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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Stem Cells

It has been classically described that pluripotency, as a cell’s ability to be differentiated
into three germ layers including endoderm, mesoderm and ectoderm — is crucial in the
long term of germinal development. This intrinsic property could lead to organ and
tissue regeneration in animals or humans if it is properly controlled.l*! What is a stem
cell? Stem cell are pluripotent cells that can differentiate into other types of cells. Of
course, they have the ability to produce more of the same type of stem cells by ways of
their self-renewal. Stem cell research originated in the 1960s by Canadian scientists,
Ernest A McCulloch, and Till and James E.[>l Now, stem cell biology has become
popular. Actually, our human body is full of potential, as shown in Figure 1-1A. In our
body, the cells always follow a similar course like life’s paths. All the stem cells in an
early embryo have the potential to develop into other kinds of cells than can make up
the body. All of these versatile cells are defined as pluripotent stem cells.[ At an early
stage, there are lots of pluripotent cells inside the embryo. Soon all of these cells start
to develop along different pathways in our body. For example, as shown in Figure 1-

1B, some of these cells will become neurons, muscle cells, or bone cells.

A B

Figure 1-1. (A) Your body is full of potential. (B) The researcher named Conrad Hal Waddington
compared the development of the human body to a landscape of peaks and valleys. Imagine the stem

cell as a ball perched on the mountaintop. As it specializes, it rolls down the slope, following the
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course of a certain valley. Cells do not normally climb back to the top and become stem cells again,
and they do not cross the ridges into neighboring valleys and become another type of cell.

Copyright 2012 The Nobel Assembly at Karolinska Institute.

In a word, stem cells are undifferentiated cells, which have both of self-renewal
capacity and differentiation ability. The stem cells (hSCs), which usually include
embryonic stem cells (ESCs),[! and induced pluripotent stem cells (iPSCs),® show
great promise in supplying sources for regenerative therapies and modelling diseases.[””
° Therefore, these pluripotent cells can be widely used in the fields of organ repair and
renewal, a source of artificial organs and tissues, new drug development, tools for gene
therapy, gene function study, toxicology, pharmacological research, and the research on

cancer.

1.1.1 Embryonic stem (ES) cells and their disadvantages

ESC cells are cells that are derived from the mammalian blastocysts’ inner cell mass.
Because they can differentiate into all of the three germ layers cells,*%*] they present
an excellent source for regenerative medicine, the pharmaceutical industry, and early
human development research. For example, it has been reported that ESCs derived from
a blastocyst can be cultured ex vivo and be differentiated into heart cells, as shown in
Figure 1-2.114 Besides, it was reported by the Yoshiki Sasai group that polarized
cortical tissues could be self-organized formated from ESCs under proper control.*! |n
addition, human ES are very useful in researching the disease mechanisms, screening
the safety of drugs, and treating patients with various diseases such as spinal cord injury,

Parkinson disease, and diabetes.[16]
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Heart-residing
APCs

J

Inner cell mass
(ESCs)

In vitro
Blastocyst differentiation Heart cells

Figure 1-2. Potential sources of the stem progenitor cells for cardiac repair. The ESCs derived from
inner cell mass of a blastocyst can be manipulated to differentiate into heart cells.[**] Copyright 2008,

Mary Ann Liebert, Inc.

As mentioned above, embryonic stem cells are very useful in many research fields.
However, there are still some disadvantages for these cells used in clinical application.
For example, embryonic stem cells are obtained from embryo and the destruction of
preimplantation embryos may cause ethical and moral disputes. Besides, that would
also cause problems of tissue rejection following the transplantation in patients.[**! One
issue is the process by which embryonic stem cells are harvested. Because, obtaining
ESC cells inevitably resulting in destruction of the embryo at the blastocyst stage to
extract the inner cell mass. This step, in the view of many pro-life groups, is a
destruction of life. So, to evade this problem, new stem cell sources in regenerative
medicine are urgently needed. One approach to circumvent these issues is to generate

pluripotent stem cells directly from the patients’ own cells.[* 23l

1.1.2 Induced pluripotent stem cell

The 2012” nobel prizes in physiology and medicine was awarded to Shinya
Yamanaka and John B. Gurdon for their contributions in finding cells’ true potential.

They discovered that have shown that, under certain situations, some cells can go into
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reverse, which reveals a shocking view about how cells and organisms develop.[

In 2006, Yamanaka and his research group demonstrated that they produced
pluripotent stem cells (iPSC) for the first time from mouse embryonic of adult
fibroblasts by adding four essential factors, including Oct3/4, KIf4, c-Myc, and Sox2,
under the cell culture conditions of ES.!*%l (Figure 1-3) Besides, as reported by Boyer’s
group and Loh’s group, the factors of Sox2, Oct3/4, especially Nanog have special
function and work as key transcription factors in maintaining their pluripotency.[7-1€l
Yamanaka group found that, among these three factors, Oct3/4 and Sox2 are essential
in the induction of the iPSC cells, while Nanog is dispensable for the generation of that
cells. Beyond these, they also found that c-Myc and KIf4 work as key factors in the
generation of the iPSC cells, and they could not be replaced by any other factors.[**]

Therefore, they called these four transcription factors as “Yamanaka factors”.

Figure 1-3. Shinya Yamanaka group studied genes that are important for the function of the stem
cell. When they inserted four of these genes (1) into fibroblast cells got from mouse skin (2) , these
fibroblasts were reprogrammed and became pluripotent stem cells (3), which could develop into
all of the different cell types in a mouse. These cells were named by them induced pluripotent stem

cells (iPS cells).ll Copyright 2012, The Nobel Assembly at Karolinska Institute.

In 2017, Shinya Yamanaka and his working group successfully generated iPSC
cells from the skin cells of human. (Figure 1-4) They demonstrated that the

generation of the human iPSC cells from the human fibroblasts could be achieved by
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adding the same factors: Sox2, Oct3/4, KIf4, and c-Myc. They also found that the
obtained hiPSC cells were similar to human embryonic stem (ES) cells in a lot of
characteristics such as telomerase activity, morphology, gene expression proliferation,
and surface antigens.[®! The possibility of reprogramming the differentiated cells into
pluripotent cells is really useful for the generation of patient- or disease-specific stem

cells, which will be widely used in the understanding the mechanisms of certain disease.

) 4

Figure 1-4. iPSC can be generated in vitro from cells taken from the patient as a simple skin
sample. Then, from this, scientists can differentiate iPSCs into liver cells, nerve cells, and heart
cells and use them to find the cause of the patient’s disease or test the effect of

pharmaceuticals.[l Copyright 2012 The Nobel Assembly at Karolinska Institute.

Following Yamanaka and his research group’ description, iPSC cells have provided
a useful tool for pharmaceutical screening, disease modelling, therapeutic regeneration
as well as precision medicine [ Since the discovery of these cells, many approaches
and methods have been attempted to improve the original protocol of how to culture
these cells. For example, the Lutolf group has reported a 3D environment system that
can promote iPSC’s generation. In their work, an artificial niche environment can be
established and adjusted by modulating their composition, degradability, as well as their
stiffness.l*®1 Moreover, a full systematic analysis of how to reprogram somatic cells in
an engineered 3D environment was investigated. The 3D environment boosts

reprogramming can impose the physical cell confinement through accelerating the
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mesenchymal-to-epithelial transition. During this process, the 3D environmental
signals can act synergistically with the reprogramming factors in increasing somatic
plasticity of the cells. Beyond these, they also investigated the affect of the biophysical
cues in 3D environment in influencing renewal and differentiation of stem cell. Lutolf
group also reported an approach for iPSC reprogramming as shown in Figure 1-5. To
find an optimal synthetic 3D mircroenvironment to promote pluripotency for iPSC
generation, they chose a kind of enzymatically crosslinked, PEG-based hydrogel to
mimic the composition of the matrix and modulated their mechanical properties by
varying content of the polymers. To mimic the ECMS’ biochemical cues, they further
functionalized the matrix metalloproteinase (MMP) degradable PEG networks with s
special kind of the adhesion peptide arginineglycine-aspartate-serine-proline. A mouse
model system was employed by expressing Yamanaka factors to assess how to achieve
the pluripotency in the artificial 3D environment. They also did the reprogramming test
by adding doxycycline. Then, the Oct4—-GFP+ iPSC colonies appeared in 3D gels was
quantified over several days. The study of immune-fluorescence staining test
demonstrated that 3D-iPSCs generated in that system could express the main
pluripotency markers such as Oct4, Sox2, as well as Nanog. These research have
provided a first proof of principle for the stem cell 3D reprogramming. Beyond that,
their work also paves the way for the future investigations about the study of synthetic
‘reprogramming niche establishment’, which shows great promise in achieving a better
understanding of the cues and factors that can regulate cell fate and affect their further

applications in clinical therapy.
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a  AF2A-Octd-GFP . 3D PEG hydrogel d

encapsulation

16 days with dox

+ 7 days w/o dox

Figure 1-5. Generation of 3D iPSCs in chemically defined 3D microenvironments. (a), Schematic
representation of the one-step 3D reprogramming protocol for miPSCs. (b), The
immunocytochemistry analysis of the pluripotency markers. (c), The RT-PCR analysis of
pluripotency marker genes in two clones of 3DiPSCs compared with 2D-iPSCs. (d-f), The
immunostaining showing differentiation of 3D-iPSCs into neuroectodermal, mesodermal and
endodermal cell types. (g), The methylation analysis of Oct4 and Nanog promoters in 3D-iPSCs,
ESCs and tail-tip fibroblasts. (h), The chimaeric mouse generated with 3D-iPSCs. (i — 1), 3D-iPSCs
are able to differentiate in vivo into neuroectoderm, mesoderm and endoderm. Scale bars, 50 pm (b,

d—f, k, 1) or 25 pm (j), dox, doxycycline.[* Copyright www. 2016 Nature.

1.1.3 Applications of iPSCs

The discovery of the IPSCs has opened up unprecedented opportunities in many
research fields such as pharmaceutical industry, clinic therapy and laboratories.[*320-211

After a decade of constraints, the induced pluripotent stem cells biology is now a
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flourishing research area, following the achievement of the human iPSCs. These cells
have the capacities of indefinite in vitro expansion and meanwhile they can be
redirected to many cell lines, supplying abundant prospects in certain biomedical
applications. Since iPSCs cells can be generated from the patients’ own cells as shown
in Figure 1-6, transplantation therapies based on these patient-specific cells lines

could circumvent the challenge immunological rejection.[

Transplantation of
genetically matched
healthy cells

Treatment

with V

J\F Patlent 7 :
Disease-specific drugs cMyc OCT4 &‘w&

Screening for Qo KLF4 Healthy cells
e o ‘.;\SOXZ In vitro
GampoUACE @\ =) differentiation
Skin blopsy ‘
Affected cell type l Repai?éc] iPS cells
In vitro

PR Use gene targeting to
differentiation Q repair disease-

causing mutation

—

Patnent-specnflc iPS cells

Figure 1-6. The medical applications of iPSC cells. Copyright 2012 Nature.[*]

Compared to controversial embryonic stem cells, of which the derivation might
cause destruction to the preimplantation embryos, iIPSC cells avoid the prominent
ethical problems.* 221 Besides, these cells can be in an autologous fashion and grow
into a large amount of cells after expansion in expansion in vitro, is very important for
complex tissue formation. Actually, some of them have already been used in
conjunction with scaffolds to generate different tissues.*?°l They therefore are
promising in many applications, such as tissue engineering and organ replacement,
especially in the application of using lab grown tissues to replace or renew injured, aged,

or diseased tissue in patient,[*> 2628 cell replacement therapies,!***! compound



Chapter 1 Introduction

screening and drug candidate selection,*5-%8 and disease modeling.[**! Besides of their
crucial roles in clinical studies and research, iPSCs could also be very useful in
investigating the molecular mechanism of numerous diseases. There are lots of diseases
that have been modeled by applying iPSCs to better understand the etiology. Beyond
that, iPSCs also play important roles in the production of patient-specific cells without

immune rejection.[*?]

For example, human pluripotent stem cells (hPSCs) can be used in the cell
replacement therapy for cardiovascular disease.?® 4!l Converting the mouse fibroblasts
into cardiomyocytes is usually a promising strategy. Briefly, there are several
approaches can generate and support differentiated cell types(cardiomyocytes). One
approach to generate cardiomyocytes is to establish iPSCs and then to differentiate
them into particular cell lineages (cardiomyocytes). Another alternative approach to
generate differentiated cardiomyocytes is to create partially reprogrammed cells (iPSCs)
that can differentiate these cells to the desired cell type. The advantage of this method
over the approach by establishing iPSCs is speed. Besides, there is also a direct
reprogramming method, in which the cells can be directly differentiated to the desired
cardiomyocytes cells without reprogrammed cell stage.?® 4 Overall, the human
pluripotent stem cells (hPSCs) indeed play crucial roles in the cell replacement therapy

for cardiovascular disease.

Combined with the iPSC cells, the patient-specific cardiomyocytes can paly keys
roles in applications about drug discovery and testing, as well as disease modeling. The
approach that uses hPSCs to generate cardiomyocytes shows much more promise in
potential applications than that with source of adult heart-derived cardiac progenitor
cells.?®l Another popular stem cell therapy focus on human neurodegenerative
disorders. During that research, the neurons used in transplantation could be generated
by iPSC cells. Thus, the brain can produce new neurons from the patient’s own cells
and raise hope for the stem cell therapy in human neurodegenerative disorders.*! For

example, these stem cell therapies were well used in stroke, Parkinson’s disecase,
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amyotrophic lateral sclerosis, and Huntington’s disease.

In 2012, Nishimura’s group reported a new approach to generate the rejuvenated
antigen-specific T cells by pluripotency reprogramming.*2 As we know, T cells are
very important in supplying systemic immunity that against pathogens. In particular,
cytotoxic T lymphocyte is one of the major components of immunity that response to
viral infections.[*? So, immunotherapy with T cells is a promising therapeutic strategy
in treatment of cancer and viral infection. However, there is challenge of exhaustion of
antigen-specific T cells in these diseases. To overcome the challenge, they
reprogrammed antigen-specific CD8" T cells from patient to pluripotency. After that,
the T cell-derived iPSCs were further differentiated into CD8" T cells. This rejuvenated
cells not only have antigen-specific killing activity but also exhibit a specific T cell
receptor. Similarly, the human tumor antigen-specific T cells can also be regenerated
from mature CD8* T cell derived iPSC cells.*¥l All of these approaches have broad

applications in adoptive immunotherapy.

In addition, iPSC cells have also been reported as sources for dental pulp stem
cells in regenerative medicine.[*3 After being bio-printed in 3D environment, iPSC cells
and hepatocyte-like cells differentiated from them can be used in the generation of mini-
livers.[* The approach of bio-printed iPSCs will play crucial roles in producing patient

specific organs or tissues.

1.1.4 Major challenges in iPSCs’ application

However, it should be noted that, during each of these applications, a large amount of
cells with prolonged self-renewal ability and high pluripotency are needed. In general,
by most current cell therapy protocols and those under development, the numbers of
iIPSCs-derived cells needed for the effective therapy fall in the range of thousands or
millions to billions for per patient. For instance, myocardial infarction results in the
damage or ablation of at least 10° myocytes.*! Furthermore, approximately 1.3x10°

beta cells or ~10° surviving dopaminergic neurons are required separately for insulin

10
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independence in Parkinson patients and the patients with other diseases.[*®l. To get a
large amount of iPSCs-derived cells, the number of the iPSCs must also be guaranteed.
Therefore, large numbers of iPSCs cells are needed in various applications. So, these
therapeutic uses of the iIPSC cells necessitate their efficient expansion in large scale

under well-defined conditions.

Besides the large amount of the iPSC cells, their quality is also very important and
being the guarantee of their expression potency. As the iPSC cells can differentiate into
other cells, during the culture process, there are various epigenetic changes that may
lead to their self-renewing potential decreases and finally lead to the loss of
pluripotency. So, all the iPSC cells that used for differentiating into downstream
products for further application should keep high self-renewing ability and well
pluripotency. For example, the use of iPSC cells in disease modeling is based on the
fact that these cells can self-renew and differentiate into other types of cell lines. These
advantages can benefit them to be further used to study different disease models.! "
Therefore, development of strategies to efficiently remove the induction factor of
impurities and to supply a safety matrix without animal-derived materials will be
essential for iPSC cells’ reprogramming culture and expansion. So, approach for the
culture and expansion of reliable iPSC lines are already emerging. Currently, numerous
approaches are being investigated to get reliable iPSC cell culture. Because of the
source of variability and xenogeneic contamination, all of the poorly defined materials
that may pose risks not only in pathogen but also in immunogenic transfer and severely

limit their further use of iPSCs for therapeutic applications should be avoided.
1.1.5 Current approaches for iPSCs culture

1.1.5.1 Two-dimensional culture technique

Since the beginning of iPSCs’ generation, numerous methods and strategies have
been explored to get a better culture protocol to supply high quality cells, of which,
most are based on the traditional 2D culture system. For a long time in the beginning,

conventional 2D cultures play a crucial role in fundamental researches, for example,

11
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these approaches have provided crucial insights into many biophysical and biochemical
mechanisms that responsible for iPSCs’ grow and culture, including cell spreading,
adhesion, proliferation as well as differentiation. Nevertheless, it is impossible for 2D
cultures system to fully capture a native cell microenvironment’ chemical and physical

properties.

Figure 1-7. Morphological differences of the cells in 2D and 3D cultures. Cell in 2D cultures do
not fully capture the physical and chemical properties of the native microenvironment. miPSCs in

2D culture and in 3D microenvironment. Copyright 2011, Mary Ann Liebert, Inc.[47]

More and more research have suggested that the cells cultured on 2D environment
differ greatly from those grown in vivo.[*® Currently, mainstream 2D iPSCs cultures
are using laminin or matrigel as a substrate for the cells to attach on when the cells are
planted on the culture dish. However, suffering from the inherent heterogeneity, limited
scalability and poor reproducibility, there is bottleneck for the 2D culture system to
provide a well-proportioned environment and produce cells with high-quality for

downstream applications, especially for clinical applications.[*® 41 Moreover, the

12
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laminin or matrigel generated by mouse embryonic fibroblasts (MEFs) will also limit
reproducibility and/or scalability of the cells, meanwhile pose risk for pathogen and

immunogenic transfer.[10 50,51
1.1.5.2 Three-dimensional culture technique

Generally, key biology signals both from their substrate and from one another are
essential to promote cell survival and rapid proliferation.[? But in 2D cultures, biology
signals are difficult to distribute uniformly. The nutrients and oxygen in the monolayers
are uniform, which is mat the cases for cell masses, i.e. tumors. While in 3D tumor
spheroids, the environment is much more representative of that in vivo tumors, in which,
compared to the outer layer, the inner cells face a natural gradient have less access to
nutrients and oxygen. To solve these problems and improve the culture protocol, several
preliminary attempts have been made to modify cultures systems from 2D to 3D (Figure

1-7).

3D culture is a method to embed cells in a three dimensional matrix and allow
cells to interact with their surrounding extracellular framework. This kind of 3D models
show great promise in the applications of studying the disease mechanisms and
discovering the drug therapeutics. With these cultures, small molecule drugs can be
screened to understand the disease pathways and these can be very useful for predicting
the efficiency and the toxicity of drug treatment. Most important of all, cells cultured
in 3D environments usually behave differently than in 2D cultures.®® Therefore, more

and more 3D cultures are studied.

In the past several years, many approaches and methods have been tried for large-
scale culture iPSCs, attempting supply excellent cell sources for regenerative medicine.
Most of these approaches rely on the combined use of multiple growth components and
multicellular association, with all of these to achieve optimal conditions that can
support cell grow fast and expansion with high efficiency.®¥ Among all of these
methods, scaffold culture is one of the most important cultures. On scaffold cultures,

especially in a static 3D suspension culture,[*® 51 such as cell aggregates,™? %8 cells on
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microcarriers®” 58 have been used widely, because these cultures can enable large-scale
production of iPSC cells with high efficiency. But, for these culture systems, significant
challenges are still inevitable. It is difficult to control culture outcome. Substantial cell
agglomeration can in some cases lead to differentiation or death and poor viability. Even
if in 3D dynamic suspension culture, cell damage is also inevitable due to the system’s

physical shear force.

a

Figure 1-8. Magnetic iron oxide-containing hydrogels for hiPS culture. a, Human glioblastoma cells
treated with magnetic iron oxide (MIO)-containing hydrogel held at the air-medium interface by
magnet. Scale bar, 5 mm. b, MIO-containing hydrogel in water. ¢, Scheme of electrostatic
interactions of MIO and gold nanoparticles with phage (plll and pVIII indicate surface capsid
proteins). d, MRI image of purified hydrogel in solution: MIO-free hydrogel control and MIO-
containing hydrogel (bottom panel). Scale bar, 2 mm. Copyright 2010, reproduced with permission

from Nature.[!

Facing these challenges, Glauco Souza, a chief scientific officer from n3D
Biocience in Houston, has proposed a promising spin - off iPSCs 3D cell culture system

as shown in Figure 1-8.5% In their system, cells are decorated with a NanoShuttle that

14



Chapter 1 Introduction

is made of magnetic nanoparticles. In the magnetic field, the NanoShuttle will bring the
cells together while levitating them, which is more like the body’s environment than
conventional cell cultures. Though the approach applied here gives an interesting sight
for 3D environment establishment, there is still the challenge that the magnetic particles
may cause adverse consequences for the cells containing them, which is more or less

unavoidable.

Lei has reported another kind 3D culture system for the efficient expansion of
hPSC.[%% They built a completely defined 3D environment conditions by employing a
kind of thermoresponsive hydrogel. The construction of their system was based on free
of any animal-derived factors, but with only recombinant biology factors. According to
their culture method, 3D system can supply expansion of the multiple iPSCs lines under
optimal parameters and a good protocol. What’s more, it can supply a high expansion
efficiency. Obviously, it means that the 3D cell culture matrices used here could well
represent their geometry, chemistry, and signaling environment of the ECM. However,
the only fly in the ointment is that, if this system used in 3D iPSC culture, the way of
releasing cells from the designed matrices by enzymatically degradation will inevitably
be harmful to the proliferated cells. Besides, too hydrophobic environment (PNIPAAmM
materials) will usually lead to have a strong preference for a defined medium, not even

stable in pure PBS solution.

Although all of these traditional methods for 3D scaffold or 3D suspension-based
cultures have shown some very useful characters, any of them has shown to be
obviously insufficient for the certain challenges in culturing cells for biology
applications. Better artificial 3D cell culture matrices should be by coordinately feasible
apply of advanced materials,'61621 new fabricating approaches, processing
methods, % %4 and biology cues.l®>%7 Ideally, this artificial environment should be
capable of better representing all the geometry, chemistry signals of the natural

extracellular matrix’s environment.

1.2 Extracellular niche or matrices devises for iPSCs’ 3D culture
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Notably, in vivo, the stem cells usually reside in an specialized microenvironment,
called niche, which not only serves as a structure for cell’s survival and support but also
offers many physical and biochemical cues that can work together to regulate cell fate
through a complex crosstalk.[8 68 691 At the same time, cells can also sense and respond
all of the signals around in their environment, which can control the cell fate. So, it
would be of great benefit for cell culture and expansion to construct an artificial
microniche model, which can recapitulate the key interactions among the niche
components in a controlled setting. Therefore 3D microenvironment engineering is

particularly important in establishing a robust production system for iPSCs’ 3D

culture.[46. 48,68, 70]

In 3D microenvironment engineering, the interactions between cells and their
environment must be clear, especially for the crosstalk. Crosstalk between the cells and
the niche around them is mostly mediated by soluble growth factors. The outside
instructions can be conveyed to the inside cells through a special signal transduction
network and the growth factor receptors on the cell membrane. Therefore, these
network and receptors are crucial in leading to biological cellular responses and
functionalities.’” The ECM can regulate cell fate by working as a mediator of
mechanical constraints applied to cells, as well as affecting the cells via its architecture
properties.l’? Most of the fundamental characteristics and behaviors of stem cells are
usually determined and controlled by the matrix-binding. In turn, with their overall
functionalities, the complex cell-matrix feedback loop, are also contributed by cells.[”®!
While designing new synthetic biomaterials for artificial extracellular establishment,

the functions of native ECM must be considered in mimicking their properties.[’4 821

To tailor a microenvironment for iPSC 3D cultures, artificial microniches need to
be designed with various biocompatible materialsi’>"8l and be engineered by a
coordinated controlling over physical properties and biochemical activity to influence
all of the specific interactions (cell-matrix, cell-cell) in a cellular system,“® % including

certain patterns of biomechanical and biochemical properties. Meanwhile, all of these
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microniches need to be assembled in ways that terrific maneuverability and feasibility.
1.2.1 Niche and microenvironments of iPSCs

Most approaches for iPSCs culture are focused two main goals: to preserve pluripotency,
or provide certain cues for specific differentiation.[”®l However, both of the maintaining
pluripotency or stimulating differentiation are depend on the signals from their local
niche environment.l®% The niche is usually defined by extracellular matrices and the
soluble molecules which were created by cells. The niche or microenvironment plays
particular roles for stem cell regulation especially in stem cell 3D culture. Stem cells
are usually quiescent in the niche without stimuli. But, after given a stimuli, they will
switch to a proliferative phenotype soon. Therefore, the fate of the iPSCs are deeply
related with their interactions with the niche. Recently, more and more studies have
focused on regulating stem cell by supplying them with a special engineered
microenvironment, especially for 3D culture. During any establishment of the artificial
niche engineering, integrations of biophysical or biochemical cues such as, cell-cell
contacts, biomolecules cues, cell-matrix interaction, and certain mechanical properties

are needed.

There are many basic strategies in regulating the fate of iPSCs by altering their
microenvironmental cues. Firstly, the adhesion interactions between iPSCs and the
surrounding environment are important, because there are usually specific iPSCs
receptors need to present and lead to adhesion for maintaining their colony status. [
Those molecules for cell adhesion are usually proteins that located on the surface of the
cells. As reported, among these proteins, cadherins, selectins, integrins, and
immunoglobulins are usually involved in the interaction,’® but, undifferentiated ESCs
only express E-cadherin,® &l which suggests that E-cadherin is very important in
maintaining the ESCs’ pluripotent state. Several ECM proteins like laminin, fibronectin,
and collagen have been reported to be crucial both in maintaining cells’ self-renewal
capacity and differentiation ability. Recently, more and more adhesion molecules have

been tested and used in the establishment of 3D microniche culture systems. For
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example, specific peptide sequence like RGD, especially circular RGD, has been used

for cell adhesion in many systems.

Besides that, biochemical cues are also important factors that can influence iPSCs’
maintenance, performing as signaling molecules in directing cell communications in
the microniche. The partial pressure of oxygen and mechanical forces have also shown
to be a important factor to modulate cell fate during embryonic development in
drosophila.l¥ Obviously, proteins of ECM are also important for structure, orientation
maintenance of the microniche, because they can provide instructive signals by
providing ligand interaction with the integrins expressed by cells.[® Meanwhile, the
parameters such as stiffness, shape, and elasticity that usually direct stem cell keep
maintenance or differentiation.[®8% Additionally, stem cell niches can maintain self-
renewal and the long-term quiescence by altering the characteristics of the environment,
such as hypoxia and metabolic regulation as shown in Figure 1-9. %% Therefore,
taken together, the general consensus is that all of these factors should be considered
and used to regulate self-renewal and cell fate directly by a coordinated control of the

microniche construct for iPSCs cells culture.®®!
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Figure 1-9. The schematic representation of the stem cell niche and underlying regulatory
mechanisms. There are lots of factors (left) present in the stem cell niche that can work in tightly

regulating the stem cells behavior and fate choice. In fact, in vivo, stem cells reside in anatomically
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defined location - the stem cell niche (center). The niche is a multi-faceted entity (right), such as
self-renewal, proliferation, migration and differentiation.[®* Copyright 2016, reproduced with

permission from STEM CELL Translational Medicine.
1.2.2 Materials used for scaffold or niche in iPSCs 3D culture

Biomaterials play more and more prominent roles in the application of tissue
engineering and in the application of the pluripotent stem cell regenerative medicine.[°!
With the development of the biomaterial science, the biocompatibility of these materials
has been evolved and the biomaterials become more sophisticated. Since then, the
understanding of cell-material interactions has also grown according to the integration
of biological signals and the properties of the materials that are dropped into a cell
scaffold or 3D environment. This should usually be taken into consideration as well.

Many strategies have been established for the stem cell scaffolds and 3D
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Figure 1-10. Natural biomaterials present a crucial subset for use as tissue engineering templates
due to their bioactivity, biocompatibility, tunable degradation and mechanical kinetics and their

intrinsic structural resemblance of native tissue ECM. Copyright 2017 from ACS.[104

Research on iPSCs’ 3D cultures has been aimed to investigate the possible

strategies that allow for the cells to maintain their self-renewal and proliferation

19



Chapter 1 Introduction

abilities without any change of the phenotype. However, novel biocompatible materials
used to establish the 3D environments play a great role in influencing cells. Thus, to
use of hydrogels scaffolds to provide native microenvironment’ geometrical similarities
is currently an area of extensive research.l’”® More and more biocompatible materials
are chosen as sources for materials for 3D environment or cell niche research.
Biocompatible materials, especially hydrogels, which are characterized by diverse
physical properties, high water content, and good biocompatibility, are kind of 3D
networks that can be easily fabricated practically into any shape, size, or form.[62 63 67
9,991 By applying approach of coordinated controlling all of their bioactivity or physical
properties to influence the specific interactions in cellular systems, we can apply these
materials to resemble an artificial extracellular environment for cells to survive and that
enable their use in mimicking native ECM, guiding stem cell’s fate, and boosting
induction of pluripotency in stem cell cultures.[%7: 75191 |n general, these materials are
usually classified into naturally derived, hybrid hydrogels, and synthetic hydrogels,

according to their origins shown in Figure 1-11.0101

Hydrogel-based biomimetic materials

Naturally derived materials > | Hybrid hydrogels materials | < Synthetic materials
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Figure 1-11. Classification of biomimetic materials for engineering 3D cell microenvironment.
The biomimetic materials used for engineering cell microniche or microenvironment are based
on hydrogels, which can be classified into naturally derived, hybrids, and synthetic hydrogels
according to their origins and compositions. Copyright 2017, Reproduced with permission from

ACS.11o1
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1.2.1.1 Naturally derived and hybrid materials

Due to the biocompatibility, mechanical kinetics, tunable degradation, and the intrinsic
structural resemblance to native ECM, natural biomaterials present a crucial subset of
materials that can be used widely in the application of biological systems. Compared to
other materials, they usually have unique advantages. For example, most of the natural
biopolymers have been processed by environment friendly approaches. During their
applications, the degradation process does not release cytotoxic products which will do
harm to the microenvironment. And the degradation of these microenvironment can
also be achieved by adjusting their formulation and processing conditions, which may
strongly affect the cells’ function.[°: 102 103]

Naturally derived materials are normally divided into two kinds of materials. The
protein-based materials such as collagen, silk fibroin, keratin, and fibrin are typically
obtained from animal or human sources.!*%4-12% These materials have been widely used
in many fields to build certain cell living environments, especially for stem cell culture
and their regenerative applications. For polysaccharide-based materials, such as
hyaluronic acid,1%7 1% 1121 glucose, cellulose, chondroitin,[**®! alginate,['4-%8 chitin,
and its derivative, chitosant**® 2% are typically obtained from algae and these materials
also been applied widely. Many specific stem cell niches are related to these

materials.[96: 121]

Natural polymers usually contain some surface ligands for cell adhesion, which
mediated by the specific interactions between the cells and their local surrounding
environment.[: 1221 Additionally, hybrid materials have also been used to design the 3D
biosynthetic hydrogel system to understand the interactions between mechanical and
biochemical cues, for example, eight-arm PEG cross-linker and the functionalized
proteins (HA-SH and Col-Me) as well as RGD to form bioactive hydrogels as shown

in the schematic in Figure 1-12.[07]
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Figure 1-12. Hydrogel designed with PEG acrylates and hyaluronic acid (HA) and type | collagen
(Col 1) via Michael-type reaction is useful in harnessing the cell-matrix and cell—cell interactions.

Copyright 2017, WILEY-VCH.[17]

Although the above-mentioned naturally derived and hybrid materials have been
used widely in many fields, there are still some inevitable disadvantages and problems.
Because of the source of variability and xenogeneic contamination, these poorly
defined materials may pose risks for immunogenic transfer and pathogen, severely
limiting the use of iPSCs for therapeutic applications.[6> 66.123. 1241 Besides, due to batch-
to-batch compositional and structural variability, these poorly defined materials not
only have inevitable disadvantages in segregating certain cell responses and
determining exactly which signals do promote certain cell functions but also exhibit
poor independent tuning of their physical and chemical properties.“® ¢l Therefore, to
circumvent all of these issues, new synthetic materials and special manufacture
techniques need to be employed to establish an artificial microniche that can support

expansion of reliable stem cells and their scalable culture.
1.2.1.2 Synthetic materials

Synthetic materials, especially polymers, have already been widely used as templates
or matrices in bioengineering. There are several advantages over the naturally derived
materials.[?6125126] |n general, in situ-forming hydrogels based on synthetic polymers,
such as PEGI"71271281 and poly(hydroxy acids), which include PGA, PLA, and their
copolymer, poly(lactic-co-glycolic acid) (PLGA),[1?%13% not only can be engineered to
deliver the bioactive agents in a controlled manner for the regulation to stem cells’ fates,

but also can be utilized as cellular micro-scaffolds. One of the important points is that
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the degradation of the polymers can be achieved by simple chemical hydrolysis of the
polymers and their products can be cleared away by normal metabolic pathways.[*%!
Besides that, it should be noted that, synthetic polymers’ properties such as mechanical
modulus, tensile strength, and degradation rate can be easily adjusted for certain target
applications by altering the relative parameters. For example, one of these materials is
PCL. Because this material has good biocompatibility and low immunogenicity,
especially can be hydrolyzed under physiological conditions, PCL has attracted widely
attention in biology tissue engineering. This polymer can be used either alone (PCL),
or as a PCL-containing amphiphilic block copolymer, which shows excellent

performance in many applications.[? 131 132]

Poly(N-isopropylacrylamide) (pNIPAAM) is a hydrogel that can be used for many
applications.™3¥1 Benefiting from the lower critical solution temperature (LCST) of
32 <C, an aqueous solution of pNIPAAM can be used in situ as scaffold in many fields.
When the temperature increases to 37 <C, which is high than the LCST, it forms a
reversible hydrogel. More usually, this polymer can be designed as loosely crosslinked
polymers. For example, pNIPAAM can be made as copolymer of pNIPAAM and acrylic
acid (pNIPAAm-co-AAc). The LCSTs of these copolymers can change some around
32 <C. For different applications, pNIPAAM can be copolymered with various other

polymers, such as ethylene, lactide, and caprolactone crosslinkers.*34
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Figure 1-13. Structure of (a) dPG and (b) dPGS.[38! Copyright 2014, WILEY-VCH.

With multiple hydroxyl (OH) groups on the periphery/surface, branched structure,
high-hydrophilic, non-toxic, and anti-fouling properties, dendritic polyglycerol (dPG)
is an important material in bioengineering.l***¥1 (Figure 1-13a). dPG is usually
prepared by an anionic, ring-opening, ae well as multi-branching polymerization with
narrow polydispersity.[** After being sulfated, the dendritic polyglycerol can change
into dendritic polyglycerol sulfate (Figure 1-13b). Thus, dPG and dPGs have very good
characteristics to become a suitable matrix for cells encapsulation as scaffold because
of their antifouling properties.*3®14%1 The presence of easily functionalizable hydroxyl
groups on the backbone of their structure also makes them excellent candidates to
prepare multifunctional polymeric network or hydrogels.l**! Crosslinking density of
these networks can also be adjusted by varying their functionalization degree.
Benefiting from the dendritic structure, the ligands that are responsible for cell
spreading and attachment, for example, RGD (Arg-Gly-Asp), can be easy incorporated
to the backbone of the dPG using the functional available groups. Thus, they can be

widely used in many applications as cell scaffold materials.
1.2.1.3 Advantages and challenges of the synthetic polymers as scaffold materials

There are so many synthetic polymers such as PLGA, PCL and PCL- copolymers,
PEG, PVA, 424 pNIPAAm and their copolymers,[*45146] polyacrylic acid, and
polyvinylpyrrolidone, that have been applied in biomedicial application. With
biomimetic ECM-like micro/nanoscale structures and attractive processability,[*®® these
materials can be easily used to manufacture various scaffolds with fully interconnected
pores and certain classes that can affect cells’ fate. Some of them may produce the acidic
degradation products that can alter the PH around their environment. In turn, pH change
in the environment will affect the cell” survival and cause some inflammatory
reactions.[*4"1%81 Due to the lack of the biologically functional domains, the synthetic
materials are usually. Nevertheless, with the development of the synthesis techniques,
various biologically active domains have been incorporated into synthetic polymer

templates, which enable the biomimetic scaffolds with tunable but defined
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composition.™ In other cases, ECM-derived moieties also can be introduced to
polymeric scaffolds by the covalent immobilization during the fabrication process to
affect or adjust the cells behavior.l*>% For example, the bioactive agents, such as RGD
peptides, are often presented on the surfaces of the synthetic polymers template to elicit
certain desired interactions between cells and materials.[**!! Therefore, how to devise
these polymers or copolymers systems to affect the cells’ behaviors is really important,
which not only provides insights into the relationships between chemistry structure and
their functions but also shows great promise in utilizing these materials as much suitable

cellular scaffolds instead natural derived materials.[52
1.2.2 Strategies for gelation

Tissue engineering and 3D cells culture in an artificial scaffold are performed by
seeding or encapsulating cells during the gelation process of the polymer linkers. In
other words, the gelation process is also the crosslinking process. Therefore, the
gelation strategies applied in the crosslinking process of the hydrogel formation are
crucial in determining the cell fate, and therefore are very important in evaluating the
feasibility of the scaffold establishment. Besides, the main role of the scaffolds for cells
is providing enough certain mechanical stiffness, which is determined by both the
crosslinking ways and the gelation approaches to a great extent and can be freely
adjusted by altering the crosslinking density. There are lots of strategies and ways of
crosslinking that are usually used in the polymer gelation process, such as host-guest
interaction, hydrogen bond formation, supramolecular or ionic crosslinking, physical

bonding crosslinking, and covalent crosslinking.
1.2.2.1 Covalent crosslinking gelation

For covalent crosslinked gelation that used in establishing cell encapsulation scaffolds,
the crosslinking process need to be biorthogonal, because that does not interfere with
the biological systems and has a minimum effect on the cell death. In addition, the
reaction rates in the crosslinking process also need to be fast enough and the covalent
reaction should be selective and with a high yield. Among all the covalent crosslinking

gelation ways that can fulfill these requirements, chain growth radical crosslinking,
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thiol-Michael addition, thiol-ene click reaction and the strain-promoted azide-alkyne
cycloaddition are the most typical approaches that usually used in artificial cell scaffold

establishment.

Firstly, due to its fast reaction kinetics, radical crosslinking is one of the most
widely used strategies for hydrogel gelation. This crosslinking can usually be initiated
by temperature, light and redox conditions. The most attractive advantages of this
reaction are the readily available of the introduction of the reactive groups to the macro-
monomers to form functional polymers and they can be applied in vivo because visible
light can be used as initiators for it (activated by visible light).[*>3] However, as reported,
these are intracellular reactive oxygen species format during photo crosslinking, which
can increase the DNA damage tendency % and tissue formation™>%°! and therefore
may affect the cell viability. Additionally, the light intensity decrease in deep hydrogels
may also lead to inhomogeneous crosslinking density, all of which limit their

applications.

Another widely used reaction is thiol-Michael addition.™*>® This reaction can be
performed in an agueous medium under physiological conditions, benefiting it suitable
for cell encapsulation. Since we know thiol is one of the reactive groups in this reaction
and thiols are also readily available in peptides, the peptide hydrogels can be prepared
by thiol-Michael addition.[*>"] The other reactive group can also be easily incorporated

to the polymer. Therefore, this reaction can be used widely in tissue engineering.*!

Thiol-ene reaction is a click reaction, the polymerization process is performed
between a thiol and a norbornene derivative in the presence of photo initiator and light
(365 nm). Compared to the free radical polymerization, this reaction can offer a more
controlled radical formation.*>% In this reaction, as thiol is one of the reactive groups,
peptides can easily be used as a crosslinker for hydrogel formation.[** Sometimes too
many free thiol groups will disturb the balance of the cell environment so that reduced

small molecules can react with the thiols and destroy cell viability.

Strain-promoted azide-alkyne cycloaddition (SPAAC) reactions were first
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reported in 2004.1*611 Among the whole crosslinking chemistries, SPAAC has desirable
advantageous over others because of its excellent selectivity towards substrate and very
fast reaction kinetics.[*5216%1 Besides, the initiation of SPAAC reactions does not need
any external stimuli/triggers such as photo, UV, base, pH, catalysts like metal salts, or
oxidizing agents.['** All the above properties, together with their excellent bio-
orthogonal crosslinking properties, have already made them ideal candidates for 3D
encapsulation of cells in tissue engineering and has been widely used in cell scaffold

systems and pattern 3D cell microenvironments, [161.16%

1.2.2.2 Noncovalent crosslinking gelation

v

Figure 1-14. Schematic illustration of noncovalent polymer cross-linking of copolymers using

complementary bifunctional cross-linkers. Copyright 2003, ACS.[*67]

As reported, molecular self-assembly through noncovalent crosslinking also plays an
important role in gelation.[*86-1681 According to this strategy, shown in Figure 1-14,
materials with higher-order structures can be controlled formed, especially to systems
about dendrimers and polymers. By using this noncovalent crosslinking methodology,
diverse structures, including gels, vesicles, micelles, and other spherical aggregates, can
be generated. Combined with the reversible nature of molecular recognition processes,

the materials made according to noncovalent crosslinking can be designed as stimulus-
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responsive recyclable materials that can be responsive to thermal,[®
photochemical,*’% or electrochemical stimuli. Therefore they supply numerous

potential applications in cell encapsulation and micron-sized 3D cell-culture vessels.

1.2.3 Material design considerations for engineering 3D cell microenvironment
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Figure 1-15. Biomimetic material design considerations for engineering the 3D cell
microenvironment. Copyright 2017, ACS.[101]

In vivo cells survive in complex microenvironments called “microniches”. Though, the
microenvironments of the cells are extremely diverse, but they still share many similar
functions and characteristic composition features. For example, the 3D
microenvironment not only briefly serves as structural supports for cells, but also offers
various biochemical or physical cues that can regulate cell’s behavior together. These
cues are the major concern and become crucial design considerations for the biomimetic

materials in establishing artificial cell environment.
1.2.3.1 Substrate stiffness

The stiffness of the materials is usually characterized by their elastic modulus or
Young’s modulus. It is often regarded as one of the most important mechanical features

that can control cell fate such as adhesion, migration, and differentiation.[*’*] Since the

28



Chapter 1 Introduction

stiffness of natural tissues is usually range in 0.1 kPa to 100 kPa as shown in Figure 1-
16, hydrogels are suitable to provide a similar ‘natural”’ mechanical environment for
cells. For example, as reported, for iPSCs culture in artificial environment, the optimal
elastic modulus range are usually from 30Pa to 500Pa, during which the cells can
survive and expand well.[* 681 Cells are also usually responsive to the environment’s
stiffness by altering their adhesion, morphology, and migration characteristics.
Therefore, stiffness parameters should be paid attention to the design of the artificial

3D cell microenvironments, as well.
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Figurel-16. Hydrogel-based methods for engineering cellular microenvironment with

spatiotemporal gradients.['72 Copyright, 2017 ACS.
1.2.3.2 Substrate degradation

Most of the natural materials are enzymatically degradable. This degradation effect of
the environment has a significant influence on cells’ behavior, especially in a 3D
microenvironment. For example, Burdick recently reported that stemness of cells was
not depend on the environment’s stiffness but strongly depend on degradability of the
3D hydrogel.'7®! That provided an strong evidence for the important roles of
degradability in maintaining neural progenitor cell in a 3D microenvironments. So, it
is important to introduce degradation in establishing 3D cell microenvironments.
Usually, degradation of hydrogel is usually influenced by factors like degradable
linkages, cells, and the culture environment around the hydrogels.*”* The common
strategies applied in designing degradation are mainly by introducing natural polymers

or introducing small peptides or amino acid sequences into the backbone of the
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hydrogels. Incorporation of ester bonds in the crosslinks or backbone of the polymer is
a typical approach in designing hydrolytically degradable hydrogels."® However, the
degradation profile should be optimized to complement the secretion of newly
synthesized ECM, because a too quick degradation will lead to the cell-laden hydrogels
dissolving, while too slow degradation will lead to the ECM depositions taking place

in the pericellular region, which will affect cell function.[*7]
1.2.3.3 Surface receptors and biological cues.

During the cells’ living environment, there are various biochemical cues like cell—cell
contact, cell adhesion and the insoluble factors around the cells. Cell behavior,
including differentiation and self-renewal can easily be affected by these factors.
Therefore, the precise mechanical properties and the bio cues of the links between the
cells and substrates need to be essentially taken into account in the designing of the 3D
microenvironment for cells by synthetic polymers that are naturally bio-inert. In that
case, ECM-derived moieties can be introduced to polymeric scaffolds by the covalent
immobilization during the fabrication process to affect or adjust the cells behavior.*%°!
For example, the bioactive agents, such as RGD peptides, are often presented on the
surfaces of the synthetic polymers template to elicit certain desired interactions between
cells and materials.[*5! Different bio cues should be specially functionalized on the
polymeric scaffolds according to certain applications. By this strategy, various
biologically active domains have been incorporated into synthetic polymer templates,
which provide the biomimetic scaffolds with a tunable but also defined composition,

and meanwhile support the cells’ survival as well.
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Chapter 2. Scientific Goals

Partl

The discovery of iPSCs has opened up unprecedented opportunities for biomedical
applications.*320:1771 Because of their inherent properties, the iPSCs, as an alternative
of ESCs, constitute an extremely attractive tool for therapeutic applications without
immunological rejection and ethical problems.[6570.123.1241781 However, due to the
source of variability and xenogeneic contamination, the poorly defined animal-derived
matrices may pose risks for pathogen and immunogenic transfer, which severely limits
the cells grown in them for therapeutic applications.[55612% Besides large quantities of
cells, well beyond laboratory scale, are usually needed.[“¢7° Obviously, conventional
2D cultures cannot meet these challenges“®®®l and novel approaches for iPSC
expansion to obtain reliable cells with prolonged self-renewal ability and high
pluripotency that are suitable for clinical application are urgently needed.[6" To
circumvent all of these issues, completely synthetic materials and special manufacture
techniques need to be employed to establish an artificial microniche that can support
expansion of reliable iPSCs. Ideally, the manufacture processing should be engineered
to realize by automatic production and support iPSCs’ scalable culture. So, our research
goal is to creatively establish a much more suitable surrounding environment for iPSC
to survive inside a 3D scaffold similar to native ECM. To realize iPSCs’ reliable
expansion, we specifically engineered a novel chemically defined, artificial three-
dimensional (3D) microniche with degradable polyethyleneglycol-co-polycaprolactone
and RGDfk-functionalized dendritic polyglycerol hydrogel precursors by droplet-based
microfluidics. The microniche engineering can allow for robust proliferation of iPSCs
that maintain a high level of pluripotency expression and excellent viability but without
any reproduction limits and pathogen and immunogenic transfer risks, which indicates
great promise for therapeutic applications. Additionally, the fabrication process of this
microniche engineering is performed under microfluidic conditions and can supply
microniche scaffolds with huge efficiency. Therefore, it also shows great promise in

realizing iPSCs’ 3D culturing and reliable expansion on a large scale for therapeutic
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applications.
Part 2

Since ECM is the natural environment for the cell growth and survival, the
building of a 3D microenvironment by mimicking the properties of the ECM is a
promising strategy.[*> %1 Recently synthetic materials inspired from the construction
and role of ECMs in cell accommodation were produced for the cell culture applications.
For example, hydrogels based on biocompatible polymers were produced which
incorporated biological cues to define an artificial milieu with complex interactions that
regulate and foster stem cells similar to the events occurring in a natural cellular
microenvironment.[*®! For example, Lutolf and coworkers reported adhesion peptide
functionalized enzylatically cross-linked PEG-based hydrogels by chemical gelation
for the design of 3D microenvironment to mimic the biochemical features of the native
ECMs.['1  After modulating micro-environmental  stiffness, degradability, and
biochemical composition, this synthetic 3D ‘reprogramming niche’ explored for
somatic cell reprogramming and iPSC generation. These synthetic matrices better
represented the geometry, chemistry, and signaling environment of the natural
extracellular matrix. However, these synthetic 3D system might not be suitable for the
iPSC culture because enzymatic degradation will inevitably be harmful to the
proliferated cells. The Haag group has previously reported a microgel construction kit
and successfully realized the pH-controlled release of living cells from the hydrogel by
benzacetal bond hydrolysis.[53 However, iPSCs are too sensitive to survive under pH 6
for three days and will differentiate undisputedly. Schaffer’s group reported an iPSCs
3D culture system with pNIPAAmM-PEG hydrogels in a different view, which was only
by physical thermos-reversible gelation.[®% However, physical thermos-reversible
materials are usually based on loose gelation strengths, and only under high
concentration, they can support a iPSCs culture. While, under high concentrations,
thermos-reversible materials have a strong preference for a defined medium and are
even not stable in pure PBS solution.®1 Obviously, all of these attempts show some

attractive aspects, while none of them is already proven to be the consummate template
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culture method.

Within the second project, we investigate an approach to establish fully defined,
thermally responsive, iPSCs’ 3D artificial niche based on dPG and poly (N-
isopropylacrylamide)-co-polyethylene glycol polymers via physical-chemical-co-
gelation strategy. Benefiting from the cooperation of the SPAAC reaction and the
physical phase transition, the co-gelation system can be adjusted with optimal stiffness
and mechanical strength, which can support iPSCs cells survival well, keep self-
renewal, and preserve high pluripotency. After being cultured, the cells can be easily
controllably released from the niches just by adjusting their temperature. Overall, the
high maneuverability and feasibility of this establishment of artificial niche engineering
shows great promise in iPSCs’ 3D cultures for regenerative medicine and clinical

therapies.
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Chapter 3. Chemically Defined Stem Cell Microniche Engineering

for iPSCs’ 3D Culture and Expansion

The discovery of the iPSCs has opened up unprecedented opportunities for
biomedical applications. Nonetheless, the poorly defined animal-derived matrices limit
the cells grown in them for therapeutic applications. Effective improvement of a cell-
culturing approach and conditions for iPSCs’ reliable expansion still poses a
considerable challenge. Herein, we specifically engineered a chemically defined,
artificial three-dimensional (3D) microniche with degradable polyethyleneglycol-co-
polycaprolactone and RGDfk-functionalized dendritic polyglycerol precursors by
droplet-based microfluidics for iPSCs’ culturing and reliable expansion. The
microniche engineering can allow for robust proliferation of iPSCs that maintain a high
level of pluripotency expression and excellent viability but without any reproduction
limits and pathogen and immunogen transfer risks, which indicates great promise for

therapeutic applications.

3.1. Results and Discussion

3.1.1 Establishment of the chemically defined, artificial 3D microniche engineering
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Scheme 3-1. Chemically defined artificial 3D microniche engineering. (A) A set of
synthetic  precursors, dPG-cyclooctyne, degradable polyethyleneglycol -co-
polycaprolactone azide, and RGD-dPG-azide, were prepared. Together with these
precursors, iPSCs were injected into a microfluidic device and fabricated into droplet,
cell-laden microniche precursors with size of 150-200 um. Gelation occurred inside by
SPAAC during the incubation process (10 min), which then formed microniche
particles with iPSCs’ seeding inside. (B) dPG-PCL-PEG networks acted as the
backbone of the microniche and served as structural supports for the cells. RGD
supplied the microniche with cell attachment sites to promote cell survival. The
hydrolysis of ester bonds from caprolactone units equipped the microniche with
degradability that could stimulate iPSCs’ proliferation while maintaining pluripotency.

Herein, we present a new chemically defined artificial 3D microniche engineering
that can be specifically applied for iPSC culturing and reliable expansion as
schematically illustrated in Scheme 3-1. As hydrogels composed from synthetic
polymers like polyethylene glycol (PEG)I"" 1281 and dendritic polyglycerol (dPG)[6? 6
136,179 have high biocompatibility, low batch-to-batch variability, and facile mechanical
tunability, they are readily amenable to large-scale manufacture and show great promise
in acting as 3D cell-culturing platforms. In this system, dPG-PCL-PEG hydrogel
networks, serve as the backbone of the microniche to mimic the physical properties of
the ECM, were designed according to bioorthogonal strain-promoted azide-alkyne
cycloaddition (SPAACIE-182lY To stimulate cell adhesion inside the microniche, cyclo
(RGDfk), a cellular binding peptide sequence, was integrated into the polymer network
as a biochemical signal.[5 1831841 Meanwhile, caprolactone units were introduced into
the backbone to give the hydrogel degradability thus maintaining the proliferation of
the iPSCs.[®Yl Moreover, stiffness-related physical parameters were adjusted via
variations in composition and monitored by rheology tests!*®! to support iPSCs’ survival.
In addition, a droplet-based microfluidics techniquel®® 62 81 was adapted to combine
the precursors and cells with different contents into microniche particles with a certain
size to let the nutrients, metabolites, and air penetrate freely. According to all of these
strategies, a chemically defined microniche for iPSCs culturing was finally established.

For a holistic study of the microniche design, pivotal parameters should be

coordinated and controlled to recapitulate a microenvironment that can affect cellular
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responses. Among them, the stiffness plays a key role in regulating cell survival.
Therefore, we primarily modulated the content and the ratios of precursors that related
to hydrogel stiffnessi® and investigated the cells-behaviors. Rheology testing (Figure
3-1A) revealed that gels formed with precursors of PEG-PCL-N3z and dPG-DIC in
certain ratios (2:1) could support the gelation process most effectively. Additionally,
the gelation time, as a crucial parameter to evaluate the gelation efficiency, was
essential in determining whether the technique could be used in the microniche
manufacture process. So, we further investigated the relationship between temperature
and gelation time (Figure 3-1B). It must be emphasized that the resulting gel stiffness,
i.e., viscous and elastic modulus, is independent with the change of gelation
temperature. Longer gelation times would increase the incubation time in the
manufacturing process and reduce cell viability, while a too short gelation time would
not guarantee the even mixing of the precursors, , which would strongly influence the

integrity and homogeneity of the microniche. Therefore, a gelation time of ~10 min is
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microniche. (A) Rheology measurements (elastic modulus G’ and viscous modulus G”
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to precursor ratios: PEG-PCL-N3 (0.1mg mL™) and dPG-DIC (0.1mg mL1)). (B)
Gelation time measurements under certain ratios and concentrations (Gel c in Table 1).
(C) Rheology measurements to precursor concentrations (the solid line G', the hollow
line G"). (D) iPSCs’ viability response to microniche stiffness. (E) iPSCs’ proliferation
response to microniche stiffness. (F) Cell seeding density measurements. (G) SEM
morphology test. (H) Colloidal force spectroscopy (CFS) is used to measure the
mechanical properties of individual microniche and to extract its Young’s modulus. (I)
Degradability test of the microniche. *p < 0.05, **p < 0.01, and ***p < 0.001.

Table 3-1. Crosslinker concentration with gelation point, elastic moduli G', and viscous moduli G".

Sample no. Gelation point tg G' [t=w] /kPa G" [t =] /Pa
Gel a 35s 12.6 67
Gelb 5.08 min 1.24 4,713
Gelc 7.41 min 0.692 0.4874

Gel a: ¢p1 =0.2g mL?, ¢p2=0.2g mLY; Gel b: ¢y =0.15g mL?, ¢,z =0.15g mL?; Gel c: ¢p1 =0.1g
mL™*, ¢2=0.1g mL?; P1: PEG-PCL-N3, P2: dPG-DIC.
standardized for microfluidics operation and the microniche manufacture process.
Herein, 310 K was corresponded to this standard gelation time and chosen as the
gelation temperature. Afterward, rheology tests (Figure 3-1C), according to variations
in composition (Table 3-1), revealed that gel elasticity was inherently decided by
crosslinking density and could be adjusted by precursor contents.

To assess whether the stiffness affected iPSCs’ survival and proliferation, iPSCs
were embedded into hydrogels precursors. Together they engineered into 150-200 um
microniche particles with different elasticity by droplet-based microfluidics technology.
Benefiting from the small sphere size, the obtained microniche particles allowed
oxygen and nutrients to penetrate freely and reach the compartmentalized cells. Besides,
under microfluidic conditions, this fabrication strategy also showed great promise for
microniche mass production. Both of the live/dead density comparison results (Figure
3-1D) and expansion test (Figure 3-1E) revealed that a softer environment allowed for
iPSCs’ survival and expansion well. Microniches with certain elasticity (G'=0.69 kPa)
could better maintain iPSCs’ renewability and higher expansion rate, which was further
demonstrated by live/dead staining test (Figure 3-S5A) and the cell spheroids -

embryoid bodies (EB) expansion measurements (Figure 3-S5 B, C). Besides, as
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verified by Ki-67 staining (Figure 3-S5D), this soft microniche could also help keep
iPSCs’ high proliferation ability. Corresponding to the elasticity (G'=0.69 kPa) of the
microniche determined by rheology, the Youngs modulus obtained with a compressing
colloid was 0.5640.43 kPa. So, it could be regarded as the best stiffness for iPSC
culturing, which was consistent with previous reports.[*® %1 Moreover, cells with
various densities were cultured in microniches to evaluate which cells seeding density
is suitable for iPSC culture and expansion (Figure 3-1F). A culture system with cells
seeding density of 1x10° cells mL™? presented the optimal proliferation rate and
expansion efficiency.

Next, scaffold morphology analysis (Figure 3-1G, Figure 3-S3) revealed that it
took on porosity with a certain mesh size among the networks inside the microniche.
As the degradation effect of microenvironments had a significant effect on cell
behavior,[*8 €1 we investigated the degradability of the microniche and found that the
degradation period of the microniche particles was 19 days (Figure 3-S4). During this
period, the microniche degraded gradually and disappeared slowly (Figure 3-1lI),
which demonstrated that the artificial microniche indeed has certain degradability.
Therefore, during the iPSCs’ culture process, unoccupied network niche space could
produce and make room for the rapidly proliferated cells just in time, affording them

with better proliferation ability to achieve higher expansion efficiency.
3.1.2 Overall assess to the performance of the artificial 3D microniche system

After the key physical, bioactivity, and biomechanical parameters had been optimized,
all of them were systematically controlled during the manufacturing process of the
chemically defined artificial microniche engineering. Afterward, cell viability,
expansion efficiency, and cell quality such as the self-renewal, proliferation, and
pluripotency needed to be investigated to overall assess the performance of the artificial
3D microniche system.

Primarily, iPSCs grown in 3D microniche system were monitored by live/dead
staining to assess how the iPSCs respond to the artificial microniche and whether the

chemically defined synthetic material-based culture system could be used in iPSCs’
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reliable expansion (Figure 3-2A). Remarkably, except for very few dead cells, most of
the cells survived very well and had great viability. Encapsulated iPSCs grew into round
regular cell spheroids - EB. These results preliminarily demonstrated that our artificial
microniche culture system used without pre-adsorbing proteins and cell derivatives
could support iPSCs’ survival and expansion. As a 3D multicellular spheroid usually
formed when the iPSCs were cultured in a suspension consisting of ectodermal,
mesodermal, and endodermal tissues, the embryoid body has been regarded as a means
to assess the pluripotency of pluripotent stem cells.[*® To determine whether the cell
spheroids were formed by big cell aggregates or grew from single cells or small clusters,
we isolated single microniche particles and traced them daily (Figure 3-2B). By
monitoring the growth process, we proved that, during the overall culture period, the
cells grew from single cell or small cluster, but at least not from a big cell aggregate, to

become EBs with larger sizes and finally grew out of the microniche particles resulting

from the degradability of the microniche. This phenomenon also reflected that,
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Figure 3-2. The 3D microniche supported iPSCs survival and EB formation. (A) Cell
viability test monitored by live/dead staining (green-live cells, red-dead cells). (B) The
morphology of the iPSCs inside the 3D microniche environment. (C) EB size statistics
(green culture in a 3D microniche, red culture in suspension). (D) EB frequency to the
microniche’s particle size. (E) EB size measurement both in microniche and suspension.
(F) Ki-67 staining (red: a marker of proliferating cells). The scale bar indicates 100 pm.
(G) Expansion efficiency contrasted in different culture systems. *p < 0.05, **p < 0.01,
***p < 0.001.

benefiting from the biocompatibility and the degradability of the microniche, the cells
could grow faster and realize expansion with high efficiency. According to the
frequency statistics, the number of cell spheroids formed in each microniche particle
varied from 1 to 8 and decreased along with the culture time (Figure 3-2C), which
further proved that the cell spheroids could grow out of the microniche when they were
big enough. The period of time in which the cell had grown out of the microniche finally
supplied us with proper time to harvest cells.

It is well known that cell spheroid size is often regarded as one of the most
important parameters to influence the proliferation and lineage-specific differentiation
of pluripotent stem cells.[*®1 A too-large spheroid will lead to impaired proliferation
and increased apoptosis due to insufficient transport of nutrients and growth factors,
oxygen exchange, and metabolic waste elimination.l*®”] Besides, there was also
unexpected cellular differentiation resulting from the ratio change of the three germ
layers cells and spatial signaling alteration from cell-cell interaction or cell-
environment interaction.[*88 181 Here, the statistics of cell spheroid numbers and sizes
in a microniche system and suspension culture revealed that under the same cell seeding
density, many more spheroids formed in the microniche system than those in
suspension culture (Figure 3-2D). On the other hand, cell spheroids formed in the
microniche system were smaller than those formed in suspension cultures (Figure 3-
2E). Therefore, these results strongly revealed that iPSCs obtained from this
microniche culture system could maintain a higher proliferation ability and better
pluripotency than those from 3D suspension cultures. Beyond that, investigations of

expansion efficiency and Ki-67 staining further proved that iPSCs in a microniche
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culture maintained higher proliferation ability (Figure 3-2F) and showed better
expansion rate than in suspension culture (Figure 3-2G). Overall, our approach
demonstrated that these chemically defined 3D microniches supported iPSCs
proliferation and expansion well.

To achieve the requirements of medical application, undifferentiated iPSCs must
be acquired in vitro. We performed a series of pluripotency-related experiments*®l to
investigate whether the pluripotency of iPSCs could still be maintained during the
whole culturing process in the chemically defined 3D microniche. First, continuous
high expressions of alkaline phosphatase were detected during the culture period until
the seventh day (Figure 3-3A). Immunofluorescent staining showed that the chemically
defined 3D microniche-produced iPSCs in spheroids maintained high pluripotency
markers including Nanog, Sox2, Oct4, and SSEA1 expression (Figure 3-3B). These
results demonstrated that the obtained iPSCs had prolonged self-renewal ability and
simultaneously maintained high pluripotency, which also confirmed that iPSCs were

still kept in an undifferentiated state. Besides, we conducted PCR analysis of marker
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Figure 3-3. The 3D microniche supported iPSCs’ maintenance of pluripotency. (A)
Alkaline phosphatase (AP) staining (Scale bar = 50 pm). (B) Immunocytochemistry
analysis of pluripotency markers in iPSCs from spheroids (Oct4, SSEA1, Nanog, and
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Sox2). (C) PCR analysis of pluripotency marker genes (Nanog, Oct4, and SSEA1)
(Scale bar = 50 um).

genes (Nanog, Oct4, and SSEA1) and compared the pluripotency difference between
iIPSCs in suspension culture and the artificial microniche culture (Figure 3-3C). The
Nanog expression levels to cells in suspension and the microniche were similar and
remained stable during the culture period. While the expression of Oct4 both in
suspension and microniche was decreased along with culture time, which was
consistent with previous reports,*®! but the decreasing tendency in microniche was
slower than that in suspension. In addition, the Sox2 expressions had a little increase in
both, but there was almost no difference in suspension and microniche culture.
Altogether Nanog was widely regarded as a gatekeeper to control pluripotent stem cell
fate in response to signals from internal gene regulation network and external
microenvironment.[**Y The stable expression of Nanog and other markers indicated that
IPSCs, which were obtained from this artificial microniche culturing system, could
maintain high pluripotency. All of these experiments demonstrated that the chemically
defined artificial microniche performed well in supporting iPSCs’ reliable expansion to

supply high-quality cells for therapeutic applications.

3.2 Conclusion

In summary, we have developed a novel, chemically defined artificial microniche
engineering with degradable polyethyleneglycol-co-polycaprolactone and RGDfk-
functionalized dendritic polyglycerol precursors by droplet-based microfluidics. This
artificial 3D microniche can allow for the robust production of iPSCs with prolonged
self-renewal ability and high pluripotency but without any reproduction limits and risks
for pathogen and immunogen transfer. This advanced approach is meant to break
through bottlenecks brought by the application of traditional poorly defined animal-
derived matrices or cell derivatives and exhibits great promise for iPSCs to achieve full
potential in therapeutic applications. Additionally, this microniche engineering

fabrication process was performed under microfluidic conditions, which could supply
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products with huge efficiency, and therefore also shows great promise in realizing

iPSCs’ 3D culturing and expansion on a large scale.

3.3 Materials preparation and related experiment operation

3.3.1. Synthesis procedures of materials

Synthesis of ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (BCE): the synthesis process
was according to the literature with some optimization.*®? To a flask of 250 mL, after
being filled with argon, 50 mL cyclooctadiene (404.37 mmol) and 1 g rhodium dimer
were put inside together. Then, the flask was cooled down to 0 <C by ice bath. 5.4 mL
ethyl diazoacetate (51.43 mmol) was dissolved in 30 mL DCM first and then was added
dropwise into the cyclooctadiene solution under fierce stirring by injection pump in 3
hours. The temperature was brought up to room temperature and the solution was stirred
for 3 days. The reaction mixture was directly added into the column and purified by the
column chromatography on silica gel. The polarity of the eluent was increased slowly
from 1:100 EtOAc:hexane (to 1:20) to afford exo-endo mixture (7.60 g, 39.08 mmol,
76%) as a colorless oil (TCL-EtOAc: hexane, 1:10).

'H NMR (400 MHz, chloroform-d) & (ppm): 1.12 — 1.17 (t, 1H), 1.18 — 1.27 (m, 7H),
1.31—1.40 (m, 2H), 1.40 — 1.49 (m, 3H), 1.50 — 1.59 (m, 3H), 1.63 — 1.71 (t, 1H), 1.74
—1.86 (M, 2H), 1.96 — 2.11 (m, 5H), 2.11 — 2.22 (m, 5H), 2.22 — 2.36 (M, 3H), 2.42 —
2.54 (m, 2H), 3.97 — 4.19 (m, 5H), 5.45 — 5.70 (m, 5H). 3C NMR (500 MHz,
chloroform-d) & (ppm): 174.41, 129.92, 60.23,28.27,27.89,27.72, 26.65, 14.29, 14.19.
Synthesis of bicyclo[6.1.0] non-4-yn-9-ylmethanol (BCE-OH): To a 250 mL Schlenk
flask, LiAlH4 (1.82 g, 48.0 mmol) and 60 mL Et,O were added, and then the suspension
was cooled to 0 <T by putting the flask into the ice bath. Then a solution of compound
(6.76 g, 34.89 mmol) in 60 mL Et,O was put into a constant voltage funnel and was
added dropwise into the LiAlH4 suspension under fierce stirring. After that, the
suspension was kept at RT for half an hour and then cooled down to 0 <C again. Water
was carefully added into the suspension drop by drop until the gray solid turned into
white. Anhydrous Na,SO4 was added to remove the redundant water. The suspension

was filtered and the filtrate was concentrated by rotary evaporator to afford exo-endo
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mixture as a colorless oil.

The colorless oil without further purification was dissolved in 200 mL DCM in a
500 mL Schlenk flask. The suspension was cooled down to 0 <C by putting the flask
into ice bath. 2 mL Br, was resolved in 20 mL DCM before being transferred to a
constant voltage funnel, and then was added dropwise into the flask until the yellow
color persisted. 10% Na>S»03 was transferred to the constant voltage funnel and added
to the solution dropwise until the yellow color disappeared. The thus obtained colorless
solution was transferred to separating funnel and extracted with DCM. The organic
layer was dried with anhydrous Na>SO4 to remove the redundant water. The solution
was then filtered. The filtrate was concentrated by rotary evaporator to remove the
DCM and afford exo-endo mixture (5.189 g, 34.138 mmol, 96.96%) the dibromide as
a pale yellow oil.

Without further purification, the dibromide was dissolved in 100 mL THF in a
flask and the solution was cooled down to 0 <T using an ice bath. A solution of KOtBu
(1.6 M in THF, 66 mL) was transferred to the constant voltage funnel and added
dropwise to the solution. The solution was refluxed for 2 h before being cooled down
to rt and then the solution was quenched with 200 mL saturated NH4CI solution. After
that, the THF was removed by rotary evaporator, the solution was extracted with DCM,
and the yellow DCM layer was dried with anhydrous Na>SOas. The suspension was
filtered; the filtrate was concentrated by rotary evaporator. The residue was directly
added into the column and purified by the column chromatography on silica gel. The
polarity of the eluent was increasingly slowed from 1:100 EtOAc: hexane (to 1:1) to
afford the product exo-endo mixture (1.66 g, 11.06 mmol, 32.42%) as yellow oils (TCL-
EtOAcC: hexane, 1:1).

'H NMR (400 MHz, chloroform-d) & (ppm): 0.56 — 0.72 (m, 2H), 0.76 — 0.99 (m, 1H),
1.27-1.72 (d, J = 108.1 Hz, 4H), 2.05 — 2.46 (t, J = 44.1 Hz, 6H), 3.34 - 3.78 (d, J =
70.8 Hz, 2H). 13C NMR (500 MHz, chloroform-d) § (ppm): 130.15, 65.82, 29.02, 27.08,
22.12,15.24.

Synthesis of bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (BCN):
Without further purification, the product (0.666 g, 4.44 mmol) was dried with high
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vacuum, then resolved in the 74 mL DCM in a 250 mL Schlenk flask, pyridine (0.8918
g 11.10 mmol) and 4-nitrophenyl chloroformate (1.0952 g, 5.55 mmol) were added to
the solution at rt. The solution was stirred at rt for two hours, then 74 mL saturated
NH4Cl solution was added to the solution to quench the rest 4-nitrophenyl
chloroformate. The obtained solution was extracted with DCM (4150 mL); the organic
layer was dried with anhydrous Na,SO4. After filtration, the filtrate was concentrated
by rotary evaporator and purified by the column chromatography on silica gel. The
polarity of the eluent was increasingly slowed from 100:1 hexane:EtOAc to 10:1, (TCL-
EtOAc:hexane, 1:3), the obtained solution was concentrated by rotary evaporator to
afford the exo-endo mixture product (1.12 g, 3.55 mmol, 80.08%) as a white solid.

IH NMR (400 MHz, chloroform-d) & (ppm): 0.69 — 1.13 (s, 3H), 1.14 — 1.30 (s, 1H),
1.33 - 1.71 (s, 5H), 2.06 — 2.61 (m, 6H), 4.14 — 4.53 (d, J = 81.5 Hz, 2H), 7.23 - 7.28
(m, 2H), 8.19 — 8.49 (d, 2H). 3C NMR (400 MHz, chloroform-d) & (ppm): 5155.69,
152.68, 145.3, 125.38, 121.85, 98.79, 98.74, 74.04, 68.09, 33.29, 29.12, 23.34, 23.05,
21.43, 21.37, 20.60, 17.32.

Synthesis of dPG- OMs: dPG was dialyzed in MeOH (dialysis tubes -2 kDa cut-off) for
2 days. After removing the MeOH, dPG (15.2343 g, 205.86 mmol OH, 20.5869 mmol
of OH groups) was put in a 250 mL Schlenk flask and dried at 80 T overnight under
high vacuum. Then, it was dissolved in anhydrous DMF (200 mL) and cooled to 0 <C
by ice bath. 4.292 mL EtsN was added to the solution and the solution was cooled down
to 0 <C by ice bath. Then MsClI (1.338 mL, 24.7043 mmol, 1.2 eq. with respect to all
OH groups) in DMF (10 mL) was added dropwise over 1 hour under fierce stirring
using an injection pump. After 2 hours, the ice bath was removed and the mixture was
allowed to recover room temperature and was kept being stirred for 1 day. Then, DMF
was removed by rotary evaporator and the resulting mixture was dialyzed in MeOH
(pre-wetted RC tubing (MWCO: 1kD)) to afford 13.612 g of dPG-OMs as a honey-like
product. Degree of functionalization (DF) = 8.0%, quantified by *H NMR. Yield =
82.40%.

'H NMR (400 MHz, deuterium oxide) & (ppm): 0.77 (m, CHs core), 1.26 (m, CH core);
6 3.10 - 3.16 (s, 1H, CH3z mesyl), 3.37 — 4.34 (m, 22H, CHz and CH, PG scaffold). IR
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(film): v =3030, 2941, 2361, 1709, 1457, 1362, 1184, 971, 813, 753 cm ™.

Synthesis of dPG- N3: dPG-OMs (6.8057 g, 6.785 mmol OMs) was dissolved in 50 mL
DMF and added to a 250 mL Schlenk flask equipped with a reflux condenser. Argon
was purged into the flask slowly for five minutes to remove the air. NaN3 (2.21 g, 33.92
mmol, 5 eg. to OMs group) was added to the solution, and then the solution was stirred
for 3 days at 60 <. After the reaction, the solution was cooled down to room
temperature and filtered with the filter paper (Rotilabo-folded filters, type 600P) to
remove the resulting salts. The filtrate was concentrated by rotary evaporator to remove
the redundant DMF. The residue was dialyzed in H2O for two days by pre-wet RC
tubing (MWCO: 1kD) to afford the product of dPG- N3 in water. After concentrated,
5.1781 g product was obtained. DF = 8%, conversion: quantitative (determined by *H
NMR). Yield= 79.0%.

'H NMR (400 MHz, deuterium oxide) & (ppm): 0.77 (m, CHs core), 1.27 (m, CHz core),
3.27 - 3.92 (m, CH; and CH, PG scaffold). IR (film): v =2097 (-N3) cm™1,

Synthesis of dPG- NH2: dPG-Ns (4.35 g, 58.78 mmol) was dissolved in 200 mL of
THF+H20 (7:3) in a 250 mL Schlenk flask. Argon was purged into the flask slowly for
five minutes to remove the air and PPhs (7.2 g, 27.6 mmol) was added to the flask. THF
and H>O were alternately added to keep the solution always clear. The reaction was
monitored by IR and did not stop until the —N3 peak at around 2097cm™ absolutely
disappeared. Then, the flask with solution was put in 4 <C in fridge for 2 hours. The
white precipitate was removed by the filtration with the filter paper (Rotilabo-folded
filters, type 600P). The residue was extracted with CHCIs and the water layer was
dialyzed in MeOH by pre-wet RC tubing (MWCO: 1kD) for 2 days. The solution was
concentrated and afforded 3.55 g as a pale yellow product. Yield = 83.92%.

'H NMR (400 MHz, deuterium oxide) & (ppm): 0.76 (m, CHs core), 1.26 (m, CHz core),
2.02-2.28 (d, J = 46.1 Hz, 1H), 2.53 - 2.85 (s, 3H), 3.19 - 3.24 (s, 10H, OCH-NH2 and
CH2-NH3), 3.33 - 4.00 (m, 69H, CH and CH, PG scaffold).

Synthesis of dPG- BCN: dPG-NH; (1.1785 g, 15.925 mmol) was first dissolved in 20
mL MeOH and put in a 250mL flask. After the MeOH was removed from the flask by
HV, dry DMF was added into the flask to dissolve the dPG-NHz and argon was slowly
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purged into the flask for five minutes to remove the air. EisN (0.2656 mL, 1.911 mmol,
1.5eq) and BCN (0.486g9, 1.529 mmol, 1.2 eq) were added to the solution. The reaction
was kept for overnight at rt. After that, the DMF was removed by rotary evaporator.
The residue was dialyzed first in acetone and H>O, and then in pure Milli-Q water for
four days with a molecular weight cut off (MWCO) of 2000 and collected by freeze-
drying. Then, 0.8217¢g product was afforded. Yield = 71.28%.

H NMR (400 MHz, deuterium oxide) & (ppm): 0.55 — 0.93 (m, 1H), 1.13 — 1.56 (d, J
=80.2 Hz, 1H), 1.96 — 2.37 (m, 1H), 2.69 — 4.21 (m, 12H, CH, and CH, PG scaffold).
Synthesis of PEG-PCL-OH: Poly(ethylene glycol) (PEG) (12 g, 0.002 mol) with an
average molecular weight (Mw) of 6000 g mol™* was put in a 250 mL Schlenk flask and
dried under high vacuum and stirring at 70 <C at least for 12 hours. Argon was purged
into the flask slowly for five minutes to remove the air and 150 mL dry toluene was
added to the flask to dissolve the PEG. 40.5 mg stannous 2-ethylhexanoate was
dissolved in toluene and added to the solution. Then 1.1414 g e-caprolactone was
dissolved in 5 mL toluene and added dropwise to the solution using an injection pump.
After being equipped with a reflux condenser, the solution was refluxed under 135 <C
for 2 days under fierce stirring and an argon balloon was added on the top of the
condenser. After the reaction, the solution was cooled down and added dropwise to a
mixture solution of hexane and diethyl ether in an ice bath. The product was slowly
precipitated. The precipitate was filtered by suction funnel and after being dried with
high vacuum for 12 hours, 12.69 g product was obtained as a white solid. Yield =
96.05%.

'H NMR of PEG (400 MHz, chloroform-d) & (ppm): 3.56 — 3.64 (m, PEG-backbone),
13C NMR (500 MHz, chloroform-d) & (ppm): 70.63 PEG-backbone.

'H NMR of PEG-PCL-OH (400 MHz, chloroform-d) & (ppm): 0.88 (m, CHj core), 1.33
— 1. 1.72 (m, PCL-backbone), 2.29 — 2.36 (m, PEG-CH2-O-CO-CH,-PCL), 3.49 —
3.80 (m, PEG-backbone, terminal -CH>—OH from PCL), 4.01 — 4.11 (t, PCL-CH,-O-
CO-)), 419 — 4.26 (t, 1H PEG- CH2-O-CO-CH2>-PCL). 3C NMR (500 MHz,
chloroform-d) &(ppm): 173.61 (PEG-CH—O—CO-CH>—PCL), 72.59 (PEG-O—-CHo—
CH2-OH), 69.21-70.62 (PEG-backbone), 63.49 (PEG-O-CH>-CH>—O-CO-PCL),
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62.54 (PCL-CH2-CH>-OH), 61.76 (PEG-O-CH,-CH»-OH), 34.18, 32.37, 28.39,
25.58, 24.62 (PCL-backbone). vc=o (FTIR) = 1735 cm™.

Synthesis of PEG- PCL-OMs: 12.0 g (1.859 mmol) PEG- PCL-OH was added to a
Schlenk flask with 200 mL dry DCM. After being absolutely dissolved, the solution
was cooled to 0 <C by an ice bath. Argon was slowly purged into the flask for five
minutes to remove the air and 2.667 mL TEA was added to the solution. 1.6457 g (7.435
mmol) methylsufonyl chloride dissolved in 10 mL DCM was added dropwise using an
injection pump. Then removing the ice bath, the reaction was kept at 25 <C for 24 hours
under fierce stirring. After the reaction, the solution was extracted by 200 mL DCM
and 200 mL brine. The organic layer was dried with anhydrous Na>,SO4 and filtrated.
The filtrate was concentrated by rotary evaporator and precipitated in diethyl ether in
ice bath. The precipitate was washed several times with diethyl ether and filtered by
suction funnel. After dried with high vacuum for 12 hours, 10.5976 g product was
obtained as a white solid. Yield = 77.56%.

H NMR (400 MHz, chloroform-d) & (ppm): 1.30 — 1.47 (m, PCL-backbone), 1.57 —
1.67 (m, PCL-backbone), 1.68 — 1.80 (m, PCL-backbone), 2.20 — 2.37 (m, PCL-CH»>—
OCO-), 2.95 — 3.02 (s, CH3 mesyl-PCL), 3.03 — 3.08 (s, CHs mesyl-PEG), 3.41 — 3.82
(m, PEG-backbone), 3.99 — 4.09 (m, PCL-CH,-OCO-), 4.16 — 4.24 (m, PEG-CH,—
OCO-CH,-PCL, PCL-CH2>-OMs), 4.31 — 4.40 ( m, PEG-CH,—CH, —-OMs). 13C NMR
(500 MHz, chloroform-d) § (ppm): 173.56 (PEG—CH2—O-CO-CH,-PCL), 69.21-70.62
(PEG backbone), 63.49-64.17 (PEG-O-CH,—CH,-O-CO-PCL), 37.43 (PCL-CHbs)
34.02, 28.39, 25.57, 24.61 (PCL-backbone). vc=o (FTIR) = 1735 cm'%.

Synthesis of PEG- PCL-Ns: 10.20 g (1.544 mmol) PEG-PCL-OMs was added to a
Schlenk flask with 100 mL dry DMF. 1.1 g (16.92 mmol) NasN was added into the
flask. Argon was slowly purged into the flask for five minutes to remove the air and the
reaction was kept at 40 <C under stirring for 24 hours. Then the solution was
concentrated by rotary evaporator remove the DMF and the obtained solid was
dissolved in 20 mL DCM. The DCM solution was extracted with water (100 mL >2).
The organic layer was dried with anhydrous Na>SO4. After filtration, the filtrate was

concentrated by rotary evaporator and precipitated in diethyl ether in ice bath. The
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precipitate was washed with diethyl ether and filtered by suction funnel (pro4). After
being dried with high vacuum overnight, the solid was purified by dialysis in Milli-Q
water for two days with a molecular weight cut off (MWCO) of 2000 and collected by
freeze-drying. Then, 6.9324 g product was obtained as a white solid. Yield = 69.03%.
!H NMR (400 MHz, chloroform-d) & (ppm): 1.30 — 1.44 (m, PCL backbone), 1.52 —
1.71 (m, PCL backbone), 2.24 — 2.38 (m, PCL-CH, ~OCO-), 3.26 (t, PCL-CH, —N3),
3.37 (t, J = 10 MHz, PEG-O—CH>—CH> —N3), 3.42 — 3.83 (m, PEG backbone), 4.01 —
4.08 (m, PCL-CH,—0OCO-), 4.17 — 4.24 (m, PEG-CH,-OCO-CH,-PCL). *C NMR
(500 MHz, chloroform-d) & (ppm): 173.55 (PEG-CH2-O—-CO-CH2>-PCL), 69.21-70.62
(PEG backbone), 64.19 (PCL-CH—CH>—CO), 63.48 (PEG-O-CH>—CH>-0-CO),
51.26 (CH2—Ns3), 34.02, 28.39, 26.28, 25.58, 24.61 (PCL backbone). vc=o (FTIR) =
1735 cm?, w3 (FTIR) = 2097 cm™.

Synthesis of dPG-RGD: BCN-RGD was synthesized based on the cyclic pentapeptide
c[RGDfK], which was linked to BCN through its lysine residue without hindering its
biological performance.l**31%1 Cyclic Arg(Pmc)-GlyAsp(OtBu)-D-Phe-Lys(Boc) (20
mg, 0.03312 mmol)was dissolved in 8 mL DMF, followed by addition of 16 uL (3 eq)
TEA. A solution of BCN (10.95 mg, 0.03477 mmol, 1.05 eq) dissolved in 8 mL DMF
was added into the RGD solutions and kept being stirring for 16 hours at
rometemperature. Then, the BCN-RGD was directly added to the solution of dPG-N3
(DF = 8%, 62.928 mg, 0.828 mmol) in 10 mL DMF. The reaction was kept at room
temperature overnight. After that, the DMF was removed by rotary evaporator, and the
residue was purified by dialysis in Milli-Q water for two days with a molecular weight
cut off (MWCO) of 2000 and collected by freeze-drying. After that 74.254 mg product
N3-dPG-RGD (-N3, 4%; -RGD 4%) was obtained. Yield = 84 %

'H NMR (500 MHz, deuterium oxide) 8: 0.60 — 1.13 (s, 10H), 1.24 — 1.42 (m, 3H), 1.47
—1.55 (s, 5H), 1.58 — 1.69 (s, 5H), 1.77 — 1.90 (s, 1H), 2.09 — 2.64 (d, J = 76.5 Hz, 5H),
2.74 —2.89 (s, 2H), 2.85 — 3.25 (s, 6H), 3.30 — 4.52 (backbone of PG), 4.36 — 4.55 (t, J
=19.4 Hz, 3H), 7.11 — 7.64 (m, 5H).

3.3.2 Surfactant preparation
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Synthesis of PEG-NH2: PEG with molecular weight of 600 g mol (10.0 g, 33.32 mmol
of OH group) was added to a Schlenk flask and melted in 65<C overnight under HV to
remove traces of water. After having cooled to room temperature, the solution was
dissolved in 60 mL dry DCM. Then, the solution was cooled down to 0 <C with ice bath.
Argon was slowly purged into the flask for five minutes to remove the air and 23.2 mL
(166.7 mmol, 5 eq) TEA was added to the solution. 15.276 g (133.36 mmol, 4 eq)
methylsufonyl chloride dissolved in 10 mL DCM and then was added dropwise using
an injection pump. After removing the ice bath, the reaction was kept at 25 <C for 24
hours under fierce stirring. After the reaction, the solution was extracted by 200 mL
DCM and 200 mL brine. The organic layer was dried with anhydrous Na;SO4 and
allowed to filtrate. The filtrate was concentrated by rotary evaporator and precipitated
in diethyl ether in ice bath. The precipitate was washed several times with diethyl ether
and filtered by suction funnel. After drying with high vacuum for 12 hours, the product
was obtained as a white solid. All of the homobifunctional PEG-OMs was added to a
Schlenk flask with 100 mL 25% aqueous ammonia solution and kept being stirred for
4 days at room temperature. Then, the ammonia was evaporated and the PH was
adjusted to 13.0 with base of 1 M NaOH. The solution was extracted with 150 mL DCM
and 300 mL brine for 3 times and the organic layer was concentrated and precipitated
in diethyl ether. After drying in HV, 5.525 g desired product was yielded as white solid.
IH NMR (500 MHz, D;0, 25 °C) & (ppm): 3.82 (m, 4H, -OCH2-CHy), 3.75-3.65 (m,
PEGbackbone), 3.63 (t, 4H, -CH2-CH2-NH2), 3.54 (m, 4H, -OCH>-CH>), 2.93 (t, 4H, -
CH>-CH2-NHy).

Synthesis of Krytox-PEG-Krytox: The three-block-structure surfactant was synthesized
and characterized according to the literature.[*%] The Krytox polymer with a carboxylic
acid functionality (60.8 g, 15.145 mmol, M = 4013 g/mol) was dissolved in 100 mL
HFE-7100 and kept being stirred for 2 h at room temperature. Under Ar atmosphere,
oxalyl chloride (19.22 g, 151.45 mmol) was added dropwise by glass pipette and was
kept being stirred for 12 hours at room temperature. The solution was put in oil bath
70 <C to remove the rest of the oxalyl chloride and HFE7100 under HV by a neutralizer

of 2M KOH solution. The desired product was yielded as colorless solution.
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Homobifunctional PEG -NH: (5.0g, 8.33 mmol) was dissolved in 50 mL DCM and 50
mL HFE-7100 in flask, (-NH2 (amino group) 1.1 eq to -COCI), and the whole colorless
desired product in 50mL HFE-7100 was followed added dropwise into the solution.
The flask was put on the rotation evaporator overnight with elevated temperature 40-
50 <C without vacuum. After the reaction, the DCM and HFE-7100 were removed by a
rotation evaporator. The rest was transferred into 50 mL falcon tubes into which was
added unmodified PEG. Under the mixture solutions, PEG was supposed to bind with
the excess homobifunctional PEG -NH> to form solid plug. After centrifugation, the
bottom fraction was clear. By cutting with a razor into the bottom of the tube and let
the sample drip out. The desired product was obtained as a more viscous colorless
solution.

The molecular structure of the Krytox-PEG-Krytox surfactant was determined by
F NMR spectroscopy. Figure S23 reveals assignments for different fluorine signals
used to characterize the material for molecular structure. By inspecting the NMR region
at -131.5 to -133.5 ppm, it was found that approx. 81% of the acid chloride end groups
of the PFPE had converted to the non-ionic amide coupling to PEG. The balance of the
PFPE carboxylate is an ionic species, which can be indicated by the broad multiplet at
-126.5 to -128 ppm.
19 NMR (376 MHz, CeFs + MeOD) & (ppm): -147.82 — -146.25 (35F), -133.14 — -
132.80 (1F), -132.66 — -132.53 (2F), -83.48 — -81.52 (394F).
3.3.3 Cell culture
The mouse iPS cell line PhiC31 was obtained from System Biosciences (Catalog#
SC211A-1), and maintained on laminin (Cultrex, #3400-010-01)-coated plate with
complete clonal grade medium (Merck Millipore, #SF001-500P) containing GSK3p
inhibitor. The medium was changed daily and the cells were passaged every 3-4 days
with accutase (Merck Millipore, #SCR005).

For traditional suspension culture, iPSCs were trypsinized with accutase for
around 3 min into single cells and then reseeded on uncoated plate with defined
concentration. The medium was changed daily by gently centrifuging the cell spheroids

into the bottom of the tubes and carefully aspirating the supernatant until ready to use.
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For the 3D microniche culture, iPSCs were trypsinized with accutase into single
cells and then mixing with a density gradient medium (Sigma, #D1556) to prevent the
cell aggregation form before carrying out the microfluidics devices. Please refer to the
microfluidic encapsulation section about the detailed microniche encapsulation process.
The microniche particles containing iPSCs were harvested and filtered through 100 um
cell strainer (Corning, #352326) to remove unencapsulated cells. And then the cells
embedded into microniche particles were reseeded on normal plate. The medium was
changed daily by carefully inclining the plate and aspirating the supernatant without
disrupting the floating microniche particles. The cells in microniche particles were
imaged by normal or fluorescent microscope at specific time points and the cell

spheroids’ numbers and diameters were counted and measured by Image J software.

3.3.4 Microniche Engineering

Microfluidic Devices

The devices of the microfluidic were made by soft lithography.[**”1 First a silicon wafer
was made by patterning with SU-8 photoresist. Then, poly (PDMS) and the crosslinker
(Sylgard 184 elastomer kit, Dow Corning, ratio of base and crosslinker was 10:1) were
thoroughly mixed by a rotational vibration mixer for three minutes before being poured
onto the silicon wafer. The whole device was put in a drying vessel under high vacuum
for half an hour to remove the air bubbles. After solidificated in the oven at 65°C
overnight, the device was cut and punched to produce pore canals. The device was
washed with isopropanol and water and dried with oven again. The dry PDMS device
was fabricated on to the glass slide by the oxygen-plasma bonding machine. After
solidification in the oven at 65 °C overnight, the device was treated with Aquapel®
(PPG, Pittsburgh, PA, USA.), a commercial windshield treatment in a drying vessel
under high vacuum to render the inter surface of devices hydrophobic and suitable for
the hydrophilic-hydrophobic water-in-oil emulsification. After the hydrophobic
treatment, the channel device was washed with ethanol and isopropanol to make it clean
and put under the 48w UV exposure overnight to kill all the bacteria and make the

encapsulation process avoid bacterial infections.
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Microniche particles engineering

For the fabrication of the microniche particles, we proceeded it in stepwise manners:
First, we prepared two sets of aqueous precursors, one solution containing dPG with an
average molecular weight (Mw) of 5.3 kDa functionalized with BCN groups, and the
other containing PEG- PCL-N3z with molecular weights (6.5 kDa) and hPG-N3 -RGD.
(Keep the final concentration of c[RGDfK] in precursors mixtures as 1mM).1*8 Then,
both precursor solutions were injected into the microfluidic device at different
concentrations, along with a cell culture media containing iPSCs with varying density.
(The microniche elasticity was controlled by the molecular weight of the PEG-cross-
linker and by the total precursor concentration. To optimize the microniche properties
for the encapsulation of iPSCs, the influence of the microniche elasticity on the viability
of the encapsulated cells and polymers concentration to the elasticity have been studied
in advance) This way, premicroniche droplets could be formed, which were easy to gel,
and yielded cell-laden microniche particles through the strain-promoted azide—alkyne
cycloaddition. After formation in microfluidic device, the microniche particles were
dispersed in the oil phase (HFE-7100) with Krytox-PEG-Krytox (2% wt). Then the EP
pipe was put in 37 °C water bath and used as a receiver. After incubation in a carbon-
dioxide cell incubator for 10 min (optimized by gelation time in rheology test), the
microniche particles were washed with surfactant solutions to remove the HFE on the
surface and transferred into the cell culture media. With their special 3D
microenvironment structure, the microniche particles were manufactured with iPSCs
embedded inside. According to the strategy of coordinated control the physical and
chemical properties to influence the specific interactions with cellular systems, this
fully chemically defined artificial 3D microniche engineering was designed to tailored
a new proper microenvironment niches that could work as 3D matrices for iPSC
culturing. As a result, we created a novel approach for an iPSC expansion to get reliable
cells with prolonged self-renewal ability and high pluripotency suit for clinical

applications.
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3.3.5 Cell viability assay

A Live/Dead Viability Kit (Thermo, #L.3224) measured the viability of the iPSCs that
were cultured in microniche particles, which then were collected and washed with PBS.
A freshly prepared staining solution was added to microniche particules. After
incubation for 30 min, the microniche with cells was imaged by confocal microscope
(Leica SP8). Green-fluorescent calcein-AM indicated live cells and red-fluorescent

ethidium homodimer-1 showed the dead cells.

3.3.6 Proliferation assay

A Cell Counting Kit - 8 (Sigma, #96992) measured the expansion rate of the iPSCs
growing in the microniche. After harvest, the same amount of microniche particles were
seeded in plate (24-well) and cultured for several days. At an indicated time period, one
tenth of the volume of CCK-8 reagent of the used medium was added to each well of
the plate, and then incubated in the plate for 1-4 hours. After incubation, the
supernatants were transferred to 96-well plate, and a microplate reader measured the

absorbance at 450 nm.

3.3.7 Immunofluorescent staining

The cells in microniche were collected and washed with PBS at specified time periods.
Then the micronice particles with cells were fixed with 4% PFA for 15-30 min, which
was followed by permeabilization for 10-20 min (bigger cell spheroids need longer
time). After washing with PBS for 3 times, the cells were blocked with 10% goat serum
at temperature of 37 °C for 30 min to cover nonspecific sites. Then they were incubated
with defined primary antibodies (anti-Nanog, 1:400, Abcam, #ab80892; anti-Oct4,
1:400, Abcam, #ab19857; anti-SOX2, 1:1000, Abcam, #ab97959; anti-SSEA1, 1:200,
ThermoFisher, #MA1-022; anti-Sox2, 1:400, CST, #4900; anti-Ki-67, 1:400, CST,
#9129) at 4°C overnight. The second day microniche particles with cells were washed
by PBS for 3 times and then incubated with second antibodies (goat anti-rabbit 1gG
H&L (Alexa Fluor 488, 1:400, Abcam, #ab150077; goat anti-mouse 1gG H&L (Cyb5),
1:1000, Abcam, #ab6563) at 37°C for 1 hour. They were washed by PBS again and then
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stained with DAPI at room temperature for 10-20 min. In the end, all the microniche

particles with cells were imaged by sp8 confocal microscope.

3.3.8. RT-gPCR reaction

After several days’ culture, both microgels containing iPSCs and EBs under traditional
suspension culture were collected by centrifuging at 200 g for 5 minutes. Cell total
RNA were lysed and extracted by Trizol Reagent (Thermo Fisher Scientific,
#15596026) and then reversely transcribed into cDNA with a SuperScript™ IV
VILO™ Master Mix Kit (Thermo Fisher Scientific, #11756050) according to the
manufacture’s instruction. The real time PCR reaction tests were performed using
Power SYBR™ Green PCR master mix (Thermo Fisher Scientific, #4367659) by the
PikoReal Real-Time PCR device following the respective user manuals. The primers
used: Gapdh-F: 5'-TTC ACC ACC ATG GAG AAG GC-3', Gapdh-R: 5'-CCC TTT
TGG CTC CAC CCT-3"; Nanog-F: 5-CAG GTG TTT GAG GGT AGC TC-3'Nanog-
R: 5-CGG TTC ATC ATG GTA CAG TC-3'; Oct4-F: 5'-TCT TTC CAC CAG GCC
CCC GGC TC-3', Oct4-R: 5-TGC GGG CGG ACA TGG GGA GAT CC-3"; Sox2-F:
5'-TAG AGC TAG ACT CCG GGC GAT GA-3', Sox2-R: 5-TTG CCT TAA ACA
AGA CCA CGA AA-3'. The data were obtained by PikoReal Software 2.2 and
analyzed by the Comparative Ct method (AACt). The value of 2*-AACt were analyzed
with the GraphPad Prism 5 software by the unpaired Student’s t-test method. The

results were normalized by treating the data of dO as the reference value.

3.3.9 ALP staining

ALP staining was performed to confirm the pluripotency of iPSCs by following the
instructions of an alkaline phosphatase detection kit (Merck Millipore, #SCR004).
Briefly, cells in the microniche particles were collected and washed by PBS, and then
fixed by 4% PFA for very short time followed by PBS washing. Next, enough stain

solution was added to the tube and then incubated in dark at room temperature for 15
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min. After 3 times’ washing by PBS, the images were observed and acquired by a color

microscope.

3.3.10. AFM tests

Youngs modulus: 0.56+0.43 kPa

FU-Berlin 15.0kV 10.2mm x800 SE(U)

Figure 3-S1. Young’s modules and the morphology of the microniche particles. (A)
The real time morphology of the microniche particles under detection. (B) The tips for

the detection.

For the assessment of the stiffness properties of the 3D microenvironment, the
material properties of microniche particles were investigated with an atomic force
microscope (JPK Nanowizzard 4, Berlin, Germany GmbH) in a force spectroscopy
mode using the technique known as colloidal force spectroscopy (CFS). In this
technique, a micro-sized silica colloid glued at the end of a tipless cantilever is used as
a force sensor device to induce controlled compressions. The advantage of using a well-
defined geometry to perform deformations against another well-defined interface
(microgel) is that the contact models exist to extract the elasticity parameter Y or
Young’s modulus of the tested material. Silica colloids of 23 pm in diameter
(microParticles GmbH Berlin, Germany) were glued with 2-component Plus Endfest
epoxy to tipless cantilevers D (model MLCT-010 from Bruker) with a nominal spring
constant of 0.03N/m. Prior to any force measurements, the probe cantilever+colloid,
was used to compress the hard surface of mica and obtain the sensitivity of the
cantilever. Afterwards, the thermal noise method was used to determine the spring

constant of the probe cantilever+colloid. Calibration of the probe and all force
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measurements were performed inside a fluid chamber in Milli-Q water.
The microniche particles were first deposited onto a glass slide (Carl Roth, Karls

Ruhe, Germany) and identified through optical microscopy. Then a colloidal probe was
positioned directly on top and at the center of the particles. At least 3 repetitive
approach-retraction cycles were taken per microparticle with a maximal applying
loading force of 1000 pN. For this loading force, deformations were fully reversible
and within a range of 200-300 nm. An approach-retraction velocity of 500 nm/s was
used. During the testing process, the real time morphology of the microniche particles
was also tested (Figure 3-S1 A).

The JPK software for data processing was used for posterior surface analysis. All
obtained force-separation curves were baseline corrected and converted from force-
piezo displacement to force-separation curves that were then further analyzed. The
model of the contact of Hertz was used for a rigid sphere’s compressing a planar semi-
space, where only deformations of no more than 100 nm were considered for analysis.
Since deformations were less than ~10% of the radius of the indenter (here about 11.5
pm), the Hertz model allowed determination of the Young™s modulus when a fit was
applied to the first 100 nm of the approach curve after the contact point. In addition, a
soft PDMS surface provided in the Bruker Peak Force kit with a modulus of 2.5 MPa
was used as a control for Young’s modulus determination. Finally, the Young’s modulus

of the microniche particle (gel c) was 0.5630.43 kPa.

3.3.11 Rheology tests

The gel-gelation process could be monitored by rheological measurements. The
gelation temperature, the gelation time, and elastic and viscous moduli could be
investigated. During the test, PL0O8 probe was chosen to detect the amplitude sweep
strain controlled, frequency sweep strain controlled, and the single frequency strain
controlled. For parameters, the gap was set as 2 nm, the amount of each polymer was
50 uL. For the amplitude sweep, the scan range was set as 0.01-10% at 1 Hz. For
frequency sweep, the frequency scan range was set as 0-10 Hz at 1%. Three distinct
regions in the rheological curves can be identified under three conditions: Firstly, during
the initiation period, G' (t) and G" (t) were low. The details could be identified because
both moduli were under the detection limit of the instrument. During this period,

polymerization was low and the network could not form. Then, a sudden increase of G'
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(t) and G" (t) period meant the polymerization began and a covalent network formed.
When G' (t) remains constant, independent from the gel composition and temperature
the gelation process is completed. During the test, all the samples according to Table 3-

1 were tested at constant temperature.

3.3.12 Gelation efficiency to precursor ratios

G' (gel1)
G" (gel)
G' (gel2)
G" (gel2)
G' (gel3)
G" (gel3)
G' (gel4)
G" (geld)
G' (gel5)
G" (gel5)
G' (gel6)
G" (gel6)

etxenovidron

0 2 4 6 8 10 12 14 10 20 30 40 50 60
time (min) Time (min)

o

Figure 3-S2. (A) Time dependence of the elastic modulus (G') and viscous modulus
(G") during gelation with variations in precursor ratios of PEG-PCL-N3 to dPG-DIC
(PEG-PCL-N3 =0.1g mL*, dPG-DIC = 0.1g mL™). (B) Time dependence of the elastic
modulus (G’) during gelation process under different temperatures.

Since the synthesized microniche were constructed by precursors of PEG-PCL-N3
and dPG-DIC, the ratio of the precursors to form the microniche determined the content
of each of them, which had a close relationship to the crosslinker type. To investigate
the effect of the content of precursors to stiffness, the rheology measurement was
performed and the elastic and viscous moduli were investigated accordingly. As shown
in Figure S2 A, the elastic and viscous moduli of the synthesized hydrogels (gel 1 to
gel 6) formed by precursors with different ratios presented varied values. By comparing
these gels with each other, it could be found obviously that gel 3 with content ratio of
2:1 had the higher value of both elastic and viscous moduli, which demonstrated that
precursor ratios strongly influenced the gelation effectively.

Additionally, gelation time is also an important parameter to investigate and
evaluate the gelation efficiency capable of determining the strategy of the following
microgel manufacture. As we know, temperature is also important factor for the

gelation process, especially because the principle of which in this project is based on
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SPAAC reaction. Azide-alkyne cycloaddition Kkinetics can be controlled with
temperature variation. Accordingly, the gelation Kkinetics also shows a strong
temperature dependence. To investigate the effect and relationship of temperature and
gelation time, gelation process with same precursor concentration under different
temperatures was followed by rheological measurements. As shown in Figure S2 B,
during gelation under different temperatures at certain ratios and concentration, the
time-dependent elastic modulus G’ takes on different rheological curves. Gelation time,
the time required for the elastic modulus to approach constant, was respectively 50, 35,
15, and 10 min accordingly under the temperature of 292 K, 298 K, 304 K, and 310 K.
It is worth noting that temperature has a remarkable effect on the gelation time but no
effect on viscous modulus and very little effect on elastic modulus.

3.3.13 SEM test

The morphologies of the poly (ethylene glycol) - poly (e-caprolactone azide) (PEG-
PCL-N3) and dendritic poly (glycerol dicyclooctyne) hydrogels were characterized by
scanning electron microscopy (SEM) after formation of the hydrogel. The formed
hydrogel was first put in a cell culture media overnight to make it swollen absolutely.
After the swollen hydrogel was freeze-dried and then gold-sputtered for moment on the
clean mica tablet, and their morphology was viewed using a Hitachi SU 8030sem

operated at 5.0 kV accelerating voltage.

3.3.14 Morphology property of the microniche
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Figure 3-S3. SEM micrographs of gel a (A), gel b (B), and gel ¢ (C).

The morphology property inside the 3D microniche was characterized by SEM.
Gels were processed with freeze-drying by a lyophilizer before they were tested by the
SEM. As shown in Figure 3-S3, gel a, gel b and gel ¢ show different mesh sizes and the
networks of the microniche took on many holes with different sizes. After removal of
all the water from the microniche gel by lyophilization, gels made of high concentration
proceeded to take on larger poles morphology among the polymeric network, which
also demonstrated that there was close relationship between mesh size and poles among
the networks and the concentrations of the precursors that were used to construct the

polymeric gels.

3.3.15 Degradability characterization of the microniche particles

For the degradation test, the microniches were prepared according to the following
Table 1 gel c at 37 °C. After gelation, the samples were transferred into the used iPSCs
culture DMEM and incubated in the cell incubator. The DMEM was changed once a
day, and the morphologies and the size of the microniche particles were monitored by

microscope day by day. After degradation, the size of the microniche particles was
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changed which correspondingly led to the expansion of the microniche particle. The
degradation test was carried on until the microniche particles was absolutely

decomposed.

Figure 3-S4 Degradability test and the morphology monitor during the degradation of
the microniche particles in DMEM containing 10% FCS and PBS at 37 °C.

Degradability of the microenvironment is an important property in regulating cell
behavior. In this project, the degradability of the 3D microniche was designed by
functionalizing caprolactone units on both terminals of the PEG linker to form
homobifunctional PEG-PCL polymer linker, of which the ester bond hydrolysis would
have afforded the microniche with degradability under culture conditions. The
degradation efficiency was investigated by real time morphology monitoring with
microscope. As shown in Figure 3-S4, the size of the microniche particle increased
slowly over time until the 19th day, when the morphology of whole particle disappeared
completely. This could be explained by hydrogel swelling and the ester bond hydrolysis,
which obviously demonstrated that the artificial microniche indeed had degradability.
During the degradation process, much more unoccupied space occurred around the
niche, which make room for the rapidly expanding cells just in time, giving them the

advantage for survival and keeping better proliferation.
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3.3.16 iPSCs’ response to microniche stiffness
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Figure 3-S5 Microniche elasticity affect iPSCs proliferation. (Scale Bar=100um) (A)
live/dead staining in different elasticity (green-live cells, red -dead cells). (B) EB
diameter changes with culture time. (C) EB numbers changes with time. (D) Ki-67
staining (red: a marker of proliferating cells).

To determine the microniche elasticity of iPSCs survival and proliferation, three
kinds of microniche particles with different elasticity of 0.69 kPa, 1.24 kPa, and 12.6
kPa were prepared with iPSCs embedded inside and then investigated by monitoring
the live/dead staining, EB growth conditions as well as Ki-67 staining. Apparently, soft
environments were more advantageous for the IPSCs survival. The softer the
microniche was, the more iPSCs survived (Figure 3-5 A). Cells in soft microniche with
elasticity of 0.69 kPa grew and survived much better than that in other stiff microniches.
The diameter and the numbers of the EB in three different elasticity microniche

particles were measured and counted after culturing for 3, 5, and 7 days (Fig. 3-S5 B
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and C). Obviously, the EB cells grew faster in lower elastic microniches than that in
higher ones. Ki-67 staining (Fig. 3-S5 D) results revealed that cells in microniche with
elasticity of 0.69 kPa presented higher levels of proliferation markers expression than
that in others, which means that cells got from this soft microniche with high
proliferating potency. We can also imagine that the iPSCs almost did not expand in the
stiff microniche because of the lack of proliferation ability (Figure 3-S5 C). From all of
above, we can get to the conclusion that stiffness parameters are an important physical
property for cell survival, Low elastic moduli-related 3D microenvironment (0.69 kPa)

allowed iPSCs 3D culturing well.

3.3.17 Optimal seeding density for iPSCs microniche culturing.

Many factors can affect whether you can acquire enough high quality spheroids among
which, the cell density must be the most important one. Previous study has proved that
too low cell seeding density was not enough to form spheroids*®! while too high
seeding density lead to spheroids agglomeration, which means separate spheroids
merged and formed a larger spheroid. Therefore the spheroid formation efficiency was
decreased and the spheroid quality was reduced.!® To optimalize the suitable cell
concentration for the encapsulated iPSCs culture in microniche particles. The iPSCs
with three different concentrations of 210, 1106, and 5x10° cells /mL were involved
in the microniche fabrication process. The cellular growths were continuously observed
during the culture time and the results showed that the more cells were seeded in the
microniches, the faster iPSCs grew and the more cell spheroids formed (Figure 3-S6 A)
However, too high concentration may lead to the aggregation and fusion of iPSCs
spheroids and the generation of super big spheroids which would extrude out of the
microniche particles after 5 days’ culture. This also explained very well the decrease
expansion rate and smaller spheroid diameter at d 7 under concentration of 2108 cells
/mL than that of 1x10° cells /mL (Figure 3-S6 B and C). Notably, too low cell
concentration led to very little iPSCs spheroids which indicated that certain high cell
concentration were needed to form embryoid bodies during the microniche particles’

fabrication process. We concluded that cell concentration of 1x10° cells /mL was the
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best density for iPSCs to survive in the microniche, to grow in a great expansion rate,

and to form more and enough high quality spheroids while avoiding the spheroids

agglomeration.
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Figure 3-S6. (A) Optimize the cell density for iPSCs encapsulation (Scale bar = 200
um). (B) Spheroids’ diameter change with culture time. (C) Spheroid density changes

with culture time.
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Chapter 4. Advanced controlled-releasable iPSCs’ 3D artificial niches
based on dendritic polyglycerol and poly(N-isopropylacrylamide)-co-
polyethylene glycol polymers via physical-chemical-co-gelation

strategy

The recently emerging stem cell artificial niche engineering in iPSCs’ 3D culture
has provided enormous opportunities to fully utilize the potential of these cells in
biomedical applications. Although a fully chemically defined niche environment could
supply cells with desirable safety for clinical use, establishing an artificial degradable
niche environment for the controlled release of proliferated cells under mild conditions
is still a big challenge. Here we reported an advanced controlled releasable iPSCs’ 3D
artificial niche based on dendritic polyglycerol and poly(N-isopropylacrylamide)-co-
polyethylene glycol polymers via physical-chemical co-gelation strategy. Benefiting
from the chemically-defined synthetic materials and their precise cooperation by
covalent crosslinking and physical phase transition, the co-gelation-based artificial
niche system can be adjusted with optimal parameters and high cell biocompatibility to
support the robust production of high quality iPSCs with an excellent expansion
efficiency. Moreover the expanded cells can be released out of their niche environment
controllably only by adjusting the temperature. Overall, this controlled releasable
artificial niche scaffold engineering shows great promise in iPSCs’ 3D culture for

downstream applications.

4.1. Results and Discussion

4.1.1 Establishment of control-releasable 3D Hydrogel based artificial Niche
microenvironment by ECM mimicking

In order to overcome all the limitations mentioned above, we presented an
advanced approach for engineering a synthetic and control-releasable iPSCs’ 3D

artificial niche environment according to a physical-chemical cogelation strategy for
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iPSCs culture (Figure 4-1). To achieve this goal, we tailored a 3D microenvironment
with two specially designed biocompatible linkers: dPG-bicycloalkyne and poly(N-
isopropylacrylamide) co-polyethylene glycol azide (pNIPAAmM-co-PEG-N3) polymers
in two steps. First, under room temperature, the two polymers could form a hydrogel
by strain-promoted azide-alkyne cycloaddition (SPAAC) reaction.[®l After being
transferred to culture conditions (37 °C), in which the temperature was higher than the
lower critical solution temperature (LCST), the N-isopropylacrylamide co-
polyethylene glycol polymers undergo physical gelation and further form a reversible
hydrogel. Under physic-chemical synergistic gelation conditions, the formed dPG-
PNIPAAmM-co-PEG can work as the backbone and be used to mimic the physical
property of the ECM. Additionally, rfRGD was introduced as biochemical signal to
promote self-renewal and pluripotency.l?°-202 After all the foremost parameters about
precursor ratios (dPG-DIC (100 mg/mL) and pNIPAAmM-co-PEG-N3 (100 mg/mL)),
elastic modulus (physical stiffness),[*® 681 and cell seeding density were optimized, an
optimalcondition for cell culture was achieved. Therefore the culture system could
support iPSCs’ fast expansion and maintain high quality about proliferation capacity
and high pluripotency, which can be characterized by the test of Ki-67 staining,2%!
alkaline phosphatase (ALP) staining,[?° and pluripotency immunostaining.*3 60 205]
Upon cooling down to the room temperature (<LCST), the physical gelation affect
despair leaving alone the covalent bond based gelation affect. This mechanism
precisely benefits the culture system with the ability of controlled release of the cells
and to harvest them with the high maneuverability and feasibility. Overall, this work
provides an advanced control-releasable artificial niche scaffold engineering approach

and shows great promise in the field of iPSCs’ 3D culture.
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Figure 4-1. Schematic representation of the work mechanism in iPSCs’ 3D culture for

the artificial niche built based on dPG and pNIPAAmM-co-PEG polymers via physical-
chemicalcogelation strategy: first, a set of synthetic precursors, dPG-cyclooctyne,
pPNIPAAmM-co-PEG azide, and RGD-cyclooctyne, was formed. (1) Together with these
precursors, iPSCs were seeded into the system, and they preliminarily produced a niche
only by chemical gelation. (2) After being transferred into 37 <C, physical gelation also
occurred and created a reversible hydrogel. (3) Under these conditions, a stable niche
was formed by physical-chemical cogelation strategy, which supported iPSCs’ survival
and quick expansion, then culture the cells for 3days. (4) After being cultured for certain
time, the system could be transferred to 25 <C again, and the physical gelation
disappeared, the niche was loosened, and then the cells released out of the niches. (5)

Cells harvest by centrifugation.

The native ECM, which works as a key constitutive part of the microniche and
plays an essential role in regulating cell behavior, is a complicated system.[él
Establishing an artificial niche microenvironment by mimicking the physical and
biochemical characteristics of such an extracellular matrix, involves the optimization
of several parameters, for example, chemically defined cell-compatible material

synthesis, concentration-related hydrogel stiffness, cell seeding density, and adhesion-
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relative biochemical cues.l*? Furthermore, finding efficient methods and related vital
factors for the design of 3D cell culture niche environment that better represent the
geometry, chemistry, and signaling environment suitable for iPSCs’ survival and
expansion is crucial. All optimal parameters and conditions of the above factors and
conditions should be coordinated to control the influence of specific interactions with
cellular systems. After these conditions have been modulated, the quality of the
expanded cells obtained from the niche culture system should be further assessed.
Moreover, the controlled release ability of this niche for the loaded cells needs to be
investigated as well.

4.1.2 Precursors synthesis and the fabrication of novel hydrogel scaffold niche
For the establishment of a chemically defined niche environment for iPSC culturing,
materials that are used to tailor their backbone and supply the cells’ physical properties
to capture are crucial.[®® 2%1 Thus, the design and the specific preparation of the
synthetic precursors are the primary steps.[’1 Polyethylene glycol (PEG)!® 2981 gngd
dendritic polyglycerol (dPG),!% because of their high biocompatibility, low batch-to-
batch variability, as well as their readily amenable scalability have shown great promise
to act as cellular scaffold.[2%°! Stimuli-responsive polymer materials are powerful tools
in establishing dynamic or control reversible microenvironment, especially in cell
biology.?%1 Among various stimuli triggered factors, thermoresponsiveness which can
be easily controlled is the most potential one to engineer materials for cell loaden or
release. Poly(N-isopropylacrylamide) (PNIPAM) has been widely applied as a
temperature-sensitive polymer with reversible gelation at the lower critical solution
temperature (LCST) of 32 <C.[212%3 |n order to combine the advantages of both, we
designed synthesized a pNIPAAm-co-PEG polymer, as illustrated in Figure 4-2a. The
stimuli-responsive illustration was revealed (Figure 4-2b), and its LCST was shown in
Figure 4-S1. After azidation, the pNIPAAmM-co-PEG polymer can be applied to
program the hybrid hydrogel with dendritic polyglycerol cyclooctyne (dPG-DIC)
(Figure 4-2c) by the in situ crosslinking approach by the bioorthogonal SPAAC
reaction.[%¥ The synthesis and characterization of other macro-monomers and details of

their characterization are shown in the experimental section. Benefiting from the
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cogelation strategy, dPG- pNIPAAmM -PEG hydrogel networks serve as the backbone of
the microniche for supporting cells (Figure 4-2e) better than the pNIPAAmM-co-PEG
hydrogel networks. On the one hand, they overcome the disadvantage caused by a
single pNIPAAmM-co-PEG polymer, which physically crosslinked hydrogels fail to
show strength and are not stable enough to serve as a cell scaffold for covalently
crosslinked systems. On the other hand, one must introduce pNIPAAmM, which has been
equipped with a microniche with degradable and controlled-release properties. For
stimulating cell adhesion inside the microniche, cyclo (RGDfk), a cellular binding
peptide sequence was integrated into the polymer network as a biochemical signal to
mimic the biological cues’ features of native ECMs in stimulating colony formation
that support iPSCs’ survival and support proliferation?-2°2 (Figure 4-2d). Finally, all
of these precursors together preliminarily form the artificial scaffold niche environment
(Figure 4-2e), during which certain parameters, such as stiffness-related elastic

modules and precursor’s contents, still need to be further adjusted.
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Figure 4-2. Synthesis of the precursors and fabrication process of the hydrogel
scaffold’s niche: (a) synthesis process of the pNIPAAmM-co-PEG-N3 and its thermos-
reversible hydrogel properties. (a:b=5:1), (b) the thermoreversible phase-change
phenomenon of the pNIPAAmM-co-PEG-N3 (LCST=31 °C), (c) dPG-DIC (6%), (d)
RGD-DIC, and (e) the finally formed scaffold niche with iPSCs culture inside under
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37 T in a cell culture incubator (within ESGRO medium).

4.1.3 Stiffness characterization of the hydrogel niche formed with various
precursors’ ratios and concentrations
Substrate stiffness, typically characterized by the elastic modulus, has emerged as one
of the important mechanical features in controlling cell fate.[*¥l To tailor a
microenvironment with proper physical strength, it is essential to optimize the stiffness
parameters by adjusting the related affecting factors. Because the synthesized
hydrogels-based niche was constructed by two precursor polymers, i.e. pNIPAAmM-co-
PEG-Nz and dPG-DIC, the mechanical stiffness of the hydrogel networks was regulated
by the respective ratios and overall concentration of the precursor. Influence of both of
these parameters on the stiffness of hydrogel networks were studied which led to the
establishment of an ideal artificial niche for iPSC loading and proliferation (Figure 4-
2). Primarily, precursor ratios were not only related to the content of different materials
but also have a close relationship with their crosslink type and density, which together
determine the final compatibility and stiffness of the whole niche environment.[*% 214l
To assess the effect of precursor ratios, the elastic and viscous moduli were investigated
by performing the rheological measurements. The ratios of precursors (dPG-DIC to
pNIPAAmM-co-PEG-N3) for gel 1 to gel 6 were accordingly preset as 1:3, 1:2, 2:3, 1:1,
2:1, 3:1, and 2:3. Obviously, the elastic and viscous moduli of the hydrogel responded
sensitively to the variation of precursor ratios and their data presented a curvilinear
distribution. Compared to other gels, gel 3 and gel 4 with content ratio 2:3 and 1:1
respectively, presented a high value of both elastic and viscous modulus. It could be
referred from these data analyses that only under certain precursor ratio, the synthesized
hydrogel-based niche environment could be formed with high efficiency and possessan
optimal stiffness, especially when the ratio (dPG-DIC and pNIPAAmM-co-PEG-N3) was
1:1 or 2:3.

Besides the precursor ratios, the polymers’ concentration was another crucial
parameter that could affect the stiffness.?**l To further investigate the stiffness

parameter affected by polymer concentration, a rheological test was performed by
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varying the polymer concentrations under constant ratio (Figure 4-3b and 4-3d). The
rheological curves of all the gels that with different concentrations of dPG-DIC and
pPNIPAAmM-co-PEG-N3 indicated that the strength of the elastic modulus was in
accordance with the concentration of the polymer under a specific polymer precursor
ratio. Therefore we had significant instruction in searching for suitable stiffness-related
physical parameters for constructing an artificial cell niche. Also, the gelation time, as
a crucial parameter to evaluate the gelation efficiency, was essential in determining
whether the technique could be used in the niche manufacturing process and supplied
us with an appropriate incubation time during the initial period of cell seeding and
cultivation. Thus, from the time-dependent elastic modulus G’ and viscous modulus G”
test, the effect and relationship of temperature and gelation time were also investigated
during the gelation process. As shown in Figure 4-3b, gelation time, the time needed
for the elastic modulus to approach constant was respectively about 120 s under the
temperature of 37 <C. It demonstrated that, in consideration of the operation and 3D
scaffold niche manufacture process, 120 s is the best choice for the parameters of
gelation time for this project. On the whole, these results demonstrated that the
mechanical properties of the artificial extracellular environment were governed by a
complex interplay of dPG-DIC and pNIPAAm-co-PEG-Ns. Moreover, cells might be

regulated by modulating the ratios and content of these polymers.
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Figure 4-3. (a) The elastic modulus G' and viscous modulus G” was tested for the pre-
formed hydrogel with variable volume ratio of dPG-DIC to pNIPAAmM-co-PEG-N3
(CpnipaAm-co-pEG-N3 =100 mg mL?, Capc-nic =100 mg mL™) at a constant temperature
(37 C). (b) Time-dependent gelation test for system with four different precursor
concentrations under a certain ratio (1:1). (c) The rheology data of hydrogels niche
under various precursor ratios. (d) The rheology data of hydrogels niche (gel 1- gel 4)

with various precursors’ concentrations under certain ratios.

4.1.4 iPSCs’ response to the precursors ratios of materials for establishing a 3D
niche environment

For a holistic study of the artificial 3D niche environment design, pivotal parameters
should be coordinated and controlled to recapitulate a microenvironment that can affect
cellular responses. In spite of the dPG-DIC and pNIPAAmM-co-PEG-Ns3 exhibiting good
gelling mechanical strength by modulating their ratios, how the iPSCs’ respond to the
materials, especially to the extracellular niche environment resembled by precursors

with different ratios, is still unclear. Since this application requires more than
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mechanical versatility from hydrogels,’®”l it requires cell compatibility based on
biomimicry of ECM. Therefore, to assess the influence of the material type and
proportion to iPSCs, we next investigated the cells’ behavioral response to the
resembled extracellular niche environment. Due to the precursor ratios that would
determine the hydrogel composition and topography, we primarily performed the
artificial extracellular niche’s interior morphology analysis (Figure 4-4a). The results
revealed that it took on porosity with a certain mesh size among the networks inside the
niche and the density and order would also change accordingly with variations of their
elastic modulus. This means that the hydrogel and their composition indeed have a deep
influence on the interior structure of the niche. To assess whether the different ratios of
precursors affect iPSCs’ survival and proliferation, iPSCs were further embedded into
hydrogels precursors with six different ratios (R1 - Re) and cultured in an incubator
under 37 <C. During the culture process, the cell survival and morphology features were
monitored by live/dead staining day by day. The investigations’ results (Figure 4-4b)
indicated that cells’ behavior in the artificial niche environment was significantly
affected by the forming and ratios of their precursors. In a niche environment with
precursor ratio of Ry (dPG-DIC : pNIPAAmM-co-PEG-N3z = 1:3, E~16 Pa), most of the
cells soon died and only very few cells survived and aggregated with each other. After
three days of culture (day 3), there were obviously dead cells on the surface on the cell
agglomeration. Until day 5, serious cell agglomeration occurred and formed EB with a
super large size (more than 300 pm). The fact revealed that a niche environment with
precursor ratio R1 could not support iPSCs’ culture. These phenomena can be explained
by the fact that, under this precursor ratio (3:1), the content of dPG-DIC is much lower
than that of pNIPAAmM-co-PEG-N3, which would lead to predominant physical gelation
rather than chemical SPAAC gelation within the cogelation system. It additionally also
indicated that, with peristalsis phenomena, the physical gelling of pNIPAAmM gel could
not supply enough strength to prevent cell agglomeration, especially in the scaffold
formed with pure or too much pNIPAAm physical gelation. Compared to the situation

of Ry, cells in niche environment with the precursor ratio of R, (dPG-DIC : pNIPAAmM-
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C0-PEG-N3 = 1:2, E~120 Pa) and R3 (dPG-DIC : pNIPAAmM-co-PEG-N3 = 2:3, E~
330 Pa) survived better. Especially under Rs, culturing cells in a niche environment
formed dense uniform and small spheroids with really high cell viability. This
phenomenon showed that the hydrogel’s niche with the current precursor ratio could
better support iPSCs’ survival. During this situation, it also revealed that, under a certain
ratio (2:3), coordination and balance of the chemical and physical gelation could be
achieved precisely to prevent cell agglomeration, which meanwhile worked as a
scaffold to support iPSCs’ survival and expansion. While the situation of R4, Rs, and
Re, with the content increase of dPG-DIC and the content decrease of pNIPAAM-co-
PEG-NB3, benefitted from the adequate SPAAC reaction and chemical covalent gelation,
the niche environment could still prevent cell agglomeration. However, they could not
support the cells to simultaneously keep high viability as well, because the poor
degradability of their network would limit the cells’ growth and loose hydrogel with
too weak stiffness would break down easily and thus would be insufficient to support
the iPSCs keep in 3D interspace. Besides, the expansion test (Figure 4-4c) further
revealed that a niche with a precursor ratio of 2:3 shows the best for iPSCs’ survival
and expansion. Especially, after 3 days, the niche environment with these precursor
ratios could better maintain iPSCs’ renewability and has a higher expansion rate. So,
overall, iPSCs’ viability was indeed a response to the precursor ratio of 2:3 (dPG-DIC :
pPNIPAAmM-co-PEG-N3) and it could be regarded as the best ratio to form the niche
environment for iPSC culturing, which was chosen as the standard parameters during

in the following experiments.
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Figure 4-4. The response of iPSCs’ viability and scaffold environment morphology to
precursor ratios of the hydrogels niche. (a) SEM morphology test response to the
precursor ratios of the hydrogel niche. The scale bar indicates 40 um. (b) Cell viability
tests depending on the precursor ratios of the hydrogel niche was monitored by
live/dead staining (green - live cells, red - dead cells). The scale bar indicates 100 pm.

(¢c) The iPSCs’ proliferation as performance response to the precursor ratio of the

hydrogel.

4.1.5 iPSCs’ viability response to the stiffness and precursor content of the 3D
niche environments

Previous studies reported that signals from the extracellular environment, especially the
mechanical feedback of the linkage between cell and substrate, play a key role in
requlating stem-cell fate.[!’] The extracellular environment varies not only in
composition but also in physical parameters, including stiffness, which typically is
characterized by the elastic modulus and topography.[?'31 So, it is essential to investigate

how the cells are influenced by the topography and stiffness in our artificial niche
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environment. Control of the polymer concentration or crosslinking density varies
topography and hydrogel stiffness.[% Therefore the morphology properties of the niche
environment with various polymers were adapted to test how their morphology was
affected by crosslinking density. Alterations in the concentration ratio of the various
polymers influenced the cell fate (Figure 4-5). The morphology analysis (Figure 4-5a)
of concentrations should be studied first. However, as mentioned above, the precursor
ratios also showed a particular effect in determining the stiffness of the niche
environment. To circumvent the stiffness change caused by ratio variation, all the niche
environment was performed by SEM, the results revealed that the inside niche
environment took on a porous cellular structure. Whereas, in all of the niche
environments with different stiffness, the hole’s morphology varied according to elastic
modules. In a slightly less crosslinked gel’s niche environment (E3~139 Pa) and E4~
17.8 Pa), the hole’s size was a little larger. While, conversely, in slightly more
crosslinked gels’ niche environment (E1~1070 Pa) and E>~357 Pa), the hole’s size
was a little smaller. This study demonstrates that there is a close relationship between
mesh size of holes within the networks and stiffness related precursor concentrations
that were used to construct the polymeric gels.

To assess whether the different stiffness of the niche scaffold affected iPSCs’
survival and proliferation, iPSCs were embedded into hydrogels precursors with high,
medium, low, and really low concentrations, respectively, of which the elastic modulus
are from 1070 -17.8 Pa accordingly. Meanwhile, cells were cultured in the ESGRO
medium, and their survival conditions were monitored at least for 3 days (Figure 4-5b).
The results revealed that cell behavior in this artificial niche was significantly affected
by the stiffness of their microenvironment. Firstly, cells can form dense uniform
spheroids under all the stiffness at the beginning, which demonstrated that the
biocompatibility of the materials, both of the dPG-DIC and pNIPAAmM-co-PEG-N3
could support iPSCs’ survival. However, specific stiffness is essential for niche
microenvironment to prevent cells from agglomerating. Without enough stiffness, the
microenvironment was insufficient to support the cell spheroids - embryoid bodies (EB),

such as situations that occurred in E3z (139 Pa) and E4 (17.8 Pa), and these EB would
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aggregate with each other and formed supersize agglomerations. Once the supersize
agglomerations formed, oxygen, nutrients, and metabolites do not easily penetrate
freely and reach or leave the center of the dense EB, which would inevitably lead to
cell death. These were further demonstrated in the cell expansion test (Figure 4-5d). In
the low stiffness niche environment, almost no cell expansion occurred. Compared to
these, culturing cells in the niche with medium stiffness, uniform spheroids quickly
could form and these iPSCs proliferated fast. The average size of the EB could reach
44.8 um (day 3) from 24 um (day 1) (Figure 4-5c), and the expansion rate could reach
6.5-fold (day 4) from 3.5 fold (day 4) (Figure 4-5d). While under high elastic modulus-
environment E1 (1075 Pa), most iPSCs still survived but with a lower cell survival rate
and relative poor expansion efficiency. Not only the average EB sizes were only 19.3
pm and 39.4 um for day 1 and day 3, but also the number and density of the EB were
much lower than that in medium elastic modulus environment (Figure 4-5c). This was
also revealed from the expansion test (2.3- and 3.3-fold for day 1 and day 3, respectively)
(Figure 4-5d). Overall, this study revealed that only a certain stiffness environment
allows for iPSCs’ survival and expansion. Therefore, during the iPSCs’ culture process,
the elastic modulus of 357 Pa was chosen as the standard stiffness parameters for the

dPG-pNIPAAmM-co-PEG-based 3D niche environment culture system.
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Figure 4-5. The iPSCs’ viability and artificial niche environment morphology response
to the stiffness and precursor content of the hydrogels. (a) SEM morphology response
to the stiffness and precursor content of the hydrogels niche (with elastic modulus of
1070 Pa, 357 Pa, 139 Pa and 17.8 Pa, accordingly). The scale bar indicates 40 um. (b)
Cell viability to the stiffness and precursor content of the hydrogels niche were
monitored by bright field microscopy. The scale bar indicates 100 um. (c¢) EB size
distribution and frequency in different culture days. (d) The iPSCs’ proliferation

efficiency response to the stiffness of the hydrogel niche environment.
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4.1.6 iPSCs’ viability and expansion efficiency response to cell seeding density

3D artificial scaffolds produced by hydrogel gelation techniques have proven their high
value for cell culture applications due to their ability to support single cells in a three-
dimensional environment. Nevertheless, in the extracellular environment, cells do not
live alone. They can secrete substances that affect surrounding cells and keep sensing
with each other.[*® 2% Thus, cell distribution and seeding density work as crucial
determiners that not only affect the cell-cell contact but also affect cells’ survival and
expansion in the artificial niche environment. To further investigate the relationship
between the IPSCs’ seeding density and expansion efficiency in this fully chemically
defined dPG- pNIPAAmM-co-PEG niche environment and finally determine the
optimum seeding density, cells with different concentrations of 2x108, 1x10°, 3x10°
cells /mL were separately seeded in three scaffold niches with the same elastic modulus
(357 Pa) and specific precursor ratios (dPG-DIC: pNIPAAmM-co-PEG-N3 = 2:3).
Furthermore, the morphology of the cells that survived in the artificial niche
environment was monitored day by day (Figure 4-6a). Remarkably, under high or
medium seeding density, the cells cultured in this dPG- pNIPAAmM-co-PEG-based 3D
microenvironment grew very fast and formed EB soon, while, under low seeding
density, the cells expanded and grew into spheroids slowly. According to the statistical
analysis, EB formed in the niche microenvironment with medium seeding density took
on a much narrower size distribution than that under low and high seeding density
conditions (Figure 4-6b). During day 1, the average EB sizes for high, medium, and
low seeding density were 38.7 um, 23.2 pm, and 13.2um, respectively, which seemed
that high cell seeding density could support cells expanding better. While, until day 3,
average EB sizes for high, medium, and low seeding density niche environments
reached 54.4 um, 50.3 um, and 16.4 um, respectively. This can be explained by the fact
that it is much easier for high-density cells to form small clusters from the beginning.
However, it is precisely the formation of EB, both from small clusters and single cells,
which seriously affects both of the EB size” homogeneous and uniform distribution, and
their viability and expansion rates. In detail, the degree of EB sizes increase has been

shown to support that the medium seeding density promoted a higher proliferation rate
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(23.2 um at day 1 to 50.3 pum at day 3). The further expansion tests revealed that the
expansion rates of iPSCs in niche with seeding density of 1108 cells /mL was 3.82 fold
and 5.83 fold at day 3 and day 4, respectively (Figure 4-6c¢), and was higher than those
with seeding densities of 2108 cells /mL (3.54-fold and 5.47-fold at day 3 and day 4,
respectively) and 3x10° cells /mL (1.82-fold and 1.16-fold at day 3 and day 4,
respectively).

Additionally, EB size distribution in niche with medium seeding density was 16 —
32 um on day 1 and 35 — 70 um on day 3, which were much narrower than those in
niche with high seeding density (20 — 90 um on day 1 and 30 — 110 um on day 3) or
low seeding density (10 — 25 um on day 1 and 10 — 45 um on day 3) (Figure 4-6b).
Based on the comprehensive consideration both of the EB size distribution and cells
expansion efficiency, it is clear that the cells cultured in the 3D microenvironment grew
very fast and formed EB quickly under a high seeding concentration, while the cells
grew and expanded slowly under a low seeding concentration. Nevertheless, after being
cultured for three days, cells under medium seeding concentration (1>10° cells /mL)
had a much higher expansion efficiency than those under high seeding concentration
(2108 cells /mL). This can be explained by the fact that too much high seeding density
caused the formed EB to aggregate with each other and limited their rapid expansion.
Besides, it can be inferred from the results, culture system with a low seeding
concentration of 3x10° cells /mL could not support iPSC expansion well in this 3D
microenvironment. Overall, considering all the above factors, a seeding concentration
of 1108 cells /mL can be chosen as the most reasonable seeding density for the iPSCs

expansion in this 3D chemically defined dPG-pNIPAAmM-co-PEG niche culture system.
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Figure 4-6. Optimization of the cell seeding density for iPSCs expansion in dPG-
pPNIPAAM-co-PEG niche 3D culture system (scale bar = 100 um). (a) Cell viability test
of the cell seeding density was monitored by bright field microscope. (b) EB size
distribution and frequency in different culture days to cell seeding density. (c) The
iPSCs’ proliferation efficiency response to culture time under different cell seeding

densities in the artificial niche environment.

4.1.7 Overall performance of dPG-pNIPAAmM-co-PEG 3D niche culture system in
supporting iPSCs’ proliferation

As reported, in vivo cells reside in a complex “microniche” environment. This
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microenvironment generally not only serves as a structural support for cells but also
offers various biochemical cues that regulate cell behavior.[*®! Among these cues, the
cell’s adhesion site, which has a close relationship with cell density, is essential in
determining cells’ viability and proliferation because cells can sense their environment.
To stimulate cell adhesion inside the microniche, cyclo (RGDfk), a cellular binding
peptide sequence, was here integrated into the polymer network as a biochemical
signal.l2%2 2031 The concentration of the RGDfk was adjusted to 1 mM, which was
reported as the conmon’s reasonable concentration.[?¥8] Afterward, the multifactor
optimization thus resulted in an effective, completely defined system for iPSC culture,
which was then characterized under systematically controlling of all the key physical,
bioactivity, and biomechanical parameters. Taking into account all the factors of
optimal parameters, we embedded iPSCs (1108 cells /mL) with precursors (dPG-DIC
and pNIPAAmM-co-PEG-Ns, both of their concentration were 100 mg/mL, the ratio of
them was 2:3, cyclo (RGDfk) 1mM) into the culture system (E>~357 Pa), again to
investigate the cell viability and expansion efficiency and overall assess the
performance of the artificial 3D niche environment in iPSCs’ culture (Figure 4-7).
Under optimal conditions, single iPSCs cultured in the 3D microenvironment (with
RGDSK culture medium) grew very fast and soon grew into dense, uniform, and small
spheroids. Then, these spheroids expanded quickly and took on narrow size distribution
(Figure 4-7 a-c). Furthermore, the live/dead staining test indicated that cells cultured
in this artificial environment had a high viability. Except for very few dead cells, most
cells kept their renewal ability (Figure 4-7 d-e). This was also demonstrated by the
expansion test (Figure 4-7f). Under optimal conditions, the expansion rates of iPSCs
in this niche’s culture system can achieve efficiency as high as 4.9- and 7.18-fold at day
3 and day 4, respectively. The study revealed that the dPG-pNIPAAmM-co-PEG niche
3D culture system could allow for the robust proliferation of iPSCs with high viability.
To investigate whether the dPG-pNIPAAmM-co-PEG niche has a strong preference for
defined medium, the niche 3D culture system was also performed both in E8 and
ESGRO medium. The results revealed that despite iPSCs’ having a strong preference

for defined medium, the dPG-pNIPAAmM-co-PEG did not show any preference for
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defined medium. Overall, the cogelation of dPG-pNIPAAmM-co-PEG-based culture

system with optimal parameters could support iPSCs proliferation with excellent

expansion efficiency but without preference for defined medium.

Expansion fold =—n

1 3 4
Time (day)

Figure 4-7. The dPG- pNIPAAmM-co-PEG niche scaffold-based 3D culture system
support iPSCs’ expansion well under optimized conditions (scale bar = 100 um). (a) -
(c) Cell viability and morphology during the culture process at day 1, day 3, and day 4,
respectively. (d) - (e) Cell viability test at day 1 and day 3 was monitored by live/dead
staining (green-live cells, red-dead cells). (f) iPSCs’ proliferation efficiency under

optimal conditions.

4.1.8 Control release and cells’ harvest

Hydrogels represent an essential class of biomaterials for applications in 3D cell culture
because their mechanical properties are similar to those of many objects in a living
system.[63%] However, in spite of availability of supplying high biocompatibility, low
batch-to-batch variability, facile mechanical tunability, and amenable large-scale
manufacturing and showing a great promise in acting as 3D cell-culturing scaffolds, the
degradation of this scaffold and how to release the expanded cells with precise control
and appropriate rate is still a crucial challenge in these applications.[*" To achieve the
goal of hydrogel degradation, different strategies for cleaving chemical bonds in the

hydrogels networks have been applied. For example, photolytic,[?*"1 hydrolytic,[?8l
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enzymatic degradation,?® and hydrolysis under acidic pH[?*®! have a great potential
for degradation mechanisms which have been tried for controlled release
applications.!® However, for these strategies, the photo energy, the hydrolytic initiator,
enzyme, and the acidic pH environment would inevitably damage the viability of the
cell and might also lead to cell differentiation. To circumvent such an obdurate problem,
we introduced a degradation property by the mechanism of thermos-reversible gelation
into covalent crosslinking gelation and we finally formed a physical and chemical
cogelation system. Thus, in this way, the cogelation degree of the niche scaffold could
be adjusted by temperature (LCST), which could be used as a strategy to realize a
controlled release of the iPSCs from their culture system (Figure 4-8). During this work,
IPSCs were firstly embedded with precursors and together formed a niche scaffold
culture system. After that, they were cultured for three days in cell incubator (37 <C)
(Figure 4-8a). To release the expanded cells, the culture medium was replaced by the
PBS, and the culture dish was put in 25 <T (< LCST) for 5 min. During this process,
because the temperature was lower than the LCST, the thermos-gelation disappeared,
leaving behind a loose network because of only covalent crosslinking gelation (Figure
4-8b). After the morphology of the niche scaffold changed from the white turbid solid
to transparent and colorless, cells with a niche scaffold were together transferred into a
centrifuge tube (Figure 4-8c). By centrifugation, iPSCs’ EB that were formed in the
niche environment were released, collected, and finally reached cell harvest (Figure 4-
8d). According to the preliminary proliferation test, continuous high expressions of
alkaline phosphatase were detected during the culture period until the seventh day
(Figure 4-8e). This revealed that iPSCs’ EB harvested from the extracellular
environment still maintained proliferation ability well. The whole study here revealed
that the chemically defined dPG- pNIPAAmM-co-PEG cogelation niche scaffold culture
system not only offers many features that benefit iPSC cultures, such as supporting cells’
rapid growth and prevention of forming large cell aggregation, but also supplies
thermoreversible degradation that could benefit the expanded cells to be controllably
released from their culture system. Moreover, the controlled release can be achieved by

only adjusting the temperatures, which shows substantial convenience and
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maneuverability. We strongly expect that this principle can be generalized for the

construction of controllably releasable iPSCs’ 3D artificial niche for cell culture.

Figure 4-8. Controlled release and harvest of the expanded iPSCs from the dPG-
pNIPAAmM-co-PEG cogelation niche culture system. (a) iPSCs were embedded with
precursors into the culture system and cultured for certain time. (b) Culture medium
was replaced by the PBS, and the culture dish was put in 25 <T (<LCST) for 5 min to
release the expanded cells. (c) iPSCs EB purify and collection by centrifugation. (d) EB
cells were cultured for three days (scale bar = 100 um). (e) Alkaline phosphatase (ALP)

staining (scale bar = 50 pm).

4.1.9 Cell quality characterization

To further assess the performance of the chemically defined dPG- pNIPAAmM-co-PEG
co-gelation niche scaffold culture system, we also performed Ki-67 staining test
(Figure 4-9) and the immunocytochemistry analysis of pluripotency markers (Figure
4-10) to investigate their proliferation ability and whether iPSCs could maintain

pluripotency during the whole culturing process. Firstly, investigations of Ki-67
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staining from day 1 to day 5 showed that iPSCs in the spheroids maintained a high
expression of Ki-67 proliferation markers. It means that the dPG- pNIPAAm-co-PEG
cogelation niche scaffold culture system could support the expanded cells to keep high
proliferation ability. Beyond that, immune-fluorescent staining revealed that the
chemically defined cogelation 3D niche-produced iPSCs in spheroids maintained high
expression of pluripotent markers,[** &l including Nanog, Sox2, Oct4, and SSEA1
(Figure 4-9). In summary, together with the consistent cell growth and ALP staining
(Figure 4-8d), the uniform expression of these proliferation and pluripotent markers
deeply revealed that the current system highly expanded iPSCs with high quality,
density, and efficiency. Overall, our approach demonstrated that this chemically defined
dPG-pNIPAAmM-co-PEG cogelation niche scaffold culture system 3D supported iPSCs’

proliferation and expansion well.

DAPI Ki67 Merge

Figure 4-9. Ki-67 staining of the iPSCs’ EB after having been cultured for 1, 3, and 5

Day 1

Day 3

Day 5

days, respectively. (Blue: DAPI, red: a marker of proliferating cells). (scale bar = 100

pum).
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DAPI Nanog Sox2 DAPI Oct4 SSEA1

Figure 4-10. Immunostaining of the spheroids shows that the majority of cells

Merge Merge

day 3 day 1

day 5

expressed the pluripotent markers of Nanog, Sox2, Oct4, and SSEAL. All the staining
tests were performed after the iPSCs’ EB were cultured for 1, 3, and 5 days, respectively

(scale bar = 100 pum).

4.2. Conclusion

In summary, we developed an advanced controlled-release iPSCs’ 3D artificial niche
based on dPG and pNIPAAm-co-PEG polymers via physical-chemical-co-gelation
strategy. This chemically defined niche environment can support robust production of
IPSCs with strong maintenance of pluripotency and self-renewal ability. Their
expansion efficiency could reach as high as 4.9- and 7.18-folds only in 3 and 4 days’
culture, respectively. Due to the fully chemically defined property, this 3D culture
system can supply iPSCs without any reproduction limits and risks for pathogen and
immunogenic transfer that might be caused by the application of traditional poorly
defined animal-derived matrices or cell derivatives. Therefore it exhibits great promise
for iPSCs to keep full potential in downstream biomedical applications. Furthermore,
our system obtained from the optimized physical-chemical-co-gelation strategy
substantially overcome the strong preference for defined medium and the collapse,
which is caused by utilizing only thermo-reversible physical gelation and would lead
to being insufficient for preventing cells agglomeration. Most important of all, the
introduction of thermo-reversible crosslinkage to the covalently crosslinked networks

equip the final 3D co-gelation niche culture system with specific thermos-reversible
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degradation, which precisely enables the system for controlled release of the expanded
cells. This dramatically simplifies the process of collecting cells. Overall, this work
provides an advanced, controlled-release, defined, artificial niche engineering approach
based on the physical-chemical-co-gelation strategy that shows great promise in the

field of iPSCs’ 3D culture.

4.3 Materials preparation and related experiment operation

4.3.1. Synthetic procedures of materials

Materials: Anhydrous solvents and all the chemicals were purchased from Acros or
Sigma (Germany) and used as received, unless otherwise noted. N-isopropylacrylamide
(NIPAAM) (Aldrich) was purified by recrystallization from hexanes and dried under
high vacuum overnight (yield 80%). CH2Cl;, THF, and toluene were taken from a
MBraun MB SPS-800 solvent purification system; poly(ethylene glycol) -acrylate with
an average molecular weight (Mw) of ~360. 2, 2’-azobis(isobutyronitrile) (AIBN)
was recrystallized from methanol. Dendritic polyglycerol (dPG) with a number average
molecular weight (Mn) of 5 kDa, a weight average molecular weight (Mw) of 8 kDa
and a degree of branching of 64% was synthesized by procedure reported previously
and characterized by gel-permeation chromatography (GPC).

Methods: Nuclear magnetic resonance spectroscopy (NMR) spectra were measured on
a Jeol ECX 400 or Jeol ECP 500 MHz and 100 MHz spectrometer, respectively. IR
spectra was recorded with a Nicolet AVATAR 320 FT-IR 5 SXC (Thermo Fisher
Scientific, Waltham, MA, USA) with a DTGS detector from 4000 to 650 cm™.
Ultrasonic bath was used to disperse materials in solvents. Optical and fluorescence
micrographs of all the resultant microniche particles with cells encapsulated inside were
recorded on a ZEISS microscope. The cell viability was measured using a TECAN
Infinite M200 Pro microplate reader. Confocal laser scanning microscopy was recorded
by Leica TCS SP8 with 5% 10> and 20>oil-immersion objective lens and disposed by
Leica confocal software.

Synthesis of poly(NIPAAm-co-PEG)-acrylate: the synthesis process was according to
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the literature with some optimization.?'%! To a flask of 250 mL, after being filled with
argon, 4.982g NIPAAM (44.028 mmol) and 1.585g PEG-acrylate were together
dissolved in 5 mL THF. Then, the flask was plug in Ar again. 80mg AIBN (51.43 mmol)
was dissolved in 5 mL THF and then was added into the mixture solution under fierce
stirring by injection pump. The temperature was brought up to 65<C temperature and
the solution was stirred for 24h. The reaction mixture was precipitated directly in Et20
and the product was got by suction filtration. The copolymer was then dialyzed, frozen,
and lyophilized as a white solid (4.9634g, 76%).

Synthesis of Synthesis of poly(NIPAAm-co-PEG)-Ns: To a 250 mL Schlenk flask,
poly(NIPAAm-co-PEG)-acrylate (5g,) was added, and then dried under high vacuum
overnight. Then a solution of DMF (100mL) was added into the flask, suspension under
fierce stirring. After that, 1.122mL EtsN was added into the flask, and the flask was
cooled down to 0 <C. 0.9247g MsCl in 15 mL DMF Water was carefully added into the
suspension drop by drop. Then, remove the ice bath and keep the reaction overnight.
After the reaction was kept in room temperature for 2 days, 3.4986g NaNz was added
into the solution and mixture was heated to 65 <C. After kept reaction for 2days, the
mixture solution was then dialyzed by 2K Da tube a mixture of water and methanol.
The copolymer azidiation was then frozen, and lyophilized as a white solid (4.01g,
80%). 'H NMR (500 MHz,) & (ppm) was tested in different temperature (298K -313K)
and as shown in Figure S1. The mole ratio of NIPAAm and PEG was calculated from
the integration ratio between the methyl protons (6H)((CHs).CHNHCO-) of NIPAAmM
and the methylene protons (2H)(H OCH2CH2(OCH>CH2)n OCH.CH,0OCO-) of PEG
appearing at 1.1 and 3.65 ppm, respectively. From the 'H NMR tests in different
temperature, the signals of both of them disappeared when the temperature to its lower
critical solution temperature (LCST). Therefore, from these tests with under different
temperature, it can be inferred that the FTLC of the synthetic poly(NIPAAmM-co-PEG)-
N3 was about 301K (31<C). Besides that, the azide functional group of the
poly(NIPAAm-co-PEG)-N3 was also characterized by IR test as shown in Figure 4-2.
The GPC information of the poly(NIPAAmM-co-PEG)-N3 was shown in Figure 4-3 and
Figure 4-4.
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Figure 4-S3. Rl signal of the poly(NIPAAmM)-co-PEG for GPC test.

150 3
125 3
1.00

s =
o 075 7
o =
= 3
0.50
025 3

=

.i‘

T T T

T
54103

Molar mass [Da]

Mn: 4.3759 e3 g/mol
Mw: 7.508 e3 g/mol
D:1.7158

Figure 4-S4. GPC test for poly(NIPAAmM)-co-PEG linkers.

91

PSS WInGPC UniChrom, Build 5350, GPC2-HAAG, Instanz #1



Chapter 5 Summary & Conclusion

Chapter 5. Summary & Conclusion

The poorly defined animal-derived matrices severely limit a reliable culture for
further therapeutic application, because these animal-derived matrices may pose risks
for pathogen and immunogenic transfer due to their variable source and xenogeneic
contamination. Thereby, to construct a fully chemically designed stem cell microniches
for the alternative of the poorly defined animal-derived matrices for iPSCs culturing is
urgently needed. In vivo, stem cells reside in an intricate, specialized microniche, which
not only serves as a structural support for the cells but also offers various biochemical
or physical cues that together regulate their behavior. As cells can sense and respond to
a myriad of signals from their microenvironment, which can control the cell fate to
some extent, 3D microenvironment engineering is particularly important in establishing
a cell environment. The research strategy should be to establish a much more suitable
surrounding environment for iPSC to survive inside, like 3D scaffold similar to the
native ECM.

In my first project, the novel chemically defined, artificial 3D microniche was
engineered with degradable polyethyleneglycol-co-polycaprolactone and RGDfk-
functionalized dendritic polyglycerol hydrogel precursors by coordinately controlling
over physical properties and bioactivity to keep specific interactions with cellular
systems. In this way, the behavior of iPSC was indeed completely maintained by the
artificial microniches and they also kept a high level of pluripotency expression and
excellent viability without any pathogen and immunogenic transfer risks, which
indicates great promise for therapeutic applications. Additionally, the fabrication
process of the microniches was performed under microfluidic conditions and could
supply microniche scaffold with huge efficiency. Therefore, it shows great promise in
realizing iPSCs’ 3D culturing and reliable expansion in chemically defined synthetic
microniches on a large scale.

In my second project, | described an approach to establish fully defined, thermally

responsive, iPSCs’ 3D artificial niches based on dPG and poly (N-
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isopropylacrylamide)-co-polyethylene  glycol polymers via physical-chemical
cogelation strategy. Benefiting from the cooperation of the SPAAC reaction and the
physical phase transition, the cogelation system could be adjusted with optimal stiffness
and mechanical strength and also supported iPSCs’ survival well, maintained self-
renewal, and preserved high pluripotency. After being cultured, the cells can easily
controllably release from the niches just by adjusting the temperature. Overall, the high
maneuverability and feasibility of this establishment of artificial niche engineering
shows great promise in iPSCs’ 3D culture for regenerative medicine and clinical

therapies.

93



Chapter 6 Zusammenfassung

Chapter 6. Zusammenfassung

Die wenig definierten Matrizen tierischer Herkunft schréoken die zuverl&sige
Kultivierung der Zellen fUr die weitere therapeutische Anwendung stark ein, da diese
Matrizen aufgrund ihrer Variabilitésquelle und heterogenen Kontamination Risiken fir
den Pathogen- und Immunogentransfer bergen k&nnen. Daher ist es dringend
erforderlich, eine vollsténdig chemisch entworfene Stammzell-mikronische als
Alternative fUr die wenig schlecht definierten Matrizen tierischer Herkunft fUr die
Kultivierung von iPSCs zu konstruieren. In vivo befinden sich Stammzellen in einer
komplizierten, spezialisierten Mikronische, die nicht nur als strukturelle Untersttizung
dient, sondern auch verschiedene biochemische und biophysikalische Hinweise bietet,
die zusammen das Zellverhalten regulieren. Da Zellen eine Vielzahl von Signalen aus
ihrer Mikroumgebung erfassen und darauf reagieren k&winen, wodurch das
Zellschicksal in gewissem Maf% gesteuert werden kann, ist die 3D-Mikroumgebung
besonders wichtig. Die Forschungsstrategie sollte darin bestehen, eine geeignetere
Umgebung fir iPSC zu schaffen, um darin (berleben zuk&nen, wie beispielsweise ein
3D-Ger(st, das mit nativem ECM vergleichbar ist.

In meinem ersten Projekt wurde die neuartige chemisch definierte kinstliche 3D-
Mikronische mit abbaubaren Polyethylenglykol-Co-Polycaprolacton- und RGDfk-
funktionalisierten dendritischen Polyglycerin-Hydrogelvorl&fern hergestellt, indem
die physikalischen Eigenschaften und die Bioaktivit& koordiniert kontrolliert wurden,
um spezifische Wechselwirkungen mit zellul&en Systemen aufrechtzuerhalten. Auf
diese Weise wurde das Verhalten von iPSC von den kinstlichen Mikronischen
vollstandig eingehalten. Dariber hinaus k&nen sie ein hohes Maf3an Pluripotenz-
Expression und eine hervorragende Lebensfénigkeit ohne jegliches Risiko fir
Pathogen- und Immunogentransfer aufrechterhalten, was fUr therapeutische
Anwendungen vielversprechend ist. Weiterhin hinaus wird der Herstellungsprozess der
Mikronischen unter mikrofluidischen Bedingungen durchgefthrt und kann ein

Mikronischenger st mit einer ehohen Effizienz liefern. Daher ist es vielversprechend,
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die 3D-Kultivierung von iPSCs und die zuverl&sige Expansion in chemisch definierten
synthetischen Mikronischen in grof&m Mal&tab zu realisieren.

Zusammenfassend haben wir eine fortschrittliche kinstliche 3D-Nische
entwickelt, die auf dPG- und pNIPAAM-Co-PEG-Polymeren mittels einer
physikalisch-chemischen Co-Gelierungsstrategie zur kontrollierten Freisetzung von
IPSCs basiert. Diese chemisch definierte Nischenumgebung kann die robuste
Produktion von iPSCs mit starker Aufrechterhaltung der Pluripotenz und der F&higkeit
zur Selbsterneuerung unterstiizen. Ihre Expansionseffizienz, die bis zu 4,9 und 7,18
erreichen k&nte, 1&st sich nur durch 3 bzw. 4-t&ige Kultur verdoppeln. Aufgrund der
vollsténdig chemisch definierten Eigenschaft kann dieses 3D-Kultursystem iPSCs ohne
jegliche Reproduktionsgrenzen und Risiken fUr den Pathogen- und Immunogentransfer
liefern, die durch die Anwendung traditioneller, schlecht definierter Matrices oder
Zellderivate aus tierischen Quellen verursacht werden kd&nnten, was fir iPSCs
vielversprechend ist, um das volle Potenzial in nachgeschalteten biomedizinischen
Anwendungen zu erhalten. Durch die physikalisch-chemische Ko-Gelierungsstrategie
konnte dieses System die starke Vorliebe fUr definiertes Medium und den Kollaps, der
nur durch die Verwendung von thermoreversibler physikalischer Gelierung verursacht
wird und zu einer unzureichenden Verhinderung der Zellagglomeration fthren wirde,
im Wesentlichen (berwinden. Am wichtigsten ist jedoch, dass durch die Einfthrung
einer thermoreversiblen Vernetzung in die kovalent vernetzten Netzwerke das
endgdtige  3D-Co-Gelierungs-Nischen-Kultursystem mit einem  spezifischen
thermoreversiblen Abbau ausgestattet wird, der genau die Eigenschaft aufweist, die es
dem System ermdglicht, die expandierten Zellen kontrolliert freizusetzen. Dies
vereinfacht den Prozess des Sammelns von Zellen dramatisch und seine hohe
Mand&vrierfénigkeit und Durchfthrbarkeit sind bei der Zellernte wé&arend der 3D-Kultur
vielversprechend. Insgesamt bietet diese Arbeit einen fortschrittlichen, von der
Steuerung IGbaren, definierten Ansatz fir die Konstruktion kinstlicher Nischen, der
auf der Strategie der physikalisch-chemischen Ko-Gelierung basiert und im Bereich der

3D-Kultur von iPSC vielversprechend ist.
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Chapter 7. Outlook

Fully chemically defined artificial microniche engineering with degradable
polyethyleneglycol-co-polycaprolactone  and  RGDfk-functionalized  dendritic
polyglycerol precursors by droplet-based microfluidics has been achieved. This
artificial 3D microniche can allow for the robust production of iPSCs with prolonged
self-renewal ability and high pluripotency but without any reproduction limits and risks
for pathogen and immunogenic transfer. This advanced approach that breaks through
bottlenecks brought by the application of traditional poorly defined animal-derived
matrices or cell derivatives exhibits great promise for iPSCs to obtain their full potential
in therapeutic applications. Additionally, this microniche engineering fabrication
process was performed under microfluidic conditions, which could supply products
with huge efficiency, and therefore also shows great promise in realizing iPSCs’ 3D
culturing and expansion on a large scale. By using a physical-chemical-co-gelation
strategy, the co-gelation system can be adjusted with an optimal stiffness and
mechanical strength, which can support iPSCs to survive well, keep self-renewal and
preserve high pluripotency. After they were cultured, the cells could be easily
controllably released out of the niches only by adjusting the temperature. Overall, the
high maneuverability and feasibility of this establishment of artificial niche engineering
shows great promise in iPSCs’ 3D culture for regenerative medicine and clinical

therapies.
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Chapter 9. Appendix

9.1. Characterization of dPG-DIC, PEG-PCL-N3, and dPG-RGD
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Figure S3. 'H NMR of BCN-OH
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Figure S11. IR of dPG-OMs, dPG-N3, dPG-NH..
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Figure S12. *H NMR of PEG-OH.
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Figure S15. 3C NMR of PEG-PCL-OH.
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Figure S16. 'H NMR of PEG-PCL-OMs.
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Figure S17. 3C NMR of PEG-PCL-OMs.
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Figure S18. *H NMR of PEG-PCL-Ns.
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Figure S21. 'H NMR of dPG-RGD.
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Figure S22. *H NMR of PEG-NH_.
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Figure S23. 1°F NMR of krytox-PEG-krytox.

8.2. GPC test
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Probe: Vial 3: WL-dPG5k - 1 Methode : C:\GPC HzO Daten\Methoden\Standard-Methode_
Basislinievon: 24797 ml bis : 32.493 mi
Integration von: 24.797 mi bis : 32.493 ml
Kalibration : Universelle_Kalib_Pullulan_58bar_RI+Visko_ohne_UV_18.04.17.CAL  Eluent: H;0+0,1M NaNO;
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K 50.000 mi Int.Stand.-M: -——ml
Pumpe : na. Flussrate : 1.000 mi/min
Konzentration 5.193 g/l Injektvolumen : 100.000 ul
Séaule 1: PSS Suprema Vorsaule 10pm Temperatur : 0.000 °C
Séule 2 PSS Suprema 10um, 100A Temperatur : 0.000°C
Séule 3 PSS Suprema 10pum, 1000A Temperatur : 0.000 °C
Séule 4 PSS Suprema 10pm, 3000A Temperatur : 0.000 *C
Detektor 1 11: RID 1, RI Signal Versatz : 0.583 mi
Detektor 2 11: IsoPump 1, Pressure Versatz : 0.000 mi
Detektor 3 11: PSS DVD1260/ETA100X/ETA20X0 1, Inlet Pressure  Versatz : 0.216 mi
Detektor 4 11: PSS DVD1260/ETA100X/ETA20X0 1, Delta Pressure Versatz : 0.216 mi
Detektor 5 PSS SLD 7000/BI-MwA Versatz : 0.000 mi
Operateur GPC Messintervall :  1.000 sec

Figure S24. R1 signal of the dPG for GPC test.
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Figure S25. GPC test for dPG.
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and poly(N-isopropylacrylamide)-co-polyethylene glycol polymers via physical-chemical-co-
gelation strategy
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