PA) by Yeon et al.*' The
ASCs encapsulated in the thermosensitive hydrogel expressed a high level of
collagen II in vitro and generated sulfated glycosaminoglycan in vivo, which
indicated chondrogenic differentiation of ASCs within the hydrogels. Chun
et al. also conjugated the GRGDS peptide, a cell-binding ligand, into poly(or-
ganophosphazene) and investigated expression of genes and proteins for
rabbit MSCs encapsulated in the poly(organophosphazene)-RGD hydrogel.*
Four weeks after transplantation of the MSCs-hydrogel hybrid in mice, it was
observed that osteocalcin (OCN) and collagen I were significantly expressed
in addition to calcium deposition. This illustrated that the thermosensitive
hydrogel poly(organophosphazene)-RGD can be utilised to direct osteogen-
esis of stem cells. Apart from peptide/protein conjugation, bioactive mole-
cules can also be incorporated into the hydrogel and regulate differentiation
of the encapsulated stem cells. By co-encapsulating TGF-f3 and human-
bone-marrow-derived MSCs (hBMSCs) into the thermosensitive hydrogel, the
hBMSCs were directed to osteogenesis with the evidence of collagen IT and
glycosaminoglycan (GAG) expression.*® In addition, it was reported that the
encapsulated bFGF inside the thermosensitive hydrogel, NIPAAm/AAc/NAS/
HEMA-PTMC, improved survival of MSCs and their differentiation towards
cardiomyocyte-like cells, which could be potentially applied in the treatment
of myocardial infarction.* Researchers also attempted to incorporate other
small components inside the thermosensitive hydrogels to achieve fate reg-
ulation of stem cells. For instance, nanohydroxyapatite (nHAp) was shown
not only to enhance the properties of the thermosensitive hydrogel, such as
swelling and protein adsorption, but also to promote expression of osteo-
genic genes and proteins, such as Runx2, ALP, COL-I and OCN, as well as cal-
cium deposition for the encapsulated mouse MSCs inside the chitosan-based
hydrogel.*
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484 Chapter 17

17.3 Electroactive/Conductive Materials

Electroactive materials are conductive and they change their bulk properties
in response to different frequencies of applied electricity. Electrochemistry
and inverse piezoelectricity are the two main contributing factors for bulk
change when applying alternating electricity. Electrochemistry utilises the
ionic exchange between the electroactive materials and the electrolytes to
achieve swelling and contraction,*® while inverse piezoelectricity induces
deformation due to the inherent inverse piezoelectric property of the elec-
troactive materials in an applied electrical field.*® Hence, electroactive mate-
rials can be divided into two categories: (a) electrochemical materials, such
as polypyrrole (PPy) and PPy-coated films/scaffolds, polyaniline (PANI) and
PANI-coated films/scaffolds, poly(3,4-ethylenedioxythiophene) (PEDOT)
and PEDOT-coated films/scaffolds, and (b) piezoelectric materials, such
as polyvinylidene fluoride (PVDF), PVDF-co-polymers, and collagen (Table
17.2). Moreover, piezoelectric materials can also generate electricity due to
mechanical deformation, which is called piezoelectricity.

17.3.1 Electrochemical Materials

Firstly, the effect of electroactive materials on differentiation of stem cells
can be merely based on the inherent conductivity and stiffness. It was
reported that polylactide with chondroitin sulfate-doped PPy (PLA-PPy)
slightly improved expression of alkaline phosphatase (ALP), an osteogenic
marker, while this enhancement was considered as a typical impact of 3D
scaffolds on the hASCs supplied with the standard cell culture medium.”’
The effect of electrical stimulation on the early osteogenic differentiation of
hASCs was not observed, however, electrical stimulation-induced differenti-
ation into fibroblastic and vasculogenic cells was detected in another study
by Tandon et al. in the standard cell culture medium.*® Furthermore, when
supplying hASCs with the osteogenic medium in a two-dimensional (2D) sys-
tem, mineralization and expression of osteogenic genes and proteins were
observed.?? Compared to direct chemical stimulation, electrical stimulation
showed less influence on the early osteogenesis of hASCs, because electri-
cal stimulation helps in improving osteogenic induction of the osteogenic
medium on hASCs but not osteogenic initiation. In addition, the source of
stem cells may also play a role in the tendency of cell differentiation, which
could explain why hASCs showed fibroblastic and vasculogenic behaviour
rather than osteogenesis in response to electrical stimulation in the standard
cell culture medium.

Secondly, when appropriately combining electrical and chemical stimu-
lation, differentiation of stem cells can be well controlled (Figure 17.3(A)).
Electrical stimulation in the osteogenic or neurobasal medium induced
osteogenesis'”"® or neural differentiation,'’ respectively. Even without the
neurobasal medium, hMSCs were found to differentiate into neuron-like
cells on a HCl-doped PANI film charged with a cycled electrical field."” Stewart
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Figure 17.3 Schematic of electroactive materials regulating the fate of stem cells.
Swelling and contraction of the electroactive scaffolds due to external
electricity are shown in (A). When an altered electrical field is applied
to the electroactive scaffolds, the scaffolds contract and swell due to
the ion exchange between the scaffold and the electrolyte®® or the
inverse piczoclectricity.?® Hence, the attached stem cells are stimu-
lated by mechanical stress to induce specific cell differentiation. The
electricity produced by piezoelectric materials is shown in (B). When
the scaffolds are stressed or attached stem cells contract, the piezo-
electric materials produce electricity on the surface, which is in turn
utilised as an electrical stimulus to differentiate the stem cells, such
as neurogenesis or osteogenesis.”® Adapted with permission from
Journal of Biomedical Materials Research A, 136, Ribeiro, C., Sencadas,
V., Correia, D. M., Lanceros-Mendez, S. Piezoelectric polymers as bio-
materials for tissue engineering applications, 46-55, copyright (2015)
with permission from Elsevier.

et al. reported that human neural stem cells (hNSCs) were predominantly
differentiated into neurons, while fewer glial cells were detected, seven days
after they were cultured on a dodecylbenzenesulfonate-doped polypyrrole
(PPy-DBS) film in the neurobasal medium and exposed to an alternating elec-
trical field." In addition, accelerated osteogenesis was also reported when
rat bone marrow stromal cells (rBMSCs) were cultured on the PPy film in the
osteogenic medium in a direct current field."

17.3.2 Piezoelectric Materials

Piezoelectric materials can be utilised to direct differentiation of stem cells
by piezoelectricity or inverse piezoelectricity (Figure 17.3(B)). Piezoelectric-
ity was applied to direct hASCs towards osteogenic differentiation.” The
hASCs dynamically cultured on the B-poly(vinylidene fluoride) (3-PVDF) film
coating with fibronectin in a standard cell culture medium expressed much
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Figure 17.4 Immunofluorescent staining of hNPCs cultured on piezoelectric
micro- and nano-sized PVDF-IYFE as-spun (without annealing),
annealed (enhanced piezoelectricity), random and aligned scaffolds
in control and induced medium at day nine.'® Green: nestin; red:
-1 tubulin; blue: GFAP and DAPI. (Scale bar = 50 pm). Reproduced
with permission from Lee Y. S., et al., Tissue Eng Part A, 18, 2063, 2012.
Copyright 2012: Mary Ann Liebert, Inc.

higher ALP than those statically cultured. Furthermore, Lee et al. success-
fully directed human neural progenitors (hNPCs) into mature neural cells
on a piezoelectric scaffold, which was generated by electrospinning poly-
(vinylidene fluoride trifluoroethylene) (PVDF-TYFE, 65/35), even without a
cell differentiation medium. PVDFTYFE produced electricity, due to a cell-
induced minute bulk change, and enhanced expression of the neuronal cell
marker (B-I1I tubulin) (Figure 17.4).'° In addition, alonger neurite was observed
on the enhanced piezoelectric, micro-, and aligned PVDF-TYFE scaffolds.

17.4 Photo-Responsive Materials

Photo-responsive materials respond to certain wavelengths of light and
change their properties, for instance, photo-polymerization induced by pho-
to-initiators and gelation of acrylated monomers or biopolymers, such as
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acrylamide, acrylic acid, hydroxyethyl acrylate, NIPAAm, and PEG-monoac-
rylate.”® In addition, photo-responsive materials may be activated to release
electrons to induce electricity,'® or activate reactive oxygen species (ROS)
inside the cells.*® Moreover, photo-responsive polymers can perform photol-
ysis?® or reversible isomerization'® in response to a certain wavelength of
light.

According to the reversibility of the responsive behaviour, photo-respon-
sive materials can be divided into two categories: (a) photo-activatable/
photo-cleavable materials, such as TiO,, 5-aminolevulinic acid (5-ALA),
polymers containing o-nitrobenzyl (0NB) moieties, 2-(2-nitrophenyl) propyl
2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethoxycarbamate ~ (N3-TEG-ONH-NP-
POC), 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl (DMNPB), and (b) reversible
isomers, such as azobenzene groups or spiropyran groups containing poly-
mers (Table 17.3).

17.4.1 Photo-Activatable Materials

When exposed to a certain wavelength of light, photo-initiated polymeuza-
tion and gelation of a hydrogel (Figure 17.2) can provide mechariical support
for the encapsulated stem cells to form a 3D in-vivo-ECM-mimicking environ-
ment, where the inherent stiffness of the hydrogel and the incorporated bio-
molecules can play a synergistic role in the differentiation of stem cells. Shell
et al. successfully initiated the gelation of bis(acrylamide) and PEG-diacrylate
with a vitamin B12 derivative, alkyl-cob(IIT)alamins Cy5-labeled ethyl-Cbl at
a wavelength of 660 nm."? Due to the biocompatibility and biodegradability
of PEG and the vitamin B12 derivative, stem cells were mixed with the pho-
to-responsive materials and the PEG-diacrylate monomers, and the hybrids
were implanted into the damaged cartilage. In situ gel formation was initi-
ated under irradiation at 660 nm, which falls within the “optical window of
tissue” (600-900 nm), a range of light wavelengths that allow maximal tissue
penetration.” After gelation, stem cells were retained inside the hydrogel
and further differentiated into chondrocytes for regeneration of the dam-
aged cartilage by responding to the internal stimuli generated by the host.

Apart from polymerlzatlon and gelation for in situ regulation of stem cells,
photo-responsive materials can also generate ROS under irradiation.*® A
high level of ROS is toxic to cells, but ROS at a certain dosage range can reg-
ulate intracellular signalling, and therefore, change the final cell lineage of
stem cells." Kushibiki et al. exposed the photo-responsive material, 5-ami-
nolevulinic acid (5-ALA), to weak illumination to generate a low level of ROS
inside primary rat MSCs."® The generated ROS promoted osteogenesis of
MSCs by regulating the activator protein-1 (AP-1)-mediated signalling path-
way. In addition, the excited photo-responsive materials generate electric-
ity on the conductive substrate by accumulating released electrons (Figure
17.5(A)) and the minute electricity stimulated hNSCs to differentiate into
mature neurons rather than glial cells.'®
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17.4.2 Photo-Cleavable Materials

Some photo-responsive materials provide specific binding sites for stem
cells by conjugating the materials with RGD peptides/proteins or a cage to
prevent such specific binding (Figure 17.5(C) and (D)). When irradiated at
a certain wavelength, the covalent bonds between the photo-responsive
materials and the RGD peptides/proteins are broken by photolysis. The
released RGD peptides/proteins either are detached from the main structure
of the polymer backbone or become available for cell binding after open-
ing the caged components. Both approaches can be employed to control the
duration and intensity of binding by adjusting the concentration of RGD
binding ligands in the hydrogels. Based on this concept, Weis et al. caged
cyclo[RGDfk]-tethered self-assembled monolayers (SAMs) with DMNPB and
successfully achieved a controllable concentration of the RGD for cell bind-
ing on the SAMs by sequential irradiation.”” The seeded myoblasts on the
substrate were guided towards myogenic differentiation and achieved the
maximal myogenesis when RGD was exposed to cells under illumination
for six hours. Polymers are also modified to control caging and uncaging of
RGD peptides under illumination. For instance, PEG with a photo-sensitive
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Figure 17.5 Schematic of photo-responsive materials regulating the fate of stem
cells. (A) When a certain wavelength of light is applied to the pho-
to-activatable materials, the excited electrons are released and play a
role in stem cell differentiation.'® (B) When illuminated by a certain
wavelength of light, the RGDs conjugated to the isomers are reversibly
exposed to the stem cells by light-induced isomerization and the dlf-
ferentiation of stem cells is regulated by the concentration of RGDs.'’
(C) The RGDs are pre-conjugated to the photo-cleavable materials and
released upon illumination from the surface of scaffolds/hydrogels,
which leads to stem cell detachment from the surface. (D) The RGDs
mounted on the scaffolds/hydrogels are caged by the photo-cleavable
materials, but released and exposed to the stem cells after illumina-
tion. In both ways, the concentration and the exposure time of RGDs
in the scaffolds/hydrogels can be manually controlled for defined reg-
ulation of stem cell differentiation."’
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o-nitrobenzyl group was utilised to control the concentration of the pep-
tides exposed to rat BMSCs. It was shown that the uncaged PFSSTKTC (Pro-
Phe-Ser-Ser-Thr-Lys-Thr-Cys) peptide improved cell attachment® and
directed rat BMSCs towards osteogenic differentiation in the standard cell
culture medium.*® Moreover, DeForest et al. reported the use of photo-
cleavable materials to achieve defined distribution of proteins within a
hydrogel.™ Briefly, the first protein, bovine serum albumin (BSA,g) modified
with 2,5-dioxopyrrolidin-1-yl 4-(4-(1-((4-(4-formylbenzamido)butanoyl)oxy)
ethyl)-2-methoxy-5-nitrophenoxy)butanoate (NHS-oNB-CHO), was combined
with PEG hydrogel.”® On the other hand, the alkoxyamine groups of the PEG
hydrogel were caged by NPPOC and these groups were activated upon illumi-
nation to anchor the second protein. Hence, when irradiation was applied to
the PEG hydrogel, BSA,4,-0BN-CHO was first photo-cleaved from the hydro-
gel by photolysis of 0BN; at the same time, the cage by NPPOC was open to
release the alkoxyamine groups to form the second protein complex BSAsq,-
0BN-CHO. Based on the concept, it was able to achieve controlled anchor or
removal of vitronectins from the PEG hydrogel. By controlling concentration
and spatial distribution of vitronectins exposed to hBMSCs, the stem cells
were significantly promoted to express the early osteogenic marker ALP at
day 4. After removal of vitronectins from the PEG hydrogel, expression of ALP
in hBMSCs dropped back to the initial level at day 10.

17.4.3 Reversible Isomers

Photo-induced isomerization of spiropyran- or azobenzene-polymers can help
to regulate differentiation by balancing specific and non-specific cell adhesion
(Figure 17.5(B)). Cis-transition of azobenzene-polymers is triggered upon illu-
mination of UVvisible light, which results in a complete change in the elec-
tronic structure, shape and polarity of the polymer. Through the transition,
specific binding between the conjugated RGD sequences and stem cell integ-
rin receptors can be manipulated and therefore the stem cell fate can be regu-
lated. PEG is often incorporated inside the hydrogels to minimize non-specific
binding.® On the contrary, spiropyran-polymers perform reversible transition
between the hydrophilic zwitterionic form (merocyanine, MC) and the hydro-
phobic closed-ring form (spiropyran, SP), which has been used to demonstrate
the effect of non-specific binding on stem cell differentiation. When near-in-
frared (NIR) light was applied to the photo-responsive hydrogel, the spiropyran
moieties were transformed to the merocyanine moieties, and this transfor-
mation was inversed when a visible green light illuminated on the hydrogel.
Exposure to green light resulted in an increase in the spiropyran form, thus an
increase in non-specific cell-substrate interactions.'’ It was demonstrated that
hMSCs hardly performed differentiation under the pure NIR light (in the zwit-
terionic form), while osteogenesis was preferred under the green light and adi-
pogenesis was predominant after illumination under the NG-1 light (50 mW
NIR and 10 mW green) (Figure 17.6). It was also noticed that differentiation
of hMSCs was suspended after switching from the green light back to NIR.*!
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Figure 17.6 (A) Immunofluorescent staining of hMSCs cultured on the photo-re-
sponsive hydrogel in the osteogenic and adipogenic differentiation
media under different illumination (NIR (800 nm): 50 mW; NG-1: 50
mW NIR + 10 mW green; NG-2: 50 mW NIR + 30 mW green; green (560
nm): 50 mW at day 14). Red: TRITC-phalloidin; blue: DAPL (Scale bar =
15 pm). (B) Histological staining of adipogenic and osteogenic hMSCs
by Oil Red O and Fast Blue salt, respectively, in the osteogenic and adi-
pogenic differentiation media under different illumination at day 14.
Red: neutral lipids; blue: alkaline phosphatase. (Scale bar = 100 pm).
(C) Adipogenesis and osteogenesis level under various illumination
(p < 0.05).°* Adapted from ref. 51 with permission from the Royal
Society of Chemistry.

17.5 Thixotropic Materials

Thixotropic materials change their properties in response to an applied
shear stress. The viscoelasticity of thixotropic materials allows them to
reversibly change their status between gel and sol at different shear stress
levels. When being stressed or pipetted, the viscous property is over the
elastic one, namely the loss modulus G” is higher than the storage modulus
G', and the thixotropic hydrogel becomes sol.’* Under stressed conditions,
molecular interactions inside the thixotropic material, such as hydrogen
bonding and hydrophobic and/or electrostatic interactions, become weak,
which results in mechanical deformation of the hydrogel to form the sol sta-
tus. After the stress is removed, the internal interactions are reconstructed
and the mechanical gel structure is reformed. The recovery process from the
sol back to the gel status is dependent on time as well as the interactions in
the hydrogels,'" and the process can be selectively manipulated by tempera-
ture,"? pH,* or ionic components.'®
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Thixotropic materials used in regeneration medicines are divided into two
categories: (a) polymeric hydrogels formed by covalent crosslinking, such as
a blend of silk fibroin (SF) and hydroxypropylcellulose (HPC), a blend of hyal-
uronic acid (HA) and methylcellulose, polyethylene glycol-silica (PEG-silica),
nanofibrillar cellulose (NFC), and (b) supra-molecular hydrogels formed by
non-covalent self-assembly, such as naphthalene-oligopeptide, the Max fam-
ily (MAX1 and MAX8), tryptophan (W)-rich oligopeptides (CC 43 and Nedd
4.3), amyloids, and SF protein (Table 17.4).

17.5.1 Stiffness-Induced Cell Differentiation

Stem cells are homogeneously dispersed into thixotropic hydrogels in the
form of a sol. The cell-sol hybrid is directly injected into the lesion site, and
under stressed conditions, the hybrid is in the form of a sol so the solution
can exactly fit into the in vivo damaged tissue (Figure 17.2). In the lesion site
after removal of the applied stress, the hybrid turns back into a gel to retain
stem cells in the damaged tissue. The injected hydrogel also plays a role in
directing the fate of the incorporated stem cells by the stiffness of the hydro-
gel and in vivo electrical, mechanical, and chemical stimulation under phys-
iological conditions. Pek et al. cultured hBMSCs in a 3D PEG-silica-based
thixotropic hydrogel and demonstrated that various stiffnesses of the inject-
able hydrogel, which were measured by the minimal liquefaction stress (z,)
required to transform gel to sol, promoted differentiation of the encapsulated
stem cells towards different lineages: neural differentiation, myogenesis and
osteogenesis at 7, of 7 Pa, 25 Pa and 75 Pa, respectively.** In addition, when
cell-binding RGD peptides were conjugated to the PEG-silica hydrogel, osteo-
genesis at a 7, of 75 Pa was markedly enhanced with 13% higher expression
of Runx2 and OCN, because the specific binding between the immobilized
RGD ligands and the cellular membrane integrin at a stiffer hydrogel was
tighter, and the tighter binding induced osteogenic differentiation.** Jacob
et al. adjusted the inherent stiffness of an amyloid hydrogel by changing the
concentrations of amyloid and ions, at which the encapsulated hBMSCs were
detected to differentiate into the neural lineage.* The peptide Nap-GFFYGG-
KOGEOGKOGSO in the supra-molecular-peptide/protein-formed thixotropic
hydrogels was reported to work as a stimulus and selectively improved dif-
ferentiation of mouse ESCs into vascular progenitor cells with a significantly
high expression of the Fik 1 gene.*®

17.5.2 Stress Stiffening/Relaxation-Induced Cell
Differentiation

Most hydrogels generated from filamentous biopolymers, such as collagen,
F-actin and fibrin, become stiffer when the applied stress is above their critical
stress (o) level, which is called stress stiffening. It was recently reported that
stress stiffening also plays an important role in regulation of stem cell fate
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besides the inherent stiffness of the hydrogel.®” By simply changing the poly-
mer length of RGD-conjugated helical oligo(ethylene) glycol polyisocyano-
peptides (RGD-PICs), the o, was accordingly adjusted without any influence
on the stiffness and the density of RGD peptides. When hMSCs were encapsu-
lated in the hydrogel, hMSCs were attached to the RGD ligand through specific
interactions between RGD and cellular integrin (Figure 17.2), during which
cells applied traction stress on the surrounding gel and the traction triggered
stress stiffening of the hydrogel. The stress stiffening in turn affected differ-
entiation of the stem cells.”” It was shown that adipogenic differentiation was
predominantly performed at a lower o, (~9.4 Pa), while osteogenesis was pre-
ferred at a higher g (14.6-19.3 Pa).”’ Furthermore, it was reported that the
stress relaxation time of the RGD-alginate hydrogel also influenced the dif-
ferentiation of mouse mBMSCs.*® Decreased adipogenesis at a stiffness of ~9
kPa and significantly enhanced osteogenesis at a stiffness of ~17 kPa in the
faster relaxing gel (~1 minute) were observed, because the relaxation time of
the hydrogel influenced the interaction between RGD and the cell integrin,
and accordingly played a role in cell adhesion and differentiation.®®

17.6 pH-Sensitive Materials

pH-Sensitive materials usually have certain pendant groups or bonds, which
can be ionized or broken when the external pH is higher or lower than their
acid dissociation constants (pK,).** Ionization increases the osmotic pres-
sure inside the hydrogel, which leads to water absorption and hydrogel swell-
ing. In addition, electrostatic repulsion generated by the ionized anionic
or cationic pendant components further enhances the ionization impact.
Opposite to swelling, the hydrogel may also contract by simply inhibiting
ionization of pendant groups and electrostatic repulsion.” pH-Sensitive
materials include zwitterionic amino acid/peptide amphiphiles (H,N-pep-
tide/oligopeptide-COOH)*® or polymers that consist of an amino group
(-NH,), or carboxyl group (~COOH),® or catechol (C¢H,(OH),),*" or a hydro-
gen bond (-NH-CO-),% or an ionic bond (-NH,":--080;™),*" or an imine
bond (-N=CH-).%

Most pH-sensitive materials are reported as carriers for drug/gene deliv-
ery, because the bonds in the drug-immobilized pH-sensitive materials are
ionized in the abnormal pH condition of the tumour, and then the drug
is released to achieve target treatment.'****” Based on this concept, bone
morphogenetic protein 2 (BMP-2) was immobilized to pH-sensitive chi-
tosan-functionalized mesoporous silica nanoparticles through hydrogen
bond formation and the protein was selectively released to rat BMSCs, to
control differentiation towards osteogenesis with the evidence of enhanced
expression of ALP, Runx2, OPN and Col 1.**

Furthermore, chondrogenic differentiation, adipogenesis, and osteogen-
esis of hASCs were all demonstrated when the stem cells were encapsulated
inside a pH-sensitive chitosan-poly (acrylic acid) (chi-PAA) hydrogel, which
might be due to the contraction and swelling properties of the chi-PAA
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Figure 17.7 Schematic of pH-sensitive materials regulating the fate of stem cells.
The carboxyl groups of PNIPAAm-AA were ionized as the anions when
the pH was higher than their pK,, which could attract cations, such as
Ca®', As a result, the encapsulated stem cells were surrounded by the
rich Ca*' hydrogel and enhanced osteogenesis.”>%

hydrogel.®* In addition, ionization and bond dissociation always improve
the hydrophilicity of the hydrogels. Hence, pH-sensitive materials are eas-
ily transformed between sol and gel by simply varying the pH value (Figure
17.2), and they can be potentially applied as injectable hydrogels to provide
an in vivo ECM-mimicking environment for encapsulated stem cells at phys-
iological pH. Growth factors and RGD peptides/proteins are also incorpo-
rated or conjugated into the pH-sensitive hydrogels for regulation of stem
cell fate (Figure 17.2). Dai et al. achieved selective improvement in expression
of ALP and calcium deposition by encapsulating mBMSCs in a thermosensi-
tive and pH-sensitive hydrogel (PNIPAAm-AA).® The ionized carboxyl groups
of PNIPAAm-AA may play an important role in the capture of calcium, which
is an osteogenic stimulus and further promotes osteogenesis of stem cells
(Figure 17.7).%°

17.7 Smart Materials in Clinical Applications

Currently, most cell culturing systems made of smart materials for stem
cell therapy are still at the in vitro or in vivo animal research stage.*" They
were mainly designed to maximally mimic the properties of the extracellular
matrix (ECM) so as to facilitate functioning of implanted stem cells similar
to host cells via in vivo physiological stimulation. Thus, the stem cells can
be induced to transform to the required cell types. One of the few success-
ful applications of smart materials in the clinical trails of stem cell therapy
was reported by Menasché et al. in 2015.°* A hybrid of enzyme-sensitive
fibrinogen and hESCs-derived cardiac progenitor cells was induced to form a
thin layer of a 3D fibrin gel by thrombin, which was then implanted onto the
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infarcted area of a patient suffering from MI. Three months after the implan-
tation, an improved left ventricular ejection fraction (LVEF) from 26% to 36%
and contractility in the infarcted area were found. In addition, no adverse
complications were shown. Even though it was hard to say that the improve-
ment of cardiac function was due to the differentiation of the implanted
hESCs-derived cardiac progenitor cells since vascular bypass surgery in a no-
infarcted area was performed at the same time, the smart material utilised
in this trial showed a good example for their future clinical applications.
In addition, a monolayer of autologous oral mucosal epithelium was gen-
erated from the temperature-sensitive material PNIPAAm and implanted
into a patient suffering total bilateral corneal limbal epithelial stem cell defi-
ciency, which showed another possible clinical application of smart mate-
rials.”® However, before full regulation of stem cells in clinical applications,
the complicated mechanism of cell differentiation should be completely and
clearly understood. Then the fate of stem cells can be controlled well either
invivo or invitro by physical or chemical modification of the smart materials.*

17.8 Conclusions and Perspectives

Compared to traditional materials, smart materials are better alternatives for
advancing stem cell therapy because they allow remote control of regulating
the fate of the encapsulated stem cells both in vitro and in vivo. Most smart
materials are easily modified for injectable stem cell carriers for implanta-
tion, and they not only facilitate delivery of stem cells into the lesion site but
also provide an in situ ECM-mimicking environment for the stem cells.

Smart materials are also employed to direct the differentiation of stem
cells through a variety of physical/chemical cues, including inherent stiff-
ness, controlled release of encapsulated biomolecules, hydrophobic or elec-
trostatic interactions, generated electricity or reactive oxygen species, and
others, when they change their properties in response to external stimuli,
such as temperature, pH, stress, or light.

However, how these physical/chemical cues created by the smart materials
in response to external stimuli switch the gene expression of stem cells to
another remains to be clarified. More importantly, precise control of interac-
tions between these physical/chemical cues and stem cells are mandatory for
spatially and temporarily regulating stem cell differentiation, which requires
the development of novel "smarter” biomaterials. These biomaterials are able
to make the cues available for stem cells by external stimuli when requested
by cellular differentiation.
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