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Abstract
Interactions between cells and the microenvironment have been demonstrated to be key
factors in cell behavior regulation. Among the different cues provided by the
microenvironment, the physical cues from the microenvironment are emerging at a rapid
pace and have attracted a lot of attention. However, the studies in this area have not yet
been comprehensive, and many phenomena and mechanisms have still not been
completely clarified. For example, the effects caused by physical stimuli could be complex
considering other factors, such as culture time, three-dimensional (3D) structure of
scaffolds, etc. This Ph.D. project was proposed to obtain a better understanding of
cell-microenvironment interactions with physical stimuli, and three sub-projects were
conducted specifically for this purpose.
In the first part, the mechanical properties of human mesenchymal stem cells (hMSCs)
were found to be influenced by both the mechanical properties of the substrates that they
adhered to and the culture time. The results showed that cells well aligned their
mechanical properties according to the substrate stiffness and cell moduli as functions of
time displayed non-monotonic trend. This project proved the concept of regulating cell
modulus through modifying cell growth substrates and culture time.
In the second part, the effect of dynamic loading on hMSCs in a 3D scaffold was
investigated. A 3D nanofibrous scaffold (3D-CNFs) was fabricated using a novel method
for creating a 3D cell culture. These conductive PPy-coated 3D-NFs (3D-CNFs) showed
super-elastic properties, which supported the dynamic cell culture of hMSCs. It was found
that cell penetration and adhesion were supported by 3D-CNFs. In the condition of
XVIII

dynamic compressive loading, the morphology and collagen expression of hMSCs in
3D-CNFs were changed. It provided a new way to build a dynamic 3D cell culture to
studying cell-microenvironment interactions.
The last part studied the effect of electrical stimulation (ES) applied on neurons and glial
cells in the 3D-CNFs. It was conducted to address the combined effect of 3D-CNFs
scaffolds and ES on cell cultures. 3D-CNFs with 3D structures successfully supported the
3D culture of cortical cells. ES changed the morphology and distribution of cells. ES also
increased the proliferation of cortical cells in the 3D-CNFs significantly. Furthermore, the
maturation of neurons in 3D-CNFs was promoted significantly by ES compared to
unstimulated neurons starting from the first day of culture. These combined effects
indicated that ES and 3D-CNF have broad applications in neural engineering, such as
implantation and biofunctional in vitro models.
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Chapter 1. Introduction
1.1 Background and Motivation
Millions of people are suffering from soft organ diseases and physical disabilities all over
the world. Organ transplantation is one of the ways to address these issues. However, the
gap between demand and supply is still huge, and it is becoming larger and larger. The
limited supply of organs is not only destroying many patients’ hope, but also causing
serious bioethics issues and crimes, including organ trade, organ tourism, and organ
harvesting. To overcome this crisis, an alternative source of organ transplantation is
required.
Tissue engineering, according to the definition of Langer and Vacanti, is “an
interdisciplinary field that applies the principles of engineering and life sciences toward
the development of biological substitutes that restore, maintain, or improve tissue function
or a whole organ”1. This academic field combines knowledge from various disciplines,
including biology, chemistry, physics, medicine, materials science, and engineering, and
applies it and related technology to clinical applications, including organ repair and
regeneration.
Tissue engineering has attracted a lot of interest due to the need for the repair and
regeneration of damaged tissues in recent decades. The interest in tissue engineering is
reflected in the number of relevant publications, which have dramatically increased in the
last two decades, as illustrated in Figure 1-1. A PubMed search for “Tissue Engineering”
reveals over 37,000 papers with a substantial increase in the number of publications every
1

year. Starting from only around 50 publications in 1996, there were over 4,000 in 2015.
Tissue engineering research consists of three stages: The first stage focuses on the
implantation of cultured or isolated cells, the second stage focuses on tissues built in vitro
by cells-laden scaffolds, and the third stage focuses on tissue regeneration in situ1,2. The
key factor in tissue engineering is how to control and regulate cell behaviors, (e.g.,
migration, proliferation, differentiation) to reconstruct new organs.

Figure 1-1 Increase in number of publications in tissue engineering field

Source: PubMed (https://www.ncbi.nlm.nih.gov/pubmed)

Human mesenchymal stem cells (hMSCs) are multipotent stem cells, isolated mainly from
adult bone marrow (BM)3. The reason for the interest in studying MSCs lies in their ability
to differentiate into different cell lineages as well as their potentials in cell and gene
therapy for various diseases, like heart failure and hematological pathologies4. Neurons
2

are another important cell type studied in tissue engineering. The motivation for neuron
studies stems from the fact that millions of people are affected by nervous system injuries
worldwide every year. Severe nerve system injuries may result in life-long disabilities in
patients as well as serious economic and social problems5. Because the regenerative
capability of the adult nervous system is often limited, one alternative approach in nervous
system treatment is to build cell-laden scaffolds in vitro for implantation6–10. It has been
demonstrated that stem cells and neurons can be influenced by their environments. Many
materials and techniques have been developed to induce biological, chemical, and even
biophysical cues to control cell behaviors, including differentiation, proliferation, adhesion,
and migration. Compared with biological and chemical stimuli, methods to induce
biophysical stimuli have their own advantages, like ease of control and fewer side effects
as compared to those from biological and chemical factors11. Recent studies have shown
that substrate stiffness is an important factor in cell culture, because it can be sensed by
cells from the environment12,13. Furthermore, surface topography, mechanical stimulation,
surface patterning, and electrical stimulation (ES) have also been utilized to investigate
cell behaviors14–20.
While emphasis has been placed on how to control cell behaviors, the mechanism of
cell-microenvironment interactions is still not completely clear, but it is definitely
important. We believe the study of cell behavior control via substrates/scaffolds could
enrich the understanding of cell-microenvironment interactions and enlighten future
studies on biomaterials and tissue engineering.

3

1.1.1 Stem Cells and Neurons in Tissue Engineering
Tissue engineering aims to rebuild or replace the biological functions of tissues to treat
human disease through combining multiple disciplines, including engineering, chemistry,
cell biology, and materials science1,2,21–24. To achieve this goal, studies on cooperation of
stem cells and differentiated cells, like neurons, are now under investigation to provide
clinical treatment alternatives.
Stem cells can differentiate into numerous cell lineages and self-renew for population
growth25. The variety of cell types they can differentiate into is determined by the stem
types (e.g. pluripotent stem cells, multipotent stem cells, or unipotent stem cells)26. These
characteristics make all stem cells promising in tissue engineering. Among them, MSCs
have attracted great interest. The first discovery of MSCs was in 196827, and the use of
MSCs in clinical trials started in 199528. As of July 2016, there are 557 clinical trials using
MSCs are recorded in www.clinicaltrials.gov for various clinical applications. However,
most of them are still in Phase 0 (safety studies in a small group, n = 9), Phase I (safety
studies, n = 161), Phase II (efficacy studies, n = 138), or combined Phase I and II studies
(n = 220). Only a small number of trials are Phase III (comparing to existing treatment, n
= 25), combined Phase II and III (n = 20), or Phase IV studies (approved by FDA, n = 3).
This indicates there is still a long way to go.
Neurons are another important cell type attracting a lot of interest in tissue engineering. It
has demonstrated that utilizing tissue-engineered nerve grafts to bridge peripheral nerve
defects is a promising alternative to autologous nerve grafts6,29–34. Researchers have
concluded some criteria for a practical nerve graft30: (1) controllable rate of
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biodegradation; (2) biocompatible with cells and nerve tissue; (3) reduced immunogenicity;
(4) suitability for angiogenesis and metabolism; (5) reduced scar formation; (6) high
availability of scaffold materials. Furthermore, these grafts should provide a biomimetic
microenvironment that allows neurons to grow neurites, and guide the orientation. In
recent decades, various synthetic and natural biomaterials have been studied as scaffolds
used in nerve tissue engineering35. However, neural tissue engineering is still a growing
field that remains to be explored for clinical use.

1.1.2 Cell-Microenvironment Interactions
The cell behaviors of both stem cells and neurons are regulated by various
microenvironmental factors, including biochemical signals (soluble factors), physical
signals, as well as cell-cell interactions. Therefore, the study of cell-microenvironment
interactions is important in tissue engineering. However, most existing studies have
focused on the influence of biological or chemical cues provided by the microenvironment,
and therefore, side effects have been unavoidable. For example, toxic side effects are one
of the common reasons for a failure of a chemical induced cell behavior regulation.
Physical cues are becoming more and more attractive, and numerous biomaterials have
been developed and explored as scaffolds or substrates to affect or control cell behaviors36–
41

. Figure 1-2 shows that many cues or stimuli influence cell behaviors, including

mechanical cues, electrical stimuli, the properties of the biomaterials themselves, as well
as biological/chemical factors. In this report, emphasis placed on the roles physical cues,
including mechanical cues and ES, play in cell behavior control, while the properties of
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scaffolds were also considered.

Figure 1-2 Different microenvironmental stimuli that influence cell behaviors

1.2 Hypothesis, Objectives, and Scope
1.2.1 Hypothesis
This study was inspired by previous studies of cell behavior controlled by mechanical cues
and electrical cues26,42 that revealed that different kinds of mechanical and electrical cues
have specific effects on certain cell behaviors, such as the differentiation of MSCs, and
neurite growth of neurons. Thus, we hypothesized that the effects of physical stimuli from
the microenvironment combined with other factors, like culture time, surface topography,
and three-dimensional (3D) structure of scaffolds, could be more complex and provide
insight into the mechanism of cell-microenvironment interactions. We contend that by
controlling the stiffness of scaffolds/substrates, or applying mechanical loading or
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electrical stimuli via different kinds of scaffolds/substrates, we can alter cellular behaviors,
including cell stiffness, morphology, proliferation, and specific gene expression.

1.2.2 Objectives
The general objective of this thesis is to investigate the combined effects of physical
stimuli and other factors, including time, topography, and 3D structures, on cell behaviors.
We utilize different scaffolds or substrates with specific mechanical cues or electrical
stimuli to modulate cell behaviors. The specific objectives are as follows:
•

Study hMSCs behaviors (morphology, elastic/viscoelastic properties) on
substrates with various stiffness during a long-term culture time.

•

Utilize 3D scaffolds and a customized bioreactor to induce dynamic loading to 3D
hMSCs culture, and explore their effects on hMSCs behaviors (proliferation,
specific gene expression, and morphology).

•

Utilize 3D scaffolds and a customized bioreactor to induce ES to 3D neuron and
glial cell culture and explore their effects on cell behaviors (glial proliferation,
neuron maturation, and morphology)

These studies could enrich the methods of cell-microenvironment interaction studies and
contribute to the state-of-the-art understanding of the underlying mechanisms.

1.2.3 Novelty and Significance
The influence of mechanical cues and electrical stimuli on cell behaviors (e.g., adherence,
migration, proliferation) has been extensively studied in the past, but the studies have not
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been comprehensive and numerous unknown effects and mechanisms remain to be studied.
Furthermore, most studies have focused on the effect caused by one kind of stimuli, and
ignored some important factors. For example, some effects of physical stimuli on cells
may be time-dependent. Physical stimuli applied through a 3D scaffold could be closer to
native conditions, compared with stimuli applied through a 2D substrate. We hypothesized
that the responses of cells to physical stimuli coming from substrates/scaffolds could be
complex and different when multiple factors are considered, such as culture time and 3D
structures. For example, systematical investigation of the change of hMSCs’ elastic and
viscoelastic properties in responding to both the stiffness of the substrates they adhered to
and the culture days in vitro has been undertaken. We also studied the cellular response to
the dynamic loading in a 3D electrospun scaffold. Furthermore, the responses of cortical
neurons and glial cells cultured in 3D conductive scaffolds to ES were reported. This work
will definitely enrich and contribute to the knowledge of materials design and culture
technologies in tissue engineering.
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1.2.4 Thesis Organization

Figure 1-3 Scope of study

The organization of this thesis is briefly described in Figure 1-3. A brief introduction had
been given in the first chapter to introduce the background, motivation, and objectives of
this study. In the second chapter, the general trend in MSCs and neurons involved in tissue
engineering was reviewed, followed by a brief discussion of the influence of different
physical stimuli on cells. The development of electrospun nanofibers and their
applications in cell culture were also summarized in the same chapter. Chapter 3* studies
the influence of substrate stiffness and culture time on the mechanical properties of
hMSCs. In Chapter 4**, hMSCs were cultured in a novel 3D scaffold and stimulated with
dynamic compression loading. The responses of hMSCs, including proliferation,
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morphology, and collagen expression, were discussed. In Chapter 5***, neurons and glial
cells cultured in 3D-CNFs were electrically stimulated for a week, and the changes in
morphology, glial cell proliferation, and neuron maturation were studied. A general
conclusion was made and recommendations for future studies were proposed in the last
chapter.
*: Chapter 3 is based on the publication of [Xu, Q.; Li, C.; Kang, Y.; Zhang, Y. Long
Term Effects of Substrate Stiffness on the Development of hMSC Mechanical Properties.
RSC Adv. 2015, 5 (128), 105651–105660.,]
**: Chapter 4 is based on the publication of [Jin, L.; Xu, Q.; Kuddannaya, S.; Li, C.;
Zhang, Y.; Wang, Z. Fabrication and Characterization of Three-Dimensional (3D) Core–
Shell Structure Nanofibers Designed for 3D Dynamic Cell Culture. ACS Appl. Mater.
Interfaces, 2017, 9 (21), 17718–17726.]
***: Chapter 5 is based on the publication of [Xu, Q.; Jin, L.; Li, C.; Kuddannaya, S.;
Zhang, Y. Electrical Stimulation of Cortical Cells in 3D Conductive Nanofibrous Scaffolds.
Submitted]
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Chapter 2. Literature Review
2.1 MSCs and Tissue Engineering
MSCs were first discovered in 1968 by Friedenstein and colleagues and described as
adherent fibroblast-like cells in the bone marrow (BM) capable of differentiating into
bones27. They are multipotent stem cells that can be isolated mainly from BM. They can
also be sourced from liver tissues, amniotic fluid, and placental tissues3. The significance
of studying MSCs lies in their potential to differentiate into multiple cell lineages4, such as,
myocytes, osteocytes, adipocytes, chondrocytes, and neurons, which makes them
promising for use in cell and gene therapy for serious diseases, like heart failure or
hematological pathologies3. These cells can be cultured and proliferate in vitro, which
allows them to expand quickly and be harvested for use in vivo. Unlike embryonic stem
cells (ESCs), which have only a short-time lifespan of around two years in vivo, MSCs
could reside longer into adult life43, and therefore culture-expanded marrow-derived MSCs
could have the capability of differentiation independent of the age of the donors41.
Based on the literature review, it is known that hMSCs are able to self-renew, and
differentiate into many cell lineages (Figure 2-1), which makes hMSCs a promising source
for tissue engineering, and therefore, studies of hMSCs combined with biomaterials have
been pursued in tissue engineering for bones, muscles, fat, and neuron repair41,44.
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Figure 2-1 Differentiation potential of MSCs. hMSCs can differentiate into different kinds
of cells (e.g., chondrocytes, osteocytes, myocytes, adipocytes, neurons).

2.2 Neurons and Tissue Engineering
The motivation for studies of neural tissue engineering comes from the facts that millions
of people are affected by traumatic injuries to the nervous system every year, which lead
to lifelong disabilities in patients, heavy economic burdens on public services, and social
problems45,46. However, neural defects are not easy to treat. Spontaneous nerve
regeneration in the peripheral nervous system (PNS) has a poor functional outcome if no
therapeutic interference is adopted, even though the PNS has intrinsic regenerative
capabilities47. The issue in the central nervous system (CNS) is even worse. Due to the
presence of inhibitors within myelin and the scar formation, neurons in the CNS cannot
regenerate on their own after nerve injury48,49. Because of the reasons mentioned above,
treatment of CNS injuries remains a challenge, while clinical treatment of PNS injuries
has achieved some remarkable progress50. A typical process of a tissue-engineered nerve
12

bridging a nerve defect is shown in Figure 2-2. The tissue-engineered nerve can bridge the
nerve defect and injured neurons can grow neurites along the nerve graft. The limitation in
nerve regeneration requires new methods to improve neuron growth in vitro, e.g. applying
physical stimuli.

Figure 2-2 Illustration of a tissue-engineered neural scaffold, consisting of a nerve
guidance conduit (NGC) and intraluminal filament, which promotes and guides axonal
growth and migration of Schwann cell.

2.3 Cell Behavior Control and Physical Cues
The extracellular environment or the extracellular matrix (ECM) in vivo supports cells,
separates one tissue from another, regulates intercellular communication, stores and
releases growth factors, etc. It has been proven that the cellular behaviors of cells,
including locomotion, proliferation, and differentiation (for stem cells), are controlled by a
complex set of signals directed by their growing microenvironment
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11,26,51–56

. It is well

known that soluble factors (e.g., growth factors, cytokines) significantly influences cells in
differentiation and self-renewal57,58. However, known soluble factor-mediated signaling
pathways cannot explain many effects on cell behaviors. Recently, the physical
signals/cues presented by the microenvironment have become attractive and been studied
as essential factors regulating cell behaviors26,56,59. For example, the adhesion and
alignment of cells can be influenced by a substrate’s stiffness60 and flexibility61, and the
growth direction can be guided by its topography and morphology626310. Furthermore, an
external stimulus applied via the microenvironment, such as dynamic compression64 or an
electrical stimulus65, could affect various cell behaviors, from proliferation to
differentiation.

2.3.1 Influence of Stiffness
The influence of the stiffness of a cell’s microenvironment exists in all stages of cell life,
from embryogenesis66 to terminal cell differentiation67. Changes in tissue stiffness could
be a signal of certain disease states. For instance, it is well-known that breast cancer
tumors are more rigid than neighboring tissues because of the matrix stiffness increase
caused by collagen fibrils clusters. This fact has been used for breast self-exams. It has
been well-known that mammary epithelial cells cultured on unusually stiffer substrates,
have poor tissue formation, and promote malignancy68,69. Therefore, stiffness change has a
direct influence on cell behaviors.
In 2006, a seminal study was conducted by Engler et al. to demonstrate that the substrate
stiffness could alter the differentiation of MSCs70. Three different substrates with stiffness
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of 0.1-1, 8-17, and 25-40 kPa were utilized to mimic the elastic moduli of the brain,

muscle, and bone, respectively. It was found that different moduli could induce the change
of morphology and guide cells to take specific phenotype, as shown in Figure 2-3.
Figure 2-3 Tissue stiffness and its effect on the MSC differentiation. (a) Tissues have a
range of elasticity characterized by the elastic modulus, E. (b) MSCs developed different
morphology when grown on matrices in the typical range of ~Ebrain, ~Emuscle, or ~Ebone
respectively, scale bar is 20 µm. (c) β3 tubulin (the neuronal cytoskeletal marker), MyoD1
(the muscle transcription factor), and CBFα1 (the osteoblasts transcription factor) are only
expressed on the neurogenic (soft), myogenic, and osteogenic matrices (stiff), respectively;
scale bar is 5 µm. Reprinted (adapted) from Cell, Engler et al., Vol 126, Matrix Elasticity
Directs Stem Cell Lineage Specification, 677-689, Copyright (2006), with permission
from Elsevier70.

Another interesting phenomenon, which was described as “mechanical memory”, was
observed in 2010. Gilbert et al. found that pre-cultured muscle stem cells (MuSCs) on soft
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substrates facilitated the in vivo self-renewal of MuSCs; therefore, culture in vitro affects
cell behaviors in vivo71. Recently, Yang et al. cultured MSCs on a rigid substrate for
different duration prior to transfer to a softer substrate, and the correlation between
pre-culture duration and osteogenic phenotype was demonstrated as shown in Figure 2-472.
A larger proportion of pre-osteogenic transcription factor expression could be found in
those cells cultured for the longest time on the stiff substrate prior to seeding on the soft
substrate. With 1-day pre-culture, hMSCs demonstrated the fully reversible activation of
YAP and RUNX2 (pre-osteogenic transcription factor expression) (Figure 2-4 (b)). With
7-day pre-culture, only a partially reversible activation could be seen (Figure 2-4 (c)).
However, with a 10-day pre-culture, the osteogenic phenotype was maintained (Figure 2-4
(d)). Furthermore, the stiffness change was conducted in situ by culturing cells on
light-responsive hydrogel, which could be softened from ~10 kPa to ~2 kPa by irradiation
at 365 nm for 6 mins.
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Figure 2-4 Effects of mechanical stimulation by pre-culturing cells on a stiff substrate for
(b) 1, (c) 7, and (c) 10 days prior to seeding on soft substrate. (b) With 1-day pre-culture,
the activation of YAP and RUNX2 was fully reversible after softening, and (c) it became
partially recoverable with the 7-day pre-culture. (d) With the 10-day pre-culture, the
activation was irreversible after softening. Reprinted by permission from Macmillan
Publishers Ltd: [Nature Materials]72, copyright (2014).

Additionally, cell spreading and morphology have been found to be relevant to
differentiation73. Khetan et al. investigated the influence of cell morphology on
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differentiation74. Photo-tunable hydrogels, which could be degraded by light exposure,
allowed cells to remodel and deform the matrix. MSCs spread in the degradable hydrogels
and, therefore, stimulated osteogenesis, whereas MSCs were restricted by crosslinked
hydrogels with a circular shape and, therefore, stimulated adipogenesis. A deeper
understanding of the correlation between morphology and differentiation came from the
study conducted by Huebsch et al.75. Murine MSCs were confined to pores in hydrogels
with RGD peptide and, therefore, circular morphology was obtained. Interestingly, these
cells still showed matrix elasticity-stimulated osteogenesis (~22 kPa), even with circular
morphology. The study showed that ligands are very important for cell adhesion and that
the subsequent traction generated by matrix reorganization plays a vital role in driving the
osteogenic differentiation of MSCs75.
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Figure 2-5 Different elastic moduli result in the same trend of cell’s phenotype as (Figure
2-3) for PAAm substrates, but no influence on cells cultured on polydimethylsiloxane
(PDMS). Reprinted (adapted) by permission from Macmillan Publishers Ltd: [Nature
Materials]76, Copyright (2012).

However, the different roles of the bulk stiffness of substrates and the ECM’s mechanical
properties in cell differentiation need to be clarified. Trappmann et al. reported that
different materials with comparable Young’s moduli (e.g., PDMS and PAAm gels) could
elicit different responses in MSCs, as shown in Figure 2-576. MSCs cultured on PAAm had
the same trend as that Engler et al. demonstrated70 (i.e., adipogenic phenotype on the soft
surface, osteogenic phenotype on the stiff surface). Conversely, no trend could be seen on
PDMS with the same range of moduli. It was demonstrated that the topography (e.g., pore
size) of PDMS and PAAm was different; even they had a comparable bulk stiffness. It was
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argued that the different phenotype trend was attributed to the altered adsorption of ECM
that changed with the topography. However, Wen et al. argued that differentiation was
affected by stiffness regardless of protein tethering77. The phenotype was maintained as
the pore size of their hydrogel varied.

2.3.2 Cell Response to Topography
The interaction between cells and topography was first studied by Harrison in 191178.
Back in the 1950s, the concept of contact guidance was created when it was found that a
change in the appearance of a cell’s surroundings altered the morphology of heart
fibroblasts79. This concept has long been used in the description of conformation to
topography80. Developments in microelectronics provided a chance to popularize the
research in the field through the 1980s and onward81. In vivo, topographical features come
from the matrix infrastructure and provide cues for cell behaviors. In vitro, ECM
topographical features could alter adhesion, proliferation, cytoskeletal conformation, and
gene expression, and related works have been reported by many reseachers17,82–86.
Recently, the interactions between cells and their nanoscale environments (i.e., features
smaller than a single cell) have attracted a lot of interest87–89. The development of novel
techniques, such as dip-pen nanolithography (DPN) and electron beam lithography
(EBL)90,91, has made it possible to pattern features down to 10 nm in areas with a range
from mm2 to cm2, which are large enough for cell tests92. For a long time, two main
approaches were employed in topographical patterning: highly ordered patterns and
random patterns. Ordered patterns, usually fabricated by EBL, show poor cell adhesion.
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Conversely, random patterns can affect the differentiation of MSCs compared with flat
controls93. Other topography techniques include photolithography94,95 and polymer
demixing96.
Topographical features can also guide axon growth97–100. Li et al. found that the depth of
topographical features played an important role in neuron growth99. Embryonic mouse
cortical neurons grew up and down a shallow groove around 2-5 µm but turned at the edge
of a higher groove around 22-69 µm. Similarly, Mahoney et al. found that the width of
microchannels (20-60 µm) was important for neurite orientation101. Neurites grew parallel
to the narrow microchannels (20-40 µm), while in wider channels (40-60 µm), they grew
perpendicular to the channel wall until they reached the channel wall. The contact
guidance of axons on a nanopatterned substrate without any chemical treatment was
found98. Axons preferred to grow on ridge edges and elevations, rather than in grooves, as
shown in Figure 2-6.
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Figure 2-6 (A) Axon growth along a horizontally imprinted pattern (200 nm width, 400
nm pitch). The arrow marked the border of the pattern. Axon growth on the ridge edges,
and not in the grooves. (B): 100 nm width, 500 nm pitch; (C): 400 nm width, 800 nm pitch.
Reprinted from Biomaterials, Vol. 27, F. Johansson et al., Axonal outgrowth on
nano-imprinted patterns, 1251-1258, Copyright (2006), with permission from Elsevier98.
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Dalby

et

al.

fabricated

different

micro-scale

patterns,

including

ordered,

controlled-disordered, and random, to investigate the influence of topography on MSCs102.
While only negligible differentiation was observed on planar, true square patterned, and
random substrates, bone differentiation was found on the disordered patterned substrates
(Figure 2-7) with close efficiency to that observed following chemical supplement.

Figure 2-7 EBL patterned structures alter gene expression. Osteogenesis (white arrows)
was found to be stimulated in the disordered surface. Reprinted (adapted) by permission
from Macmillan Publishers Ltd: [Nature Materials]102, Copyright (2007)

The size of the topography could also influence the differentiation of MSCs to a neural
lineage. The neuronal marker microtubule-associated protein-2 (MAP2) expressed by
MSCs in nanoscale channels increased compared with MSCs in microscale channels, as
shown in Figure 2-8103.
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Figure 2-8 Differentiation of MSCs into neural lineage in different substrates,
characterized by MAP2 expression. Reprinted (adapted) from Experimental Cell Research,
E. Yim et al., Vol. 313, Synthetic nanostructures inducing differentiation of human
mesenchymal stem cells into neuronal lineage, 1820-1829, Copyright (2007), with
permission from Elsevier103.

Creating a scaffold that could mimic the in vivo 3D architecture of the ECM would be
very helpful for tissue engineering. The nanofiber scaffolds with comparable dimensions
to the fibrous protein structure of the ECM (50 to 500 nm104,105) are believed to be
promising materials for cell culture in vitro106. It has demonstrated that the rate of neurite
growth could be increased when cells were cultured on highly aligned fibers 107,108.
Additionally, the influence of fiber diameter on axon growth has been noted 109. It was
found that filament with diameters in the range of cellular or subcellular size (5 µm, 30
µm) generates highly aligned and robust neurites outgrowth110. Interestingly, nylon fibers
embedded in agarose help axon extend along the fiber, while axons in pure agarose could
24

not extend due to the lack of adhesive ligands111. Based on this idea, 3D microstructures
were directly “written” in hydrogel by spatially activating photo-reactive moieties using
multi-photon excitation112.

2.3.3 Effects of Mechanical Strain
The balance of force between cells and the ECM they adhere to is maintained through the
actin cytoskeleton of cells. Through specific molecules on cell surfaces, an instantaneous
balance change and actin cytoskeleton reorganization could be triggered by the external
mechanical strain. This perturbation can change cell shape, trigger some signal pathways,
and influence gene expression, and finally, result in cell behaviors change. For example,
cyclic tensile strains could stimulate the affected cells to differentiate into smooth muscle
cells, because cyclic tensile strain caused by hemodynamic stresses is prevalent in cardiac
tissue113.
Simplified in vitro models are widely used to investigate the impacts and related
mechanisms of mechanical strain in vivo, which usually exhibits complex patterns. With
the development of setups, it has become possible to apply a combination of different
strains (e.g., translational, rotational, multi-axial strain) to cells to understand the
correlation between strain and cell behaviors. The self-renewal of ESCs could be induced
by physiologically relevant mechanical strain (biaxial cyclic strain) with maintenance of
their pluripotency (<10% strain). Above the threshold of 10% strain, the differentiation
was reduced while self-renewal was still promoted114. The inhibition of the hESCs
differentiation was only observed in cells cultured in conditioned medium, while no
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inhibition was observed in the unconditioned medium. This result indicated a combined
effect of mechanical and chemical signaling. Furthermore,

TGFβ/Activin/Nodal

signaling may be essential in the regulation of strain-induced differentiation inhibition
related to the blocking of hESC differentiation caused by the upregulation of Smad2/3
phosphorylation115.
The potential to maintain the ability of differentiation in a wide range of mechanical
microenvironments makes MSCs promising in studies of cellular response to mechanical
cues. Different strains have different effects on cells. For example, uniaxial strain was
responsible for upregulation of smooth muscle contractile markers’ expression and
promotion of the differentiation into smooth muscle cells53. Conversely, equibiaxial strain
induces osteogenesis by activating different kinase pathways116. Mechanical strains also
promote the expression of some ligament markers in MSCs, such as collagen type I,
collagen type III, and tenascin C117. Although numerous studies have been done on the
effect of mechanical strain on cell behaviors, these studies still illustrate the enormous
possibilities in this area to broaden and deepen our knowledge of stains and their roles in
cell behavior regulation.

2.3.4 Electrical Stimuli on Cells
ES has become an attractive method of affecting cell behaviors, because endogenous
electric fields (EFs) play a vital role in the maintaining of biofunctions of all native
organisms, especially in nerves and muscles118,119. It is involved not only in well-known
action potentials but also in controlling other cell behaviors, including morphology,
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elongation, migration, proliferation, and gene expression120–126.
The most basic method of ES involves using a DC voltage, which can be simply generated
by batteries127. Many other different forms of stimuli have also been employed in in vitro
cell cultures, such as monophasic (DC) or biphasic (AC)120,128 sinusoidal122,129,130,
sawtooth131–133, or square wave signals134,135 injected in pulses131,132,135, pulse bursts122,136,
or continuously119,120,137. Four main techniques are used to deliver ES: direct, capacitive,
inductive and combined stimulation. In direct stimulation (coupling), the electrodes are in
contact with or inserted into the cell culture128,138,139. Although this setup design makes it
easy to deliver the ES, the direct contact of the electrodes and cell culture may cause
toxicity140,141. To avoid these problems, indirect and noninvasive approaches have been
used. In capacitive stimulation (coupling), cell culture medium is placed between two
parallel plates of metal or carbon with a small gap (0.5-2 mm) to create a homogeneous
electromagnetic field in vertical direction128,131,139,142–146. However, its application is limited
by the high voltage (e.g., 100 V) required to create the electromagnetic field. Inductive
stimulation (coupling) utilizes coils placed around the cell culture to create a controlled
electromagnetic field. The effect of main parameters (e.g., electric field strength (V/mm)
and current density (A/m2)) has been noted42.
Galvanotaxis or electrotaxis refers to the migration toward either the cathode or the anode,
depending on the particular type of cell, guided by an electric gradient147,148. A recent
study conducted by Au et al. suggests that the efficiency of the cell alignment of cardiac
myocytes and fibroblasts guided by topography is higher than that guided by ES. However,
the best result was observed by combining the effects of the two techniques146. ES has also
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been utilized to enhance wound healing. For example, a 10-fold increase in the expression
of two wound-repair-related cytokines has been demonstrated in the stimulation of
cutaneous fibroblasts through conductive scaffolds118. PNS and CNS regeneration
promoted by ES has been demonstrated in multiple studies56,127,149 and already used in
some clinical applications150. In vitro studies on MSCs and osteoblasts have indicated a
certain difference between the effects of the different methods of coupling. For example,
ECM deposition, alkaline phosphatase activity, and proliferation could be enhanced by
capacitive coupling, whereas differentiation is delayed. When the expression of
osteopontin (OPN), BMP-4, and other genes is kept constant, the mRNA levels of BMP-2
and TGF-β1 are promoted in some cases120,128,131,137,139,142,151.

2.4 Electrospun Nanofiber and its Applications for Cell
Culture
Electrospinning has been popular for a long period due to an increased interest in
nanoscale properties and technologies. This method has been used to fabricate polymer
fibers from nanometers to micrometers in diameter152. Potential applications of
electrospinning include water treatment, fiber-based sensors, and, of course, tissue
engineering153,154.
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Figure 2-9 Illustration of typical electrospinning setup.

One of the most attractive features of electrospinning is the inexpensive and easy-to-build
setup. A typical electrospinning setup consists of a syringe pump, a high-voltage power
source, and a collector, as shown in Figure 2-9. A polymer solution is held at a needle tip
by surface tension during the electrospinning. The polymer solution is charged by the
application of an electric field using the high-voltage power source. The resulting charge
repulsion overcomes the surface tension and causes a jet. During jetting, the solvent
evaporates and polymer fibers are collected by the collector.
Electrospinning has been widely applied in the tissue engineering area because it provides
a simple and low-cost method to produce scaffolds with an interconnected porous
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structures and fiber diameters in the sub-micro range. The highly porous, nonwoven
fibrous sheet collected from a typical flat collector is most commonly utilized in tissue
engineering because of its high surface area that allows cellular attachment155. A number
of factors, such as materials, orientation of fibers, the degree of porosity, surface property,
etc., should be considered for applications of nanofibers in tissue engineering156. The
materials utilized in electrospinning include both synthetic materials, natural materials,
and the hybrid blends, which can achieve an optimal balance in biocompatible and
mechanical properties. The fiber orientation (i.e., aligned and random) and porosity can be
optimized for specific applications by varying the parameters of electrospinning. The
modification or functionalization of the scaffold could induce other properties, including
conductivity and bioactivity, for individual applications.
The most important property of chosen materials is biocompatibility. Toxicity, immune
responses, as well as inflammatory, should be controlled. In the subdivision of synthetic
materials, both biodegradable and non-biodegradable materials have been studied. The
biodegradable ones are more popular because of the elimination of the need for a second
operation to remove the implanted scaffold107,157–170. In addition, the degradation rate could
be optimized to meet the rate of new tissue formation. It has been demonstrated that the
blend composition of polymer blends could alter the degradation rate169. Changing the
proportion of crystalline segment could also affect both the degradation rate and
mechanical properties162. Besides the degradation rate of the scaffolds, the mechanical
properties also matter170. Although biodegradable materials have obvious advantages,
some researchers in the field of tissue engineering investigated non-degradable materials
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and found they were able to support cell culture in vitro171,172. To mimic the native ECM,
natural materials, such as chitosan, fibrinogen173, chitin174, hyaluronic acid (HA)175,
collagen176,177, and gelatin178,179 have been utilized for electrospinning in tissue engineering.
However, the lack of proper mechanical properties and difficulties in electrospinning of
natural materials led to the utilization of hybrid materials consisting of both synthetic and
natural materials175,180–189. The addition of synthetic materials usually improved the
mechanical properties, such as Young’s modulus and tensile strength, while natural
materials provided the bioactive sites to help cell adhesion and growth.
By using different collectors, different orientations of fibers could be obtained. For
example, a stationary collector is usually used to form random fibers, while a rotating
collector is for aligned fibers. The anisotropy degree within electrospun fibers has been
shown to greatly influence both the mechanical properties and cell behaviors, like
proliferation, adhesion, alignment, and differentiation. A lot of studies have proven that
developing an aligned fibrous mat could be more desirable in certain applications (e.g., to
replace a highly oriented tissue)107,159,161,165,168,178,190,191. The aligned fibrous mat could align
the cytoskeleton of cells parallel to the fibers and the adhesion and proliferation could be
improved compared to a random mat168. In peripheral nerve generation, it has been
demonstrated that axonal outgrowth and glial cell migration could be directed by aligned
scaffolds159.
Porosity and pore size also play important roles in helping cell migration and infiltration.
By choosing different polymer/solvent systems and various processing parameters, varied
pore sizes can be achieved. The effect of fiber width and fiber density on the mean pore
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radius has been studied by using a theoretical model192. Researchers have found that the
mean pore size increases with increasing fiber diameter when the porosity and areal
density were given, which led to an interesting paradox. People are trying to develop
smaller diameters for an increasing surface area; however, it will result in a small pore size,
which will limit cell infiltration and migration. Thus, 2D nanofibers usually behave as 2D
meshes rather than as 3D scaffolds. Although the layer-by-layer mesh stacks have been
developed, they still reduce the pore size due to the high areal density. Of course, the small
pore size can actually become an advantage when cell infiltration is undesirable. These
nanofibers could be utilized for barrier applications, like skin. On the other hand, large
pores sizes have been developed for applications in 3D scaffolds170,193,194.
Another important way to engineer nanofibers is to functionalize the surface of
nanofibrous scaffolds. A number of bioactive groups have been tested, such as RGD195,
gelatin196, perlecan197, and acrylic acid160. For example, RGD can enhance the attachment,
spreading and proliferation of 3T3 fibroblasts195. Some other treatment, like PPy coating,
could induce the conductivity into the nanofibers, which could be useful for applying ES
to cells10,198.
Electrospinning has been found to be highly promising in various applications in tissue
engineering including, vasculature168,180,199–203, bone165,181,183,204–206, neural107,159 and
tendon/ligament207,208 applications.
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Chapter 3. Long Term Effects of Substrate
Stiffness on the Development of hMSC
Mechanical Properties
3.1 Significance and Novelty
Although the influence of substrate stiffness on cellular mechanical properties has been
studied, previously, the researchers paid more attention to the direct influence of the
substrates. However, the combined effect of the substrate stiffness and a long-term culture
time, i.e., two weeks, on cells’ mechanical properties is still unclear. To the best of the
author’s knowledge, the study of the combined effect of both substrate stiffness and a
long-term culture time (2 weeks) on cellular moduli characterized with micropipette
aspiration (MA) is new. Besides a positive correlation of cell moduli and substrate
stiffness which is similar to previous studies, our results showed an unreported
non-monotonic trend of cell moduli as a function of time. This time-dependent change of
cellular moduli showed the cellular moduli in different substrates increased over the first
11 days and followed with the moduli drop from day 11 to day 14. The moduli increase
could be explained by the cytoskeletal coarsening caused stiffening in cells, which was
supported by both the fluorescent images in our study and the previous studies. The
moduli drop could be attributed to osteogenic differentiation caused softening. Although
further investigation is needed to enhance this explanation, this work offered the new
insight into the relation between cellular moduli of MSCs and substrates/culture time.
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3.2 Introduction
MSCs are multipotent stem cells mainly isolated from bone marrow. Other sources include
liver, amniotic fluid, and placenta209. The significance of studying MSCs lies in their
ability to differentiate into different cell lineages4 as well as their promising potential to be
applied to cell and gene therapy for serious diseases like heart failure or hematological
pathologies209.
Cellular behaviors of MSCs including locomotion, proliferation, and differentiation
depend a lot on their growing microenvironment51–54. Because it is necessary for tissue
cells to adhere to and grow on solid surfaces60, the influence of substrate properties, like
stiffness, on cells has been extensively studied52,70,210–213. It has been found that the human
Mesenchymal Stem Cells (hMSCs) became stiffer when cultured on stiffer substrates52.
With or without induction factors, it has been suggested that the stiffness of substrates
could direct the lineage specification of hMSCs70,214 and the viscoelasticity of hMSCs
changed monotonically with time during differentiation215. It was also shown that MSCs
grew on soft substrates tended to be neurogenic while on stiffer substrate tended to be
myogenic or even osteogenic70. The culture time on substrates with different stiffness
could even influence the following differentiation behavior of the MSCs. MSCs could
easily differentiate into different lineages when induction factor was added after a short
time period of culture on the substrates while they became difficult to be induced to other
lineages except the substrates-defined lineage after a long time period of culture on the
substrates70. For example, if the MSCs were cultured on the soft neurogenic matrices for
three weeks, they could only be induced to neurons even if myogenic or osteogenic factors
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were added into the media. Nonetheless, a good method to distinguish the potential of
stem cells to differentiate into specific lineages was yet to be established216. Recent studies
confirmed the feasibility of correlating differentiation behavior of stem cells with their
mechanical properties, for example, osteogenesis was positively correlated with the elastic
as well as viscous properties of the cells215,216. Therefore, cell mechanical property
measurement could serve as an easy and effective characterization of cellular behaviors.
Micropipette aspiration (MA) has been widely applied to measure cell mechanical
properties215,217–222, which is based on the detection of the cellular deformation under a
given external pressure. Cells and the external environment they adhered to are connected
through cellular cytoskeleton. From either extracellular matrix or neighbors, cells could
sense the external mechanical strains that guide cell behaviors like migration,
differentiation and so on. The cell deformation is driven by the polymerization and
depolymerization of actin filaments and microtubules together with molecular motors. The
internal or external mechanical forces could affect several classes of regulatory proteins
involved in the cellular architecture, thus, the local organization of the cytoskeletal
network223. For example, recent studies have demonstrated that the contractile force of
cellular actin-myosin cytoskeleton, which was determined mainly by cells' sensing of the
surrounding extracellular matrix, could affect cytoskeletal organization60. Compared with
other commonly used methods, such as atomic force microscopy (AFM)224,225 and optical
traps226,227, MA method has the ability to generate large forces and measure the global
mechanical properties of the investigated cell. Depending on the cellular behavior in the
micropipettes, various models have been developed to extract cell mechanical
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modulus218,228. For hMSCs, both elastic and viscoelastic solid models have been used in
the previous studies215,221,222.
However, the long-term relationship between substrate stiffness and mechanical properties
of cells has not been well studied. The objective of this study was to investigate the
long-term influence of substrate stiffness on the mechanical properties of hMSCs. Instead
of the commonly used substrate, such as polyacrylamide70,210, polydimethylsiloxane
(PDMS) substrate was adopted for the easy preparation procedure and easy stiffness
control, which only requires modification of the ratio between the base material and the
curing reagent. The hMSCs were cultured on PDMS substrate without adding any
induction factor for a total duration of two weeks and measured at six time-points – day 0,
1, 5, 7, 11, and 14. Three replicates were obtained for each sample and the data were
analyzed using two-way analyses of variance (ANOVA) so that not only the influence of
substrate stiffness but also the culture time could be evaluated.
Because change in cell stiffness is expected to have a major impact on cell
mechanosensitivity and mechanotransduction, for example, the cellular mechanical
properties of stem cells could reflect the differentiation potential 215,216; the moduli change
with different substrate stiffness and culture time probably relate to the different stages of
differentiation. The results, cellular moduli change over different substrate stiffness and
culture time, revealed in this study could give a new angle to investigate the cellular
behaviors, for example, differentiation and attachment. For example, it could provide a
new index to determine an optimal time point and substrate stiffness of specific
differentiation induction in future.
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3.3 Materials and Methods
3.3.1 Fabrication of the PDMS Substrates with Different
Stiffness
Instead

of

the

commonly

used

substrate,

such

as

polyacrylamide70,210,

polydimethylsiloxane (PDMS) substrate was adopted for the easy preparation procedure
and easy stiffness control, which only requires modification of the ratio between the base
material and the curing reagent.
PDMS (Sylgard 184, Dow Corning, USA) substrates with different stiffness were prepared
by mixing the base and the curing agent in varying weight ratios. Higher ratios result into
lower moduli due to lower crosslink densities229. Same amount of PDMS mixtures with
base-to-reagent ratios of 5:1 (PDMS5), 10:1 (PDMS10), 20:1 (PDMS20), and 30:1
(PDMS30) were poured into 24-well plates, and a 1 mm thick substrate was formed in
each well. The plates were then kept in a 60°C oven for 2h for PDMS solidification after
degassing. The cured PDMS substrates were thoroughly washed in DI water and 70%
ethanol solution.
As cell attachment is limited by the hydrophobic nature of PDMS230,231, poly-L-lysine
(PLL, Sigma, Singapore) coating was conducted. To improve the hydrophilicity, further
remove residuals, and improve PLL coating, we conducted an oxygen plasma treatment
(MARCH, PX-500). The O2% is 50%, and the pressure is 75 mTorr. The substrates were
exposed for 5 min. The treated surfaces were immersed in sterile DI water immediately
after the plasma to prolong the surface hydrophilicity232. DI water was removed before
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PLL treatment. The substrates were immersed in PLL solution (0.01% w/v) for 30 mins
and washed with sterile DI water before cell seeding. The polycation nature of PLL leads
to its electrostatic attraction onto a negatively charged plasma-oxidized PDMS surface,
which resulted in a stable coating of PLL up to 12 weeks233. The images of adhesion of
hMSCs on the PDMS substrates with or without PLL treatment were shown in Figure 3-4.
It indicated PLL treatment could obviously improve cell attachment. Thus, the PLL
coating is mainly to promote cell adhesion234–237. Additionally, the cells cultured on treated
PDMS substrates for 5 days and 14 days showed similar morphology as shown in Figure
3-5, which indicated a stable PLL coating. However, some previous studies suggested that
poly-L-lysine could promote the chemically-inducted chondrogenic and osteogenic
differentiation of hMSCs238,239, so the cell differentiation was characterized here. The
moduli of different PDMS materials were characterized using an Instron machine.

3.3.2 hMSC Recovery, Expansion, and Seeding
The formulation of culture medium followed the previous study214,231. Briefly, the culture
medium was prepared by adding 10% fetal bovine serum (FBS) (Life Technologies,
Singapore.) and the mixture of penicillin/streptomycin (Life Technologies, Singapore) to
Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, Singapore).
hMSCs derived from human bone marrow were obtained from Life Technologies,
Singapore. The frozen vial of hMSCs was rapidly thawed in a 37°C water bath until a
small amount of ice remained. The entire contents of the vial were pipetted into a 15-mL
conical tube. We carefully added 5-10 mL of pre-warmed medium to the conical tube at a
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rate of approximately 3 to 5 drops per 5 seconds and gently swirled after every addition.
The cells were centrifuged at 200 × g for 5 mins at room temperature. After removing the
supernatant, the cells were resuspended in pre-warmed medium and seeded in a culture
flask (ThermoFisher Scientific, Singapore) with 5 × 103 cells / cm2. The culture flasks
were used directly without PLL treatment.
To expand and subculture hMSCs, we removed medium from the culture flask and gently
rinsed cells with sterile PBS once a confluence of 80%-90% was achieved within 2-4 days.
3 mL pre-warmed 0.25% Trypsin (Life Technologies, Singapore) was added to each T75
flask. Trypsin is a proteolytic enzyme commonly used to dissociate adherent cells from the
vessel in which they were cultured. It can “digest” the proteins that facilitate adhesion to
the container and between cells. The morphological sequence of events occurring during
the initial rounding-up of cells incubated in trypsin has been well documented240. Briefly,
after treatment with trypsin for several minutes, the cells began to round-up, leaving
behind long retraction fibrils. The retraction fibrils, attached by their distal end to the
substrate, became fewer and fewer, probably because they gradually lose their attachment
and retract. After a certain period, the cells detached from the surface and changed to a
spherical structure. The cells were incubated at 37°C, 5% CO2 incubator for 4 mins before
pre-warmed culture medium was added. We then transferred the contents to a conical tube
and centrifuged cells at 400 × g for 5 mins. The supernatant was then aspirated. The cells
were resuspended in the fresh pre-warmed culture medium and counted. Finally, the cells
were seeded in a new flask with a density of 5 × 103 cells / cm2.
Cells of passage 2 to 4 were used in our experiment. After detaching from the culture flask
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using 0.25% Trypsin (Life Technologies, Singapore) for less than four minutes, hMSCs
were seeded onto the prepared PDMS substrates with a density of around 5,000 cells per
well in 24-well plates. Inoculated cells were kept in the culture medium, which was
changed twice a week, before micropipette aspiration. Before micropipette aspiration,
cells were detached with 0.25% Trypsin (Life Technologies, Singapore) treatment for less
than 4 mins, and then immediately placed in the culture medium for aspiration. Because
previous study concluded a trypsin treatment less than 4 mins would not affect the
mechanical properties241.

3.3.3 Fluorescent Staining and Imaging
Cells were fixed in the 10% neutral buffered formalin solution (Sigma, Singapore) for 20
min and treated with 0.1% Triton X-100 (Sigma, Singapore) for 5 min followed by two
times PBS wash. F-actin filaments were stained by 1-hour incubation with
rhodamine-conjugated phalloidin (Life Technologies, Singapore) at 1:500 dilution at room
temperature. To stain nuclei, each well was incubated with DAPI (Life Technologies,
Singapore) at 1:1000 dilution for 5 min. Images were taken with an inverted fluorescent
microscope.

3.3.4 Osteogenic Specification
To verify whether the MSCs had differentiated to osteoblast, one osteoblast biomarker,
anti-RUNX2 antibody, was used. Cells were fixed in the 10% neutral buffered formalin
solution (Sigma, Singapore) for 20 min and treated with 0.1% Triton X-100 (Sigma,
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Singapore) for 5 min followed by PBS wash for two times. Then cells were incubated with
1% BSA blocking buffer for 1 hour at room temperature. The cells were then incubated
with primary antibody, anti-RUNX2 antibody (Millipore, Singapore), in 1:1000 dilution
for overnight at 4 °C followed by three times PBS wash. Cells were then incubated with
Alexa Fluor® 488 secondary antibody (Millipore, Singapore) at 1:1000 dilution at room
temperature for 1 hour followed by DAPI staining.
The osteogenic lineage formation was also demonstrated by Alizarin Red staining,
whereby the presence of brick-red nodules revealed the mineralization during osteogenic
differentiation. Fixed samples were washed by DI water for three times and incubated in
Alizarin Red for 5 mins at room temperature. After removing Alizarin red and washing
with DI water, images were taken.
To prepare the Positive Control Groups, we cultured cells on different PDMS substrates
with the same density before osteogenesis. Induction of osteogenic differentiation in
MSCs was initiated by introducing the osteogenic medium, comprising low glucose
DMEM supplemented with 10% FBS, 50 μg/ml ascorbic acid, 1 mM sodium pyruvate,
100 U/100 μg penicillin/streptomycin, 1× glutamax, 10 mM β-glycerophosphate, and 10−7
M dexamethasone230, on day 1 (the day after seeding). The cells were then cultured in a
humidified atmosphere with 5% CO2, and the differentiation medium was changed twice
per week.

3.3.5 Micropipette Aspiration
The micropipette aspiration system is illustrated in Figure 3-1. A micromanipulator was
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used to move a micropipette with a sharp tip close to a cell. A microinjector was used to
generate the pressure applied to the cell, which would be measured using a pressure
transducer, a demodulator, and a digital multimeter. A microscope and a computer were
used to locate the cells and record the images during the aspiration. Micropipettes of inner
diameters from 8 μm to 12 μm, which are around 0.2 to 0.8 times of cell diameters, were
made with a pipette puller (Sutter Instrument, USA).
The calibration was conducted as instructed in the manual before the experiment. Firstly,
the air was completely removed from the system with DI water. The micropipette tip was
placed into a 1000 ml measuring cylinder. The voltages were recorded as well as the
height of water added into the measuring cylinder. The voltage obtained was a function of
the height of water due to the hydrostatic pressure. 4 runs were performed and the linear
relation of P and V were calculated.
At the beginning of an experiment, the whole system was washed with deionized (DI)
water and filled with PBS solution successively using the syringe to remove air bubbles
trapped in the system. After that, the cell of interest was placed in the middle of the view
field under the microscope by moving the microscope stage. Then the micropipette was
moved close to the cell using the micromanipulator and an equilibrium pressure, under
which the cell was neither sucked in nor pushed away, was achieved through the
microinjector (Narishige, Japan) before an aspiration pressure was applied to deform the
cell. The applied pressure was measured by a pressure transducer (Validyne Engineering,
USA), converted to voltage values by a demodulator (Validyne Engineering, USA). The
final reading was then obtained from a digital multimeter (Fluke, USA). A total of 30
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images were taken during the around 300s aspiration process using an inverted microscope
(Nikon, Japan) with a camera (Tucsen, China). Open source software (ImageJ by NIH,
USA) was used for the image processing to get the aspiration length data.

Figure 3-1 Micropipette aspiration system illustration.

3.3.6 Theoretical Modelling
Although we recognize that the hMSC is morphologically heterogeneous, the
homogeneous solid model was fitted to the viscoelastic properties of hMSCs excellently
both in previous studies and our report221,222. The hMSCs under our experimental
conditions represented a typical viscoelastic solid creep behavior characterized by an
initial jump in deformation in response to a step aspiration pressure followed by an
asymptotic creep behavior until equilibrium (see details in 3.4.4). Although the linear
elastic model is a simplified model ignoring the time factor, it was demonstrated this
model could characterize the elastic properties of solid-like cells218,228,242. The linear elastic
model and the linear viscoelastic model, in which the cell is assumed to be
homogeneous228, were used to extract the mechanical properties of hMSCs.
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The linear elastic model is a simplification of the viscoelastic model through ignoring the
time factor. In this model, the cell is approximated as an incompressible elastic
half-space218,228,243, i.e., the local radius of the cell surface is relatively large compared to
the pipette radius 𝑅𝑝 . The elastic modulus 𝐸 of the cell is calculated as243:
3𝑅

∆𝑃

𝐸 = 𝛷 ( 2𝜋𝑝) ( 𝐿 )

Equation 3-1

𝑎

where 𝐿𝑎 is the equilibrium aspiration length, ∆𝑃 is the applied aspiration pressure, and
𝛷 is a constant related to the ratio of the pipette wall thickness to the pipette radius, which
is chosen to be 2.0 in this study based on the punch model243.
In the viscoelastic model, three parameters (Figure 3-2) were obtained through evaluating
the real-time influence of ∆𝑃 on the aspiration length (𝐿(𝑡)) of the selected cell. The
relationship between 𝐿(𝑡) and the time passed since the pressure is applied could be
fitted using the following equation244:

𝐿(𝑡) =

𝛷𝑅𝑝 ∆𝑃
𝜋𝑘1

[1 −

𝑘2
𝑘1 +𝑘2

𝑒 −𝑡/𝜏 ]

Equation 3-2

where 𝛷, 𝑅𝑝 , and ∆𝑃 have the same definition as in the elastic model (Equation 3-1). 𝑘1
and 𝑘2 are the elastic constants, as shown in Figure 3-2. In this model, a viscous material
is modeled as a spring and a dashpot in series with each other, both of which are in parallel
with a lone spring. Under a constant stress, the modeled material will instantaneously
deform to some strain, which is the elastic portion of the strain, and after that it will
continue to deform and asymptotically approach a steady-state strain. This last portion is
the viscous part of the strain. 𝜏 is the exponential time constant. The apparent viscosity 𝜇
is given by244:
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𝜏𝑘1 𝑘2

𝜇 = (𝑘

1 +𝑘2 )

Equation 3-3

𝑘1 and 𝑘2 are both needed to calculate the standard elasticity coefficients:
1

𝐸0 = 2 (𝑘1 + 𝑘2 )
1

𝐸𝑒𝑞𝑚 = 2 𝑘1

Equation 3-4

Equation 3-5

where 𝐸0 , the instantaneous Young’s modulus, is defined to reflect the initial elastic
response at the very beginning of aspiration., and 𝐸𝑒𝑞𝑚 is the equilibrium Young’s
modulus determined at the point that suction length was no longer increased 221,222.

Figure 3-2 Illustration of the viscoelastic model, where 𝑘1 and 𝑘2 are the elastic
constants of two springs; 𝜇 is the viscosity of a dashpot.

3.3.7 Statistical Analysis
The elasticity data of PDMS substrates were analysed using one-way analyses of variance
(ANOVA) while two-way ANOVA method was applied for the elastic and viscoelastic
data of cells, with PDMS stiffness and culture time as two independent variables (n=3).
Tukey’s post-hoc tests were performed when significance was indicated in ANOVA results.
The F value, F (DF1, DF2), was calculated by the software. DF1 is the degree of freedom
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for main factors (4-1=3 for stiffness or 5-1=4 culture day) or interaction ((4-1) × (5-1) =12
for stiffness × culture time); DF2 represents the degree of freedom for the residual
((4×5×3-1)-3-4-12=40). The p values calculated from F and the two degrees of freedom
indicate the significance of the main factors and interactions. Significance was determined
at p<0.05 and a trend towards significance was determined at p<0.1. All values were
reported as mean ± standard error of the mean (SEM) or standard deviation as indicated.
The statistical analysis was conducted with GraphPad Prism 6.05.

3.4 Results
3.4.1 Stiffness of Different PDMS substrates
The Young’s moduli of different PDMS measured using Instron extension test showed a
clear trend that with a higher base to curing agent ratios the PDMS became softer (Figure
3-3). And the Young’s moduli of PDMS substrates fall into the range from 0.06 MPa to
1.2 MPa, which could cover the stiffness range from muscle to precalcified bone245.
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Figure 3-3 Young’s modulus of PDMS measured by Instron machine (* indicates
significant difference between the two groups with p<0.05, ** for p<0.01, and *** for
p<0.001)

3.4.2 Morphology of hMSCs on PDMS
The adhesion of hMSCs cultured on bare PDMS (sterilized by 70% ethanol, no plasma
and PLL treatment) and PLL-treated PDMS were compared in Figure 3-4. hMSCs were
seeded on the PDMS10 substrate with the same concentration (5,000 cell/well in 24-well
plates). After one day, the cells were fixed and stained to see the difference in morphology.
Briefly, the cells cultured on the bare PDMS substrate had a poor spreading and
aggregated as their nuclei were marked with white squares in Figure 3-4. The cells
cultured on the PLL-treated PDMS spread better, and no aggregation was observed as
their nuclei were marked with white circles in Figure 3-4.
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Figure 3-4 Fluorescent images of hMSC cultured on bare PDMS10 (Left) and PLL-treated
PDMS10 (Right) for one day. Red: Rhodamine Phalloidin stained F-actin; Blue: DAPI
stained nuclei. Scale bar: 100 μm

Optical images of hMSCs on different PDMS were monitored throughout the experiment
period (Figure 3-5). It could be observed that under current seeding density (5,000 cells
per well), hMSCs were growing individually without clustering. Compared the initial
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growth stages (Figure 3-5(A) and (D)) with the later stages (Figure 3-5(C) and (F)), cells
were separated away from each other on both PDMS5 and PDMS30 without clustering or
forming a closely packed monolayer. Therefore, the measured cellular modulus should be
affected by the PDMS stiffness even some cells were touching others.

Figure 3-5 Fluorescent images of hMSC cultured on PDMS. Left: Day 5 (a), Day 11 (b)
and Day 14 (c) on PDMS5; Right: Day 5 (d), Day 11 (e) and Day 14 (f) on PDMS30. Red:
Rhodamine Phalloidin stained F-actin; Blue: DAPI stained nuclei
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3.4.3 Elastic Property of hMSCs
To evaluate the elastic property of hMSCs, elastic moduli of cells were calculated from the
elastic model. In the situation when pipette radius is much smaller than cell radius 228, the
cell could be approximated as an incompressible elastic half-space243 and the simplest
elastic model could be used to describe the cell aspiration behavior.
To examine the effects of PDMS stiffness and culture time on cell elastic moduli, the
results derived from the elastic model were displayed (Figure 3-6). Results of the two-way
ANOVA test gave the main effect value of PDMS stiffness, F(3, 40)=4.248, p=0.0107 (see
Section 3.3.7) and the main effect value of culture time, F(4,40)=16.41, p<0.0001, which
indicated that both PDMS stiffness and culture time had significant influence on the
elastic moduli of cells. In other words, it meant the cell moduli in the substrates with
different stiffness were significantly different and the cell moduli tested on different
culture days were also significantly different. However, the interaction between PDMS
stiffness and culture time, with main effect value of F(12,40) = 0.5742, p=0.8495, had no
significant effects on elastic moduli. The influences of stiffness and culture time were
independent. More precisely, the influence of substrate stiffness was consistent for
different culture days and the influence of culture time was also consistent for substrates
with different stiffness.
The elastic modulus of the hMSCs detached from the normal culture flask (Day 0) was the
highest (Figure 3-6(A)), which was around 516 Pa. On day 1, the elastic modulus of cells
cultured on all PDMS substrates had similar values to each other around 100 Pa, which
decreased significantly from Day 0. This could be attributed to the large stiffness change
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from the culture flask ( ~1 GPa)246 to the PDMS substrates. On day 5, Young’s moduli of
cells were 155±76 Pa on PDMS5, 102±16 Pa on PDMS10, 41±5 Pa on PDMS20, and
35±6 Pa on PDMS30, which shows a clear trend that the cells cultured on stiffer substrates
had higher moduli. On day 7, the similar trend could be observed except that the Young’s
modulus for PDMS20 was larger than that for PDMS10. On day 11, a significant
difference of cell moduli between PDMS5 and PDMS30 was shown. Finally, on day 14,
moduli of cells on different PDMS substrates became similar again, which were around
180 Pa. In general, the moduli of the cells cultured on stiffer substrates were larger than
the cells grown on softer substrates from day 5 to 11, with exceptions found in only two
groups, PDMS10 & PDMS20 on day 7 and PDMS5 & PDMS10 on day 11, among the 18
comparison pairs.

Figure 3-6 Young’s modulus of cells calculated using elastic model ((A) modulus
changing with time, (B) modulus changing with PDMS stiffness) (*: p<0.05, **: p<0.01,
***: p<0.001 and #: p<0.1)

Besides the influence of substrate stiffness, the culture time played an even more
significant role in the development of cellular moduli (Figure 3-6(B)). Overall, cellular
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moduli showed an increasing and then decreasing trend from day 5 to day 14. The largest
moduli were always achieved on day 11, and the smallest moduli were observed on day 5
for cells on all PDMS substrates. As an example, for cells grew on PDMS5, which was the
stiffest substrate, cell moduli increased from 155±76 Pa on day 5 to the maximum
362±107 Pa on day 11. After that, the value decreased to 199±17 Pa on day 14. Cell
moduli on day 1 were larger than on day 5 except that on PDMS5, which probably
indicated that how fast the cells could adapt to the substrate stiffness depended on how
large the substrate stiffness was changed. In details, the experimental results indicate that
it took more than 1 day for hMSC to adapt to the big change in substrate stiffness when
transferred from the stiff flask to soft PDMS substrates (PDMS 10, 20 and 30). As a result,
cells did not fully adapt to the soft substrate on Day 1 and would continue to reduce the
moduli after that, which made cellular moduli larger on Day 1 than Day 5. While for
PDMS5, which was more than 2 times stiffer than other PDMS substrates, it took less time
for hMSC to adapt to the substrate stiffness change so that cellular moduli could show an
increase from Day 1 to Day 5.

3.4.4 Viscoelastic Properties of hMSCs
To further investigate the cellular mechanical properties change, a more precise model was
used. hMSCs in the experiments showed typical viscoelastic behavior during aspiration.
Right after the step pressure being applied, there was an aspiration length jump. Following
the initial jump, the aspiration length increased slowly under constant pressure before
reached the equilibrium length (Figure 3-7). Through fitting the time-dependent aspiration
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length using the viscoelastic model, three relevant mechanical parameters, 𝐸0 , 𝐸𝑒𝑞𝑚 , and
𝜇 could be obtained (Figure 3-8 and Figure 3-9). All the aspiration length data were fitted
using the viscoelastic model as explained in the methods section (Equation 3-2). Most
fittings showed high accuracy with the mean correlation coefficients higher than 0.9. The
worst fitting had a mean correlation coefficient around 0.71, which was probably due to
the break of the cell membrane during aspiration process. Overall, results showed that the
instantaneous Young’s modulus of cells (in the range of hundreds or even thousands of
Pascal) were larger than their equilibrium Young’s modulus (from tens to hundreds of
Pascal). And most of the apparent viscosity values were in the range of thousands of
Pascal*second.
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Figure 3-7 Aspiration of cells in micropipette at different time points. (A) the pressure was
adjusted to reach equilibrium, (B), (C), and (D) were 0 s, 100 s, and 300 s after applying
the step aspiration pressure, and (E) was the corresponding fitting curve of the cell
aspiration length as a function of time

The main effects of PDMS stiffness and culture time on the three viscoelastic
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parameters, 𝐸0 , 𝐸𝑒𝑞𝑚 , and 𝜇 were evaluated as well using two-way ANOVA method as
mentioned in the section 3.3.7. Significant influence of both PDMS stiffness
(F(3,40)=6.16, p=0.0015) and culture time (F(4,40)=11.30, p<0.0001) on instantaneous
moduli 𝐸0 had been demonstrated. Similarly, PDMS stiffness (F(3,40)=3.767, p=0.0180)
and culture time (F(4,40)=18.38, p<0.0001) showed significant effects on the 𝐸𝑒𝑞𝑚 .
However, the interaction between PDMS stiffness and culture time showed no significant
effect on 𝐸0 and 𝐸𝑒𝑞𝑚 . Furthermore, effects of PDMS stiffness, culture time, and their
interaction on 𝜇 were all insignificant.
A strong dependence of the cell mechanical properties on PDMS substrate stiffness could
be noticed, which is the same trend as the elastic model but more obvious (Figure 3-8). In
general, the viscoelastic parameters of cells cultured on a stiffer PDMS were usually larger
than those cultured on a softer PDMS from day 5 to 11 and the differences were larger
than the elastic modeling results. Only 5 exceptions where cells had larger moduli or
viscosity on softer PDMS were observed among the 54 one-to-one comparisons of all
three viscoelastic parameters from day 5 to 11 between cells cultured on different PDMS
substrates. It could be seen the 5 exceptions were all non-significant in statistic. The most
exceptions (4/5) were found between cells on adjacent PDMS substrates and no significant
difference could be found between cells on adjacent PDMS substrates. It probably
indicated the difference of stiffness between adjacent substrates (i.e. PDMS5-PDMS10,
PDMS10-PDMS20, and PDMS20-PDMS30) was not enough to be sensed by cells.
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Figure 3-8 Cell viscoelastic parameters influenced by PDMS substrate stiffness ((A), (B),
and (C) were figures for 𝐸0 , 𝐸𝑒𝑞𝑚 , and 𝜇, respectively as functions of culture days) (*:
p<0.05, **: p<0.01, ***: p<0.001 and #: p<0.1)

The influence of cell culture time on the three mechanical parameters was also studied
(Figure 3-9). In the two-week experimental duration, the change of the instantaneous and
equilibrium moduli with time was similar as the elastic model results. The instantaneous
Young’s moduli of cells cultured on PDMS5 increased first from day 1 to day 11 and then
decreased on day 14, while instantaneous Young’s moduli of cells cultured on other
PDMS substrates decreased first from day 1 to day 5, then increased from day 5 to day 11,
and finally decreased again at day 14. Similarly, the difference of PDMS5 on day 1 may
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be attributed to the shorter time required for cells to adapt to the new substrate with
smaller stiffness change. The same phenomenon was shown for the equilibrium Young’s
modulus. For both 𝐸0 and 𝐸𝑒𝑞𝑚 , similar values were reached on Day 14 regardless of
substrate stiffness. Different from the trends of 𝐸0 and 𝐸𝑒𝑞𝑚 , there is no any significant
difference for cell apparent viscosity values at different time points.

Figure 3-9 Cell viscoelastic parameters as influenced culture time ((A), (B), and (C) were
figures for, 𝐸0 , 𝐸𝑒𝑞𝑚 , and 𝜇, as functions of PDMS stiffness) (*: p<0.05, **: p<0.01, ***:
p<0.001 and #: p<0.1)
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3.4.5 Osteogenic Specification of hMSC
According to the previous study70, substrates that mimic specific tissues could direct MSC
lineage specification. Since the PDMS substrates were stiff and close to collagenous bones,
we hypothesize that they could be osteogenic. One osteoblast marker, anti-RUNX2
antibody, was chosen to characterize the differentiation of MSCs to osteoblasts. Alizarin
Red was chosen to evaluate the biomineralization by staining the calcium deposits.
The RUNX2 expression and Alizarin Red staining on PDMS5 and positive control groups
were shown in Figure 3-10 (a). On day 1, all the cells on PDMS5 grew separately, and no
RUNX2 expression could be observed in the image. After 11-day culture, on which day
the cells had highest moduli, osteoblast-like multiple-nuclei cells and RUNX2 expression
could be observed. On day 14, the RUNX2 expression was also observed. However, most
cells grew separately, and no RUNX2 expression was detected in them. Compared to cells
cultured on PDMS5 with normal culture medium, cells from positive control groups,
which were cultured on PDMS5 with the osteogenic medium, formed more osteoblast-like
cells. These cells aggregated together and formed multiple-nuclei cells. The results of
Alizarin Red staining were shown in Figure 3-10 (b)(c)(d)(e). No calcium deposits could
be found on PDMS5 on day 1 (Figure 3-10 (b)). On day 11 (Figure 3-10 (c)) and day 14
(Figure 3-10 (d)), some cell aggregations were found and stained with Alizarin Red. The
same phenomenon could also be found on cells cultured on all the PDMS samples (not
shown in the figure), so PDMS5 was chosen as an example. On day 14, most of the cells
cultured on PDMS5 with osteogenic medium (Positive Control) had differentiated into the
osteoblast-like cells that formed bone nodule-like structures (marked by the arrows in
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Figure 3-10 (e)). It indicated some cells on PDMS had differentiated into osteoblast-like
cells with two-week culture.
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Figure 3-10 Osteogenic specification with culture time. (a) RUNX2 expression on PDMS5
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(Day 1, Day 11 and Day 14) and Positive Control Group (cells cultured on PDMS5 with
osteogenic medium on Day 14). Red: RUNX2; Blue: DAPI stained nuclei. Assessment of
biomineralization on PDMS5 on day 1 (b), day 11 (c), day 14 (d) and on Positive Control
Group on day 14 (e) revealed by Alizarin red staining. The arrow indicates some cell
aggregations. Scale bar: 100 μm.

To quantify the differentiation ratio on different PDMS substrates and different culture day,
the percentage of RUNX2 expression in nuclei, which was defined as the number of nuclei
with RUNX2 expression (spots stained by both blue and red) divided by the total number
of nuclei in the image (spots stained by blue) (processed by ImageJ), were shown in
Figure 3-11. Three images were chosen for each data point.
On day 11, 9.89% ± 13.45%, 3.39% ± 3.37%, 4.51% ± 2.72% and 1.63% ± 2.82% cells
expressed RUNX2 on PDMS5, PDMS10, PDMS20 and PDMS30 respectively. On day 14,
13.42% ± 6.47%, 5.30% ± 5.09%, 7.40% ± 6.52% and 6.96% ± 7.15% cells expressed
RUNX2 on PDMS5, PDMS10, PDMS20 and PDMS30 respectively. Although a slight
increase of RUNX2 expression from day 11 to day 14 was found on all PDMS substrates,
there is no statistical difference. Furthermore, the differences of RUNX2 expression
between different PDMS substrates on both day 11 and day 14 were not statistically
significant. The only significant difference was found between the positive control groups
and corresponding experimental groups.
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Figure 3-11 Percentage of RUNX2 expression on different PDMS substrates (Day 11, Day
14) and corresponding positive control groups (Day 14). All values were mean ± standard
deviation. *** indicates p < 0.001.

3.5 Discussion and Conclusions
Because the trends of cellular moduli change were almost same in both elastic and
viscoelastic model. To simplify the comparison, the moduli in elastic model were chosen
for the discussion.

3.5.1 Cellular Mechanical Properties vs. Substrate Stiffness
Based on the results, a strong dependence of the cell mechanical moduli on substrate
stiffness could be observed, regardless of which model was used. In general, cell
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mechanical moduli tended to be larger on stiffer substrates, similar to the previous
works52,247. This tendency of cells tuning their stiffness to match that of the substrates they
attached was consistent to the previous studies52. This phenomenon has been reported to
be attributed to increased cytoskeletal assembly, activation of crosslinkers, and generation
of internal tension which is related to the strain-stiffening non-linear elasticity of the
cytoskeleton in others’ work247. Since a similar work measured a higher concentration of
PLL (0.5 mg/ml) coating on a plasma-treated silicon surface (glass) resulted in 1 nm
thickness, the PLL coating thickness in our study (0.1 mg/ml on another silicon surface,
PDMS) would be in the same range. Furthermore, previous work (in the supplementary
materials) demonstrated the MSCs can sense the stiffness of substrate even with 500 nm
gel coating on that substrate. So, in a very thin coating of PLL, the cells could sense the
substrates easily.
To investigate the relation between cellular moduli and substrate stiffness, we observed the
morphology of cells on different substrates. On day 11, when the highest cellular moduli
were measured, the morphology of cells cultured on PDMS5 and PDMS30 was shown in
Figure 3-12 (a) and (b). Although most of the cells had a polygonal shape, the poor
spreading area could be observed in some cells. It could be noticed that the number of
cells had poor spreading was higher on the PDMS30, the softer substrate. It indicated a
positive correlation between spreading and substrate stiffness. In other words, cells spread
better in a stiffer surface. It clearly showed actin stress fibers in fully spread cells (Figure
3-12 (c)) whereas no visible actin stress fibers could be seen in cells with poor spreading
(Figure 3-12 (d)). It provided evidence the spreading area is related to the actin stress fiber
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formation, which is a key factor in determining the cellular stiffness52.

Figure 3-12 MSCs cultured on PDMS5 ((a), (c), (d)) and PDMS30 (b) on day 11. The cells
had poor spreading were marked by white arrows. Red: Rhodamine Phalloidin stained
F-actin; Blue: DAPI stained nuclei. (c) and (d) showed the F-actin only. Scale bar is 100
µm.

3.5.2 Cellular Mechanical Properties vs. Culture Time
The other important phenomenon was that cellular moduli as functions of time displayed a
non-monotonic trend regardless of PDMS substrate stiffness, which could be classified
into three different zones. First could be called adapting zone, where cellular moduli
decrease at the very beginning to adapt to the new substrates after taking out from a flask
and the adapting time required is proportional to the difference of the two substrates in
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stiffness. Second is the growth zone, where cellular moduli increased to the maximum
values. Previous studies have shown an increasing stiffness of individual human epithelial
cells with aging in vitro248, which was attributed to a higher density of cytoskeletal fibers
in the older cells than those in the younger cells that led to the increase of cellular modulus.
The similar results could also be observed in our experiment as shown in Figure 3-13. The
cytoskeletal fiber was coarsening with increasing culture time (from Day 1 to Day 14) and
this trend was independent of substrate stiffness. The last zone is the convergent zone,
where cellular moduli decrease again to similar values regardless of substrate stiffness.
However, we didn’t see any visible difference in cytoskeletal actin from Day 11 to Day 14.
The mechanism of this moduli drop from Day 11 to Day 14 needs further investigated.
Importantly, a previous study indicated this cytoskeletal coarsening and stiffening in
MSCs were not associated with any detectable changes in selected surface marker
expression and attendant with reduction in population differentiation capacity249.
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Figure 3-13 F-actin staining of MSCs show cytoskeletal coarsening with increasing
culture (Day1, Day11 and Day14) time on different substrates (TCP, PDM5 and
PDMS30).

Previous studies have demonstrated that cells could respond to the physical properties,
including stiffness and topography, of the substrates52,70,247,250. The change of cellular
mechanical properties was probably attributed to the lineage specification. It was
suggested that the differentiation behavior of MSCs could be related to the stiffness of
substrates70. On the softest substrates, the highest expression of neurogenic transcripts in
MSCs was observed by upregulating neuron-specific cytoskeletal markers such as nestin
𝛽3 tubulin, neurofilament light chain (NFL), and protein NCAM. On moderately stiff
substrates, MSCs express the most myogenic message with upregulation of proteins such
as Pax activators and myogenic factors (e.g. MyoD). On the stiffest substrates, MSCs
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express the greatest osteogenic message with upregulation osteocalcin and transcriptional
factor CBFα1. To investigate whether the cellular moduli change in our study was related
to

lineage

specification,

immunocytochemistry

staining

of

transcriptional

factor CBFα1 (RUNX2) was used. The lowest substrate stiffness in this study was
60.75±8.62 kPa, which is already in the range that could direct MSCs to differentiate into
osteogenic lineage70. After the immunostaining of RUNX2 (CBFα1), we did find some
cells differentiated into osteoblast-like cells. However, only 5.30-13.42% of cells showed
RUNX2 expression while around 98% of cells on corresponding positive control groups
showed RUNX2 expression after two-week culture. A previous study found MSCs
generally decreased their Young’s moduli during chemically-induced osteoblast
differentiation251. It has been attributed to the cellar structure changes during the
differentiation252,253. The cytoskeleton structure change could be observed in this
experiment as shown in Figure 3-14. In hMSCs, actin stress fibers were long, parallel, and
oriented (Figure 3-14 (a)); cytoskeletal rearrangement during osteoblast differentiation
resulted in disordered actin filaments and no visible actin stress fibers could be seen
(Figure 3-14 (b)). Here, we proposed a possible explanation that the cellular moduli drop
from day 11 to day 14 was caused by differentiation induced softening. In the beginning,
cellular moduli increased with the cytoskeletal coarsening. After certain days, some cells
were differentiated. At the same time, some other cells were differentiating but had not
expressed RUNX2 due to the unsynchronized differentiation process. Because the moduli
of MSCs decrease during osteogenic differentiation251,252. These differentiated and
differentiating cells would have lower moduli compared to normal MSCs. The existence
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of differentiated and differentiating cells could provide an explanation for the moduli drop
from day 11 to day 14. This explanation of differentiation-induced moduli drop will be
enhanced if the ratio of the differentiated cells and the differentiating cells in the whole
cell culture is known. However, our study found this unreported time-dependent change of
cell moduli and offered a possible explanation.

Figure 3-14 F-actin structure of MSCs without RUNX2 expression (a) and differentiated
Osteoblast-like cells (b) cultured on PDMS10 for 14 days. Red: Rhodamine Phalloidin
stained F-actin; Blue: DAPI stained nuclei; Green: RUNX2. Scale bar: 100 μm.

Another factor probably involved in the change of cellular mechanical properties is
cell-cell interaction. In our project, we used the same seeding density to ensure the cells
tested on different days had the same initial growth condition. As shown in Figure 3-5,
some cells were touching with others. A slight increase in cell contact could be observed
from Figure 3-5 during two-week culture when the cellular moduli increased as well.
People had found the cell-cell contact could improve the spreading and increase the
formation of stress fibers254. So, the increasing cell-cell contact of MSCs in our study
probably contributed to the moduli increase with time. On the other hand, a recent study of
MSCs revealed the nuclear localization of transcription factors associated with
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osteogenesis, like RUNX2, depended on substrate stiffness and was independent of the
degree of cell-cell contact255. So, cell-cell contact would not decrease the moduli with
culture time by improving osteo-differentiation. In summary, the cell-cell contact probably
contributed to the moduli increase with time but did not contribute to the moduli decrease
in our study, although further evidence would enhance our explanation.

3.5.3 Conclusion
Change of cell mechanical properties, such as elasticity and viscoelasticity, have attracted
lots of interest due to its relationship with various cellular behaviors, like proliferation,
adhesion, and differentiation215. However, the influence of culture time should also be very
important even though few studies could be found in this aspect, and this work highlighted
the effect of both substrates stiffness and culture time on mechanical properties of the cell.
The change of cellular mechanical properties on different PDMS substrates is probably
attributed to the difference of cell spreading on different substrates. A stiffer substrate
improved the cell spreading and resulted in a stiffer cell. The simplest explanation is that
cells have a binary sensor on the membrane junction sites that signals for a relaxed round
morphology when the surface is softer than the cell’s intrinsic elastic modulus, and signals
for another phenotype with increased contractility and stress fiber formation when the
external material is stiffer.
The change of cellular mechanical properties with culture time is more complex. One of
the reasons is the cytoskeleton coarsening with time. Another reason is probably the
osteogenic specification directed by the stiff substrate with culture time. The
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differentiation was low efficient compared to normal chemically-inducted differentiation,
so the skeleton structure change induced by osteogenic differentiation was slow. The
cellular mechanical properties changed with time could be explained as follows: at the
beginning, the cellular moduli increased with time due to the cytoskeletal coarsening.
After certain days, some cells became differentiated cells (based on the observation of
RUNX2 expression), and some other cells were differentiating but had not expressed
RUNX2 due to the unsynchronized differentiation process. Since the cells’ moduli
decreased during the osteo-differentiation, these cells, including differentiated and
differentiating cells, had lower moduli compared to normal MSCs251,252. So, the moduli
change would not only happen in the differentiated cells, which could explain the moduli
drop from day 11 to day 14. Although a further study would enhance this explanation, we
offered a possible explanation for this unreported cell moduli change with culture time.
In summary, this study revealed a new phenomenon that cellular moduli change with
culture time after seeding on the substrates besides the cellular moduli change with
substrate stiffness. This change of cell moduli observed through long-term culture
indicated that cell stiffness should be modulated not only by substrate stiffness but also by
culture time. According to the p values of main effects of PDMS and culture time, the
impact of the culture time on the development of mechanical properties of hMSCs was
greater than that of PDMS stiffness, i.e., culture time could have even more significant
effects on cellular moduli than substrate stiffness. Furthermore, it provides new evidence
that cells cultured in the stiff substrates (60 kPa – 1.2 MPa) could inducted into
osteoblast-like cells without chemical induction, although the ratio is low. It enriched the
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understanding of physically-inducted differentiation and provided a promising indicator
for cell aging and differentiation. However, the mechanism of the cell moduli change
needs further investigation, especially why the cells in different substrates had similar
moduli after two-week culture.
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Chapter 4. Influence of Dynamic Loading
on hMSCs Cultured in 3D Nanofibrous
Scaffolds
4.1 Significance and Novelty
Dynamic cell culture in 3D scaffolds is very promising and important to mimic the cell
growth state in their native extracellular matrix (ECM). Hydrogels and 2D mats have been
used to transmit mechanical loading to cells. However, the lack of 3D structures limited
the application of 2D samples in compression, and the cell-laden hydrogel would decrease
the viability of cells due to the high temperature needed in the cell seeding (agarose)256 or
photopolymerization (usually triggered by UV or laser)64. So, a 3D scaffold with desired
mechanical property and easy processing for cell culture are needed.
In this study, the use of 3D polypyrrole-coated polyacrylonitrile nanofibers, which were
easily fabricated with electrospinning and had a proper mechanical property, to applying
the dynamic compression in cell culture is new. The elasticity and the 3D structure of the
scaffold allowed the 3D cell culture with dynamic compression. The direct cell seeding
without heating and polymerization (different from gels) avoids harmful stimulus.
Different from the electrospun yarns in other study257, the 3D scaffolds in this study could
be fabricated in an easier method and have larger inner space to help cell infiltration. The
cell proliferation, morphology and collagen expression of hMSCs cultured in the dynamic
3D-CNFs were characterized over a long-term culture period (2 weeks). Results indicated
the MSCs entered the interior of the scaffold and stable cell-laden construct was formed.
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The rate of the proliferation was maintained, and collagen production was promoted
compared to that in static 3D scaffolds and flat tissue culture plates.

4.2 Introduction
Tissue engineering has been recognized as a promising solution to repair or replace
portions of or whole tissues. To achieve the goal of producing a clinically useful tissue,
various structures of engineered scaffolds have been developed. The main strategy is to
build a tissue-engineered construct in vitro by seeding cells in a scaffold that could be used
as an implant in clinical applications later; however, there are significant challenges for
developing tissues with appropriate structure and composition. Recently, a lot of efforts
have been made on the functional fibrous scaffolds with high porosity and high spatial
interconnectivity37,258–260 to produce appropriate structures.
In recent years, 3D nanofibers (3D-NFs) have been explored for various beneficial
applications in the field of tissue engineering261–264. These 3D micro/nanofibrous materials
are characterized by deep, interconnected pores, and are fabricated using various
synthesized and natural polymers. The effective performance of the 3D micro/nanofibrous
structure is often defined by choice of polymers, their innate mechanical and chemical
properties and the interconnected microscopic architectures. In supporting tissue
regeneration, it is believed that continuous macro-porous structure, matching the natural
mechanical strength and mimicking the dimension scale of ECM constitute an overall
microenvironment for long-term cell survival and generation of functional tissue265–272. In
this context, preparing 3D-NFs with a continuous, open porous structure and precise
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control of the biochemical and mechanical properties could be a novel strategy to achieve
promising performance for a series of applications. To realize these properties, several
approaches including electrospinning, carbonization, and self-assembly methods have
been used in the fabrication of such nanofibers272–276.Recently, researchers in this area
have focused on the developing novel preparation techniques for 3D electrospun
nanofibers generation, which demonstrated highly porous interconnectivity and open
porosity, and exhibited various applications in tissue engineering273,277. Despite their
potential in tissue engineering, the 3D nanofibers do not fairly recapitulate the
microenvironment as the ECM with hierarchically organized and dynamic nanofibrous
constructs regulate essential cellular functions. Moreover, most of these nanofibers are not
completely 3D structured fibrous scaffolds but rather 2D nanofiber mesh deposits, which
demonstrate poor mechanical strength or unsuitable pore size for cell infiltration and
storage. Therefore, it is pivotal to construct homogenous and mechanically viable 3D-NFs
capable of forming an interconnected structure with desirable pore size, which could
enhance the functionality of the intrinsic nanofibers to be widely applied.
Polyacrylonitrile (PAN) was known to be a safe material for medical use such as drug
delivery, wound dressing, implant materials, and dialysis membrane278,279. Nanofibers of
PAN, having diameters in the range from 100 nm to a few microns, could be easily
produced via the electrospinning technology280,281. Due to the high specific surface areas,
PAN nanofibers were used in tissue engineering as scaffolds282–284. Furthermore, the high
crystalline melting point (317 °C) of PAN, its limited solubility in certain solvents, and the
superior mechanical properties of its fibers279 make it potential to build a stable 3D
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scaffold under mechanical loading. Because the Core-Sheath structure of nanofiber could
result to better mechanical properties285, we coated a layer of PPy to improve mechanical
properties of PAN nanofibers. The PPy was chosen as the coating layer of the nanofibers
because of its widespread use in numerous applications in tissue engineering owing to its
biocompatibility, easy manipulation, good stability, and high electrical conductivity150,286–
288

. Additionally, PAN nanofibers could be easily coated with polypyrrole (PPy) to induce

a conductive layer288,289, which is promising to induce electrical stimulation to PAN
nanofibers in future use.
In this study, we report a novel method for creating the 3D-NFs that could provide a 3D
structure for 3D hMSC culture. Moreover, we show its enhanced mechanical property by
coating polypyrrole. The results demonstrate that the 3D-NFs can promote convenient
infiltration and adhesion of cells into the inner interwoven matrices of the scaffold. After
coating conductive polymer layer, the sheath-core 3D NFs with super-elastic properties
could support biomechanical stimulations of human mesenchymal stem cells (hMSCs).
Under such dynamic culture conditions in 3D environments, collagen production of
hMSCs was improved in their immediate microenvironments, which is also known to
support cell adhesion and survival239. However, the proliferation was maintained under
such dynamic condition.

4.3 Materials and Method
4.3.1 Fabrication of Scaffolds (2D-, 3D-NFs, and 3D-CNFs)
For NFs fabrication, a precursor solution was prepared by dissolving PAN (Mn=90, 000)
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in the solvent of N, N-dimethylformamide (DMF) at the concentration of 10 wt%. The
prepolymer solution was constantly stirred to become viscous and homogeneous. The
electrospinning was performed using a customized spinning system. Firstly, the mixed
solution was fed into a syringe equipped with a needle (22 gauge, blunt tip). A syringe
pump was used to press the syringe at a rate of 1.0 mL/h. The distance between the needle
tip and the collector was 10 cm. A high voltage DC power supply (15 kV) was applied to
generate a continuous jetting stream. The resultant nanofibers were deposited onto the
collector directly and continuously. For 2D-NFs, a piece of Aluminum foil was utilized as
the collector. For 3D-NFs, a borosilicate beaker (1000 mL) with 800 mL ethanol was used
for nanofiber deposition and it was shaken every 5 mins during the electrospinning
process. Eventually, the nanofiber dispersion was replaced by 800 mL DI water three
times with rigorous shaking. The porosity was controlled by suspending the same weight
of nanofibers into DI water with different volumes. The final porosity was controlled by
achieving a 0.125 mg/mL Nanofiber_Mass/Water_Volume (M/V). The nanofibers
entangled together when they were injected into the ethanol solution and shaken in DI
water. The as-prepared 3D-NFs with water was frozen at -80 °C in a refrigerator for 24 h
before freeze drying for 48 h. The relevant temperature and humidity during the
electrospinning were 20±3ºC and 40±5%, respectively. A humidity controller (Shiteng,
China) was set to control the humidity to 40% with a ±5% accuracy as instructed by the
manufacturer. A high humidity in the electrospinning process could inhibit the evaporation
of the organic solvent and be failed to form fibers. The fabrication steps of 2D- and
3D-NFs were shown in the Figure 4-1.
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Figure 4-1 Schematic diagram of the fabrication steps for 2D-NFs (a) and 3D-NFs (b). (1)
Electrospinning nanofibers into ethanol solution. (2) The obtained mixed solution was
replaced with DI water by adding DI water 3-5 times with rigorous shaking. (3) 3D-NFs
prepared by freeze drying.

To further improve the functional properties of 3D-NFs, like conductivity and improved
mechanical property, for the wider range of applications in tissue engineering, conductive
polypyrrole (PPy) shell layer was coated on the surface of the nanofibers by in-situ surface
polymerization of pyrrole using FeCl3 as the oxidant274. Briefly, the scaffold was placed in
a 0.04 M pyrrole aqueous solution. The polymerization of pyrrole and deposition of PPy
were initiated by adding the same volume of 0.084 M FeCl3 aqueous solution at room
temperature. The mixture was treated by an ultrasonic cleaner for 1 h. The scaffold was
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stained to black as a result of the deposition of black PPy. Then, the 3D-CNFs were
washed by chloroform and freeze dried with water to achieve desired M/V. The
photograph of 3D-CNFs and 3D-NFs was shown in Figure 4-2. All the nanofibers were
utilized without any fusion, physical or chemical bonding, and any chemical treatment.
The nanofibers randomly entangled during the fabrication process.

Figure 4-2 Optical photograph of freeze dried 3D-CNFs and 3D-NFs.

4.3.2 Culture of hMSCs
hMSCs derived from human bone marrow was obtained from Life Technologies,
Singapore. MSCs of passage 2-4 were used here. 2D-NFs were cut and fitted into 24-well
plates with a diameter of 15 mm, and then sterilized using 70% ethanol aqueous solution
for 12 hours, followed by washing with 1X PBS for three times. 3D-NFs and 3D-CNFs
were cut in 24-well plates and fitted into the wells by soaking in DI water followed by
freeze drying method to achieve 0.125 mg/ml M/V. The sample is a cylinder with a
diameter of 15 mm and a height of 5 mm. All the samples were sterilized with 70%
ethanol for 12 hours. The samples were washed with sterile PBS and exposed to UV
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generated by biological safety cabinet (BSC) (Thermo Scientific 1376 A2) for 2 h before
seeding. Before seeding, the samples were pretreated by incubated in the FBS
supplemented DMEM growth medium for 1 hour. hMSCs were seeded onto or into the
various substrates at a certain cell density (1.2× 105 cells/well) with 1 mL DMEM
supplemented with FBS and penicillin/streptomycin as mentioned in Chapter 3. All the
cell constructs were incubated in a humidified condition with 5% CO2 at 37ºC.

4.3.3 Fluorescent and SEM Imaging
To assess cell morphology, the cells were fixed with 3.7% paraformaldehyde (Sigma,
Singapore) for 30 min and washed with 1× PBS. Cells were treated with 0.1% Triton
X-100 (Sigma, Singapore) for 15 min and washed with 1× PBS. Following this, the
samples were incubated with rhodamine-conjugated phalloidin (Life Technologies,
Singapore) for 60 min at 1:500 dilution at room temperature. The cells were then washed
with PBS and incubated with DAPI (Life Technologies, Singapore) at 1:1000 dilution for
5 min. Rinsed samples were imaged with an inverted confocal microscope.
To further analyze cellular morphology in the scaffolds, cells were ﬁxed in 4%
formaldehyde solution for 1 h and followed by washing with DI water for 3 times. Cells in
DI water were frozen overnight and dehydrated with a freeze dryer. Cells were then
imaged with the SEM (Hitachi S4800, Japan).

4.3.4 Dynamic Loading
Initial dynamic loading started on the day after 24-hour cell culture. A dynamic
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compression setup was constructed based on a shaker (V4, Gearing & Watson) mounted
with some aluminum rods with a diameter of 12 mm, as shown in Figure 4-3. The shaker
could provide a sinusoidal dynamic compression with adjustable frequency and amplitude.
Cell-laden scaffolds were stored in 24-well plate without bonding to the bottom. 3D
scaffolds were cylinders fitted into 24-well plates with a height of 5 mm. The M/V was
controlled as 0.125 mg/ml. In each experiment, 3 samples were compressed at the same
time. The compressive rods first contacted to the top surface of the cell-laden scaffolds,
and the scaffold touched the bottom of the wells without deformation. The amplitude and
the frequency of rods’ movement was adjusted. The loading protocol consisted of a 20%
dynamic strain on the scaffolds at a frequency of 2 HZ, which is within the physiological
range of strain that native cartilage tissues were subjected290; loading was carried out for 2
hours per day continuously in the incubator (5% CO2 and 37° C) and 5 days per week for
2 weeks with static and TCP controls cultured in parallel. Considering the elastic
hysteresis (Figure 4-7 and Figure 4-8), which also happened in other mechanical stimulus
bioreactors291, the 20% strain consisted of a dynamic strain superimposed on a tare strain.
The medium was fully changed twice a week.
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Figure 4-3 Schematic of a bioreactor for dynamic loading.

4.3.5 Attachment and Proliferation
Cellular attachment and proliferation (results in Section 4.4.2) were characterized at
different time points. Briefly, Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies,
Singapore) was used to quantify the DNA content of the samples in which hMSCs were
cultured for attachment comparison. On certain culture days, samples were transferred
from the culture wells to a new 24-well plate to exclude the cells dropped to the bottom of
the culture well, and incubated with lysis buffer (0.2% Triton X-100) followed with
several freeze-thaw cycles. The sample was then prepared as manufacturer’s instructions.
Fluorescence of the samples was measured at 485/535 nm using a Multiskan Spectrum
microplate reader (Thermo Scientific, Singapore). The cell number were converted from
DNA values and plotted. The results were expressed as cell number (using a standard
DNA curve created as manufacturer’s instruction and DNA extracted from known
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numbers of MSCs) divided by the initial seeding number of cells (1.2× 105 cells/well).
The proliferation of cells (in Section 4.4.4) was characterized by PrestoBlue cell viability
kit (Life Technologies, Singapore). Briefly, the cell-laden scaffolds and TCPs were washed
and incubated in medium containing 10% PrestoBlue reagent for 1 h in a humidified
atmosphere at 37 °C and 5% CO2. Culture medium containing 10% PrestoBlue reagent
was incubated with no cells and served as the blank control. The absorbance of the
reduced PrestoBlue reagent was measured at 570 nm and 600 nm as the reference with a
Multiskan Spectrum microplate reader (Thermo Scientific, Singapore). The absorbance
reading, normalized to TCP controls, was utilized to represent the cell number as the
manufacturer’s protocol.

4.3.6 Collagen Evaluation
Cellular collagen content was quantified on day 14 according to the previously reported
method292. Briefly, The cell-nanofiber constructs were washed with sterilized PBS and
then incubated using papain digestion buffer (125 μg/mL Papain, 5 mM L-cysteine, 5 mM
EDTA and 100 mM Ha2HPO4 PH=7.5) at 70°C for 16 h. After incubation, constructs were
spun down, and supernatants were collected and used to hydroxyproline content
evaluation. Hydroxyproline content was measured on the papain-digested supernatant
using (Hydroxyproline Assay Kit, Sigma, Singapore) according to manufacturer’s
instructions. Deionized (DI) water was used as a blank in the assay measurements.
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4.3.7 Characterization of Osteogenic Specification
To prepare the Positive Control Groups, we cultured cells on 3D-CNFs with the same
density before osteogenesis. Induction of osteogenic differentiation in MSCs was initiated
by introducing the osteogenic medium, comprising low glucose DMEM supplemented
with 10% FBS, 50 μg/ml ascorbic acid, 1 mM sodium pyruvate, 100 U/100 μg
penicillin/streptomycin, 1× glutamax, 10 mM β-glycerophosphate, and 10−7 M
dexamethasone230, on day 1 (the day after seeding). The cells were then cultured (with or
without dynamic loading) in a humidified atmosphere with 5% CO2, and the
differentiation medium was changed twice per week.
On day 14, cells were fixed in the 10% neutral buffered formalin solution (Sigma,
Singapore) for 20 min and treated with 0.1% Triton X-100 (Sigma, Singapore) for 5 min
followed by PBS wash for two times. Then cells were incubated with 1% BSA blocking
buffer for 1 hour at room temperature. The cells were then incubated with primary
antibody, anti-RUNX2 antibody (Millipore, Singapore), in 1:1000 dilution for overnight at
4 °C followed by three times PBS wash. Cells were then incubated with Alexa Fluor® 488
secondary antibody (Millipore, Singapore) at 1:1000 dilution at room temperature for 1
hour followed by DAPI staining.
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4.4 Results and Discussion
4.4.1 Structural Characterization of 2D- and 3D-NFs

Figure 4-4 Optical photographs and SEM images of 2D-NFs collected from the Aluminum
foil (a-b), and 3D-NFs (0.5 mg/mL) collected in the ethanol (c-d).

Here, the samples collected from Al foil were defined as 2D samples, while samples
collected from the ethanol solution were called 3D samples. The key challenge in
preparing the 3D NFs is the formation of interconnected porous matrix composed of
nanofibers. In this study, 3D NFs were designed to have an open and continuous pore
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structure. The porosity and pore size were controlled by improved electrospinning and
collection system and structure reconstruction. The fabrication consists of three distinct
steps: (1) Nanofibers with certain weight were collected and transferred to the certain
volume of water; (2) Homogenization of nanofibers was conducted with an orbital shaker
(Orbit 1000, Labnet) for overnight at a speed of 100 RPM to let the nanofibers fully
extended, so the volume of the water equaled to the volume of the scaffolds in water; and
(3) Freeze-drying assembly. As shown in the schematic diagram of the fabrication process
(Figure 4-1 (b)) polyacrylonitrile (PAN) nanofibers were directly spun into the ethanol
solution to make the nanofibers fully extended. With a progressive increase in the
electrospinning time, PAN nanofibers were produced and well-dispersed in the ethanol
mixed solution. Eventually, 3D-NFs were obtained by freeze-drying method before which
the nanofiber dispersion was replaced 3-5 times using deionization (DI) water along with
shaking. Optical photographs of nanofibers fabricated with electrospining method coupled
with different collectors were shown in Figure 4-4 (a) and (c). It clearly showed that
nanofibers collected from the Aluminum foil were 2D non-woven meshes while
nanofibers collected in ethanol had a 3D architecture. The nanofibers in 3D-NFs formed
fibrous networks, and clearly exhibited disperse status, i.e., the 3D NFs have continuous
and interconnected pores (Figure 4-4 (d)). However, the nanofibers in the 2D-NFs (Figure
4-4 (b)) appeared closely packed together. These results indicated that the obtained
3D-NFs could successfully overcome the structural and functional limitations of the 2D
fibrous mats.
To obtain 3D NFs with the desired porosity and pore size, to meet the specific
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requirements of different applications, we homogenized the as-prepared 3D-NFs in DI
water with specific concentration and followed by freeze drying. Since the samples were
fully expended in the water, the dried samples’ volumes corresponded to the volume of
water used, the porosity of the scaffolds can be controlled by adjusting the ratio of
Nanofiber_Mass/Water_Volume (M/V) as shown in Figure 4-5. The samples with same
M/V would have the same porosity, even considering the shrinkage in the freeze drying.
Three arbitrarily values of M/V, 0.5, 0.25 and 0.125 mg/mL, were selected and named as
samples 1-3 (S1-3) to show low, medium and high porosities, respectively. The SEM
images (Figure 4-5 (b)), clearly indicated that the M/V significantly affects the internal
structure and organization of the 3D-NFs, i.e., as M/V decreases, the pore size and
porosity increase. From the above results, it could be concluded that the required internal
structure could be controlled by the proposed preparation process. The prepared 3D-NFs
showed large enough interconnected pores to promote diffusional penetration of cells into
the interior of the 3D nanofibrous scaffold without the need for any external force. Thus,
3D-NFs could attract, retain and grow cells within the 3D ECM-like microenvironment
and with enhanced deep cellular infiltration, cellular growth, proliferation, and
differentiation. Additionally, compared to the 2D NFMs, 3D NFs allow easy and efficient
transportation and exchange of nutrients required for cell growth and metabolism to the
interior regions of the scaffolds. Subsequently, the fibrous matrix could also facilitate the
discharge of the produced waste of cells to outside medium. These processes are crucial
for large scale proliferation of hMSCs as well as for the formation of specifically
engineered tissue into the desired lineage.
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Figure 4-5 (a) Schematic description of the changes in the internal micro-porous structure
with varying nanofiber M/V. (b) The microscopic architecture of the 3D NFs at various
densities, they are named sample 1 (S1, 0.5 mg/mL), sample 2 (S2, 0.25 mg/mL) and
sample 3 (S3, 0.125 mg/mL). The insets are their optical photographs. Scale bar: 10 μm.

The volume change of scaffolds during freeze drying and rehydration was not obvious and
not quantified. We controlled the initial M/V or density before the freeze drying. For
samples used in cell culture, the initial M/V and the dimension were controlled. We
assumed the M/V of each sample would be as same as others’ during the cell culture.

4.4.2 hMSC Cultured in 2D- and 3D-NFs
In order to gain insight into the cells’ growth and morphology in 3D-NFs, the cellular
responses of 3D-NFs were characterized using fluorescent images of cells through a
confocal microscope. The cell density is 1.2× 105 cells/well in a 24-well plates. The
F-actin staining of the hMSCs show that the hMSCs in 3D-CNFs (Figure 4-6 (c)) were not
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completely spread out with a flat morphology as often seen in 2D cultures, and are often
found hanging on to multiple nanofibers in their immediate vicinity. In contrast, the cells
cultured on 2D-NFs (Figure 4-6 (b)), resembled 2D cell cultures (similar to TCPs (Figure
4-6 (a))) with extended cell area which could be attributed to the cell retention at the 2D
surface due their inability to penetrate into the bulk of nanofibrous mesh. However,
F-actin of cells on the TCPs showed all well-spread morphology with higher cell area due
to the isotropic surface of the TCPs which allows hMSCs to spread freely in every
direction (Figure 4-6 (a)) as commonly shown in standard conventional TCP cultures.
These observations from the fluorescent images corresponded well with the morphology
of the cells (Figure 4-6 (d)-(f)) and demonstrate that the 3D-NFs allow adequate
penetration of cells into the interior regions of the scaffold and promote their growth in a
3D microenvironment. The attachment after the first 6 hours was shown in Figure 4-6 (g).
The cell attachment in TCPs, 2D-NFs, and 3D-NFs was 94%, 93%, and 98% respectively.
The attachment here meant the cells could attach to the 3D-scaffold without falling from
the nanofiber. This indicated the cell attachment in the 3D-NFs was slightly better than
that in TCPs and 2D-NFs. In terms of cell proliferation, it was clearly seen that the number
of hMSCs in each sample have rapidly increased after 3 days as shown in Figure 4-6 (h).
However, the number of hMSCs in 3D-NFs was significantly higher than that in TCPs and
2D-NFs at each time point, which may be attributed to the porous 3D architecture. The 3D
structure and higher surface area of the 3D scaffold could support higher cell density
maintaining the proliferation while the cells on 2D surface (both TCP and 2D-NFs) had a
lower proliferation rate due to the high density293,294. Interconnected pores could provide
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enough space for adequate cell penetration and proliferation.

Figure 4-6 (a-c) Fluorescent images of hMSCs on day 5 on TCPs, 2D-NFs, and 3D-NFs.
(d-f) SEM images of hMSCs on day 5 on TCPs, 2D-NFs and 3D-NFs. (g) The attachment
and (h) proliferation of hMSCs cultured for certain days on the TCPs, 2D-NFs and
3D-NFs. Proliferation values were normalized by the number of cells after one-day culture.
Data are expressed as mean ±SD (n = 3); * indicated p<0.05 and ** meant p<0.01.
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4.4.3 Mechanical Property of 3D-CNFs
Compared to the original 3D nanofibers, the obtained 3D-CNFs retained the porous
structure, interwoven architecture (Figure 4-7 (a)). The coated PPy layer could be seen
clearly by TEM and high magnification SEM image (Figure 4-7 (b) (c) and (d)). As
measured from the TEM images, the core-sheath nanofibers had a diameter around 500
nm. The thickness of the outer PPy coating layer was around 70-80 nm while the core
PAN nanofiber had a diameter around 300-400 nm.
More importantly, the PPy-coated nanofibers scaffolds had a good performance in
recovery under the compression. Although 3D-NFs allowed cells to migrate inside, the
mechanical properties were not good enough. After one-time compression to 40% strain
and released to unloaded state, the 3D-NFs cylinder only recovered to 78% of its original
height while 3D-CNFs had a 100% recovery (not shown here). It could be attributed to the
core-sheath structure285. The compression stress-strain curves and photos of the CNFs are
shown (Figure 4-7 (e) and (f)) in air and water respectively. The cylinder-shape samples
with a diameter of 15 mm and height of 10 mm were used in the compressive test with the
Instron 5566. The samples were compressed and released at a rate of ~0.1%/s from 0% 40% strain. The 3D-CNFs showed linear elasticity at low strains of less than 10% in air.
After a yielding point, an increase was observed in stress for response to a large
deformation, or energy absorption. The CNFs were released after 40% compressive strain,
during which the stress is 4.02 KPa (in the air) and 1.2 KPa (in DI water), respectively.
The decrease of strength in the wet condition was reported by many studies295–297. It could
be explained that water worked as a plasticizer that swells and softens materials. Despite
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the relative decrease of compression stress in the water compared to that in air, the
3D-CNFs could be well restored to its original state as it in the air.

Figure 4-7 (a) (c) SEM image of 3D-CNFs (the inset is the optical photograph of a
3D-CNFs block). (b) (d) TEM image of single core-shell PPy nanofiber. (e)(f)
Compressive strain-stress curve and optical picture of 3D-CNFs before and after
compression in the air and DI water, respectively.

After ten cycles in the air, the CNFs still recovered well, close to its original state as
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shown in Figure 4-8, which may be attributed to the combined effects of the unique
“core-shell” structure and PPy layer along the nanofibers which could have played a
combined role in enhancing the fiber strength. On the other hand, this synergistic effect
also makes CNFs adjust to absorption of the external force. These results demonstrated
that the 3D-CNFs not only allow for easy penetration, attachment and proliferation of cells,
but can also provide mechanically viable 3D nanofibrous micro-environment with
appropriate flexibility to enhance cell biological response and functional expression under
dynamic culture condition.

Figure 4-8 The compressive strain-stress curves of 3D-CNFs during ten cycles in the air.
The axis range of compressive strain in the figure is from -5-40%, and the axis range of
compressive stress in the figure is from -1-5 MPa.

4.4.4 Cell Response to Dynamic Loading
Due to the good performance in compression test and a similar 3D architecture, 3D-CNFs
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were utilized to investigate the influence of dynamic loading on 3D cultured cells.
To explore in vitro response of hMSCs in 3D culture to the mechanical stimulation,
hMSCs with a density of 1.2×105/well were seeded in the 3D-CNFs. The cellular
responses of dynamic compressive loading on hMSCs-laden 3D-CNFs were evaluated by
fluorescence images of cells as shown in Figure 4-9. Cells were cultured for a long-term
period (2 weeks) with or without dynamic loading as mentioned above. When the cells
were grown under dynamic culture conditions, the F-actin and nuclei staining reveal the
cells spread well inside the scaffold along the nanofibers (Figure 4-9 (a-c)), within distinct
directions, which may be attributed to the continuous mechanical stimulations which
promoted most cells to attach and grow on specialized nanofibers while adapting
themselves to dynamic environment. The confocal images of F-actin stained hMSCs under
the unstimulated/static state (without mechanical loading) showed uniformly spread cell
distribution with a slight low level of cell-cell contact and spreading. The 3D images
(Figure 4-9 (g) and (h)) showed cells distributed in a 3D space which confirmed the
capability of 3D-CNFs in 3D culture. From the above results, we propose that the dynamic
condition could make cells grow and survive along the specialized directions on the
nanofibers.
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Figure 4-9 Fluorescence images of hMSCs cultured for 14 days in 3D-CNF scaffolds in
dynamic (a-c) and static states (d-f), the bars are 100µm.

The proliferation of hMSCs cultured on TCP, in 3D-CNFs with Dynamic loading, and in
3D-CNFs without dynamic loading (as static control) was evaluated by the PrestoBlue.
After 2 weeks of cyclic conditioning, no obvious difference was observed in cell amount
between the loaded and the unloaded 3D-CNFs (Figure 4-10(a)), but both of these groups
show significantly higher cell proliferation compared to the TCP cultures. However, after
2 weeks, the stimulated hMSC cultured 3D-CNFs showed higher collagen content
compared to the unstimulated controls (Figure 4-10(b)). The results suggested that the
effect of dynamic loading on the proliferation of hMSCs grown in the 3D-CNFs is
94

negligible, although a slight drop of proliferation of cells cultured in dynamic loaded
3D-CNFs compared to that in static 3D-CNFs could be seen. However, the mechanical
loading applied on 3D-CNFs could positively impact the collagen expression in hMSCs
cultured in 3D-CNFs.

Figure 4-10 The proliferation of hMSCs cultured for 14 days onto/into TCPs and the
3D-NFs in static and dynamic states. (e) Collagen expression levels of hMSCs cultured 14
days onto/into the TCPs, 3D-NFs with the static and dynamic state. ** indicated p<0.01.

Previous studies had found the cyclic mechanical strain applied to cultured MSCs induces
endogenous synthesis of potent growth factors that regulate lineage specification290,298,299.
For example, the cyclic tensile could increase osteogenic growth factor response 298 and
upregulate the transcription of RUNX2300. As nanofibers in our 3D-CNFs scaffolds would
stretch when a uniaxial compression was applied301, we hypothesized that the osteogenic
lineage happened in our experiment. Anti-RUNX2 antibody, a common osteogenic
biomarker, was utilized for immunocytochemistry staining. After staining cells on Day 14,
however, there was no RUNX2 expression in neither cells cultured in 3D-CNFs with
dynamic loading nor cells cultured in static 3D-CNFs as shown in Figure 4-11. The
positive control groups, no matter they were cultured with dynamic loading or not, showed
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RUNX2 expression obviously. There is no evidence that the osteogenic differentiation
happened in either dynamic or static 3D-CNFs. However, the effect of mechanical loading
on the osteogenic differentiation of MSCs was influenced by various parameters, for
example, researchers found intermittent tension ((stimulation with stress applied for
several minutes or hours each day) usually promote osteo-differentiation while continuous
stimulation can inhibit the RUNX2 expression, an important biomarker for
osteo-differentiation302. However, in another study, the continuous mechanical tension has
also been reported to promote oseto-differentiation300. The clear boundary to determine
what kind of the mechanical loading is “good” for osteo-differentiation is still being
explored. In this study, we found an intermittent mechanical loading applied on 3D
nanofibrous scaffold would influence the collagen production without a clue of
osteo-differentiation, which offered an alternative method to influence collagen
production.

96

Figure 4-11 RUNX2 expression of MSCs after 14-day culture in both dynamic and static
condition, as well as positive controls marked with “+”. Scale bar: 50 μm.

4.5 Conclusions
It was demonstrated that 3D-NFs could provide an excellent 3D microenvironment
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favorable for cell penetration, adhesion, and proliferation. Thus, the scaffolds could be
used for large-scale in vitro cell proliferation, rapid and controlled repair of damaged
tissues. Furthermore, 3D-CNFs could provide optimal mechanical strength for the
development and maintenance of load-bearing tissues as demonstrated by the cell response
to cyclic dynamic tensile stimulation on 3D nanofibrous constructs.
Additionally, cell responses to dynamic loading via the 3D-CNFs were studied. It has
indicated the mechanical stimulation via nanofibers helps cells grow along the fibers, with
attachment/proliferation maintained. It also demonstrated the collagen expression of
hMSCs in our 3D nanofibrous scaffolds could be improved by dynamic loading. The
compression involved upregulation of collagen production of MSCs was also reported in
the previous work64. However, different scaffolds and loading method were used in that
work, and thus the discovery in our study offered an alternative way to regulate collagen
production of MSCs. Furthermore, the collagen expression regulation was not related to
osteogenic lineage speciation, and the mechanism of these phenomena needs further study.
However, we provided experimental evidence to suggest that hMSCs culture in 3D-CNFs
could be a useful platform to regulate cell behaviors to meet different applications in tissue
engineering.
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Chapter 5. Electrical
Stimulation
of
Cortical Cells in 3D Conductive
Nanofibrous Scaffolds
5.1 Significance and Novelty
It is well known that cellular behaviors are significantly affected by cellular
microenvironment, including mechanical supports, electrical and chemical cues, etc. Three
Dimensional conductive nanofibers (3D-CNFs) provide the capability to regulate cellular
behaviors using mechanical, geometrical and electrical cues, which are especially
important in neural tissue engineering. However, previous studies were focused on 2D
mats, suffering from the lack of the inner porous structures for 3D culture, instead of a 3D
scaffold. Although some 3D nanofibrous scaffolds have been used in electrical stimulation,
they were fabricated by complex processing, like layer-by-layer assembling303, or
carding304.
To the best of the author’s knowledge, this study is the first time when the combined effect
of 3D culture and electrical stimulation (ES) on cortical cell cultures was investigated in
3D PPy-coated PAN nanofibrous scaffolds. The 3D structures were made from wet
electrospinning without further processing. In this study, conductive nanofibers with a 3D
structure were successfully prepared for the cortical cell culture. The combined effects of
3D conductive nanofibers and ES on neurons and other cortical cells (mainly glial cells)
were studied via analyzing the morphology, proliferation, and maturation. These combined
effects indicated that ES and 3D-CNF have broad applications in neural engineering, such
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as implantation, biofunctional in vitro model, etc.
*: Cortical cells here were utilized to describe the mixture of cells obtained from rat
cortices. It contains neurons (85.2±8.1%), and non-neurons (mainly glial cells)305.
However, neurons and glial cells (especially astrocytes) were two major cell types.
Without the specific statement, the cell refers to the cortical cell.

5.2 Introduction
Because the regeneration capability of adult nervous system is often limited and existing
treatments are restricted by many factors, like immunological rejections, potential disease
transfer, and inhibitory environment formed after injuries6–8, one alternative approach
widely studied recently in treatment of injuries in central nervous system (CNS) and
peripheral nervous system (PNS) is to fabricate 3D polymeric scaffolds with cells in order
to generate tissues suitable for implantation9,10.
For neural tissues, multiple cues, such as chemical cues, geometrical cues, and electrical
cues, are always presented simultaneously; thus, a platform that could combine different
stimuli or cues is highly desired. Nonetheless, most of the previous studies focused only
on separating effects of geometrical cues or electrical stimulations. For example,
geometrical cues provided by nanofibers have been studied for neuron growth, which
proved that nanofibers could mimic the extracellular matrix (ECM) well in terms of their
unique characteristics, including ultrafine continuous fibers, high surface-to-volume ratio,
high porosity and so on306–309. In addition, geometrical cues have also been applied to
guide stem cells to differentiated into neural lineage310,311, direct orientation of neurons or
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glials159,288,303,310,312,313, influence proliferation of stem cells314, enhance the neurite
outgrowth315–317 and guide migration of glial cells108,159. Recently, conductive nanofibers
are emerging as one of the most important tools in neural tissue engineering due to the
geometrical cues they provide for cell growth and functional expression, as well as the
possibility of inducing external electrical stimulations for regulation of cellular
behaviors83,198,318,319. Besides, many studies showed enhanced neurite growth and neuron
development caused by electrical stimulations and geometrical cues in 2D conductive
nanofibers10,20,288,312,320,

which

prevent

cells

from

infiltration

and

growth

in

three-dimension. As a result, studies of electrical stimulation on cortical cells cultured in
3D scaffolds have not been reported previously.
Polyacrylonitrile (PAN) is a safe material for biomedical use such as drug delivery, wound
dressing, implant materials, and dialysis membrane278,279. Its nanofibers, having diameters
in the range from 100 nm to a few microns, could be easily produced via the
electrospinning technology280,281. These nanofibers were widely used in tissue engineering
as scaffolds282–284. Furthermore, the superior mechanical properties of its fibers279 make it
potential to build a stable 3D scaffold under mechanical loading. Considering the
Core-Sheath structure of nanofiber could result to better mechanical properties285, we
coated a layer of PPy to improve mechanical properties of PAN nanofibers. The PPy was
chosen as the coating layer of the nanofibers because of its widespread use in numerous
applications in tissue engineering owing to its biocompatibility, easy manipulation, good
stability, and high electrical conductivity150,286–288. Although the polypyrrole is considered
non-biodegradable and might remain in tissue for a relatively long period, its
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biocompatibility in vitro and in vivo has been demonstrated. Within a long period of half
year, light inflammation could be found after a PPy-coated silicone tube was implanted to
bridge the gap of rat sciatic nerve287. However, the acceptable biocompatibility, easy
preparation, and good conductivity make it as a commonly used material in tissue
engineering studies.
In this report, a 3D conductive nanofibrous scaffold (3D-CNFs), which was made of PPy
coated electrospun polyacrylonitrile (PAN) nanofibers, was utilized to achieve 3D cortical
cell cultures in vitro. Due to its ease of synthesis, good biocompatibility, and conductivity,
PPy was coated to introduce conductivity into the PAN nanofibers while the 3D porous
structures were maintained10,274,288. Observations confirmed that cells could grow inside
the fluffy 3D-CNFs, which was then compared to cells cultured on 2D nanofiber meshes.
The combined effects of the 3D nanofibrous structure and the PPy coating on cortical cell
growth were observed after one-week culture and evaluated in terms of neuron
morphology compared to that in 2D-CNFs and bare PAN nanofibers in both 3D and 2D.
Furthermore, we reported the influence of electrical stimulation on the proliferation of
cortical cells and the maturation rate of neurons cultured in these 3D-CNFs, which were
also accelerated by the electrical stimulation through 3D-CNFs.

5.3 Materials and Method
5.3.1 Fabrication

of

PAN

nanofibers

and

Conductive

Nanofibers
The fabrication process of scaffolds followed previous work and illustrated in Figure
102

5-1(a). Briefly, the polyacrylonitrile (PAN) (Mn = 90,000) was dissolved in N,
N-dimethylformamide (DMF) at a concentration of 10 wt%. The prepolymer solution was
constantly stirred until it became homogenous. The electrospinning process was conducted
with a customized system. The solution was fed into a syringe, which was capped with a
needle (22 gauge, blunt) and pushed by a syringe pump at a rate of 1.0 ml/h. A continuous
jetting stream was generated by applying a voltage of 15 kV. The distance between the
syringe tip and the collector was 10 cm. 2D PAN nanofibers were deposited onto the
aluminum foil-covered collector. For the 3D nanofibers, the PAN nanofibers were spun
into the container filled with ethanol solution and the container was shaken every 5 min to
let the nanofibers extend fully for the 3D architecture. The 3D PAN nanofibers were then
obtained by freeze drying method after washing in deionization (DI) water. The final
porosity was controlled by adjusting the volume of DI water to achieve a 0.125 mg/ml
Nanofiber_Mass/Water_Volume (M/V) as mentioned in Section 4.3.1. The conductive
polypyrrole (PPy) shell layer was coated on the surface of the nanofibers by in-situ
polymerization of pyrrole within FeCl3 as the oxidant as mentioned in Section 4.3.1.

5.3.2 Cell Isolation
Historically, primary cells isolated from embryonic brain have been more commonly
utilized than cells isolated from postnatal brain. It is because of the ease of isolating
embryonic, increased viability, improved regenerative ability, and reduced glial
growth321,322. For same reason, commercial cell lines are also popular. However, additional
cell types would more reliably recapitulate the biological environment relevant to the adult
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CNS. So, primary cortical cells from Postnatal 1-day rats were used here.
All animal work was approved by the Nanyang Technological University Institutional
Animal Care and Use Committee and abided by the Guidelines on the Care and Use of
Animals for Scientific Purposes as set out by the National Advisory Committee for
Laboratory Animal Research. The animal work was conducted by the author’s colleague
who has the IACUC certification. Cortical tissue was isolated the cerebral cortex region of
the postnatal 1-day old rat pups (P1) as described in the previous work323,324. The tissue
was dissociated by trituration after digestion with 20 U/ml papain (Life Technologies,
Singapore) in a dissection buffer adjusted to neutral pH and allowed to digest until a
smooth homogeneous precipitate was formed. The cells were then suspended in a medium
consisting of 50% minimal essential medium (MEM) supplemented with 10% fetal bovine
serum and 50% Neurobasal medium supplemented with B27 and 0.5 mM glutamine, 25
μM glutamate (Life Technologies, Singapore).

5.3.3 Cell Culture
The 3D scaffolds and 2D meshes were fitted into 24-well plates and sterilized by soaking
in 70% ethanol solution for 12 hours, followed by washing 3 times with phosphate
buffered saline (PBS). The samples were sterilized under UV for 2 hours. Before seeding
cells, samples were incubated with the medium at 37 °C for half an hour. 100 μL medium
with a concentration of 5×106 cell/mL were added to the surfaces of samples after medium
removal. The cells were the mixtures of neurons and other cells (mainly glial cells)
dissociated from the cortices without sorting and passaging. The cell-laden samples were

104

incubated at 37 °C with 5% CO2 for 30 min to allow cells to attach. After that, 900 μL
fresh medium was added to the wells. The cell-laden samples were stored in the incubator
since then. After 24 hours, the 24-well plate was shaken gently, and the unattached and
dead cells were removed by removing the old medium entirely through pipetting followed
by adding the fresh and pre-warmed medium. After that, half medium was changed with
pre-warmed fresh medium twice per week.

5.3.4 Electrical Stimulation
Electrical stimulation of cell culture was performed on the 3D-CNFs with a self-made
bioreactor as showed in Figure 5-1. Isolated cells were seeded into 3D-CNFs at 5 × 105
cells per well. After 24 h in culture, stainless steel electrodes were inserted to form the
electrical contact with the 3D scaffolds. Since the sample has a diameter of 15 mm and a
height of 5 mm, and the distance between two electrodes was 10 mm, the inserted
electrodes would press on the samples. A 100 Hz pulsed electrical field of 100 mV/cm was
applied across the two electrodes for 4 h in the incubator (at 37 °C with 5% CO2) with a
function generator (AFG3022C, Tektronix, USA) daily for one week. Cells were analyzed
24 h after electrical stimulation.

5.3.5 Immunocytochemistry and SEM Imaging
To assess the cell culture after 7 days, different antibodies were utilized.
Anti-Microtubule-Associated Protein-2 (MAP2) (Millipore, Singapore) and anti-Tau
(Abcam, Singapore) were chosen to stain the neuron body and axon respectively. Glial
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fibrillary acidic protein (GFAP) (anti-GFAP antibody, Millipore, Singapore), which is
expressed by numerous cell types of the CNS including astrocytes and ependymal
cells325,326, were utilized to stain glial cells.
Cell-laden samples were rinsed with 1× PBS and fixed in 10% neutral buffered formalin
solution (Sigma, Singapore) for half an hour. After rinsing with PBS for three times, cells
were then treated with 0.5% Triton X-100 solution (Sigma, Singapore) for 15 min at room
temperature and followed with 3 times PBS rinsing. Cells were then incubated in blocking
buffer solution consisting 3% bovine serum albumin (BSA) (Sigma, Singapore) and 0.5%
fetal bovine serum (FBS) (Life Technologies, Singapore) for 45 min to avoid non-specific
binding of antibodies. After removing the blocking buffer solution, the cells were
incubated with neuron-specific anti-Microtubule-Associated Protein-2 (MAP2) (Millipore,
Singapore) and anti-Tau (Abcam, Singapore) antibodies in 1:500 dilution at 4 °C for
overnight. On the following day, the samples were rinsed with PBS for 3 times and the
cells were then exposed to the Alexa Fluor® 488 and Alexa Fluor® 555 (Life
Technologies, Singapore) in 1:700 dilution at 4 °C for overnight. Finally, samples were
rinsed with PBS again and cell nuclei were stained with 1:1000 diluted DAPI (Life
Technologies, Singapore) for 1 min at room temperature. The final samples were rinsed
with PBS and stored in PBS at 4 °C for further imaging.
Synaptophysin antibody (Life Technological, Singapore), as a pre-synaptic biomarker, and
Post-synaptic density protein 95 (PSD95) (Millipore, Singapore), as a post-synaptic
biomarker, were utilized to characterize the synapse. Cells fixed and treated with Triton
X-100 as mentioned before were incubated with Synaptophysin and PSD95 in 1:1000
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dilution at 4 °C for overnight. On the following day, rinsed cells were exposed to the
Alexa Fluor® 488 and Alexa Fluor® 555 (Life Technologies, Singapore) in 1:700 dilution
at room temperature for one hour. Finally, cell nuclei were rinsed with PBS and stained
with 1:1000 diluted DAPI (Life Technologies, Singapore) for 1 min at room temperature.
The final samples were rinsed with PBS and stored in PBS at 4 °C for further imaging.
Fluorescent images from the stained samples were acquired using an inverted confocal
laser scanning microscope (Zeiss LSM780). Scaffolds with fixed cells were then washed
with DI water and lyophilized for SEM imaging.

5.3.6 Proliferation and Maturation
The proliferation of all cortical cells was characterized by PrestoBlue cell viability kit
(Life Technologies, Singapore). Briefly, the 3D-CNFs with cell culture were washed and
incubated in medium containing 10% PrestoBlue reagent for 1 h in a humidified
atmosphere at 37 °C and 5% CO2. Culture medium containing 10% PrestoBlue reagent
was incubated with no cells and served as the blank control. The absorbance of the
reduced PrestoBlue reagent was measured at 570 nm and 600 nm as the reference with a
Multiskan Spectrum microplate reader (Thermo Scientific, Singapore). The absorbance
reading was utilized to represent the cell amount as the manufacturer’s protocol.
The maturation was described as the ratio of the number of mature neurons to the total
number of neurons. The confocal images were analyzed by Imaris (Bitplane, USA) to
quantify cell amount based on fluorescent images. Cells with MAP2 expression (green
fluorescence) were counted as neurons. Among them, the cells with tau expression (red
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fluorescence) were counted as mature neurons. Although MAP2 and tau are all mature
neuron markers, MAP2 and tau occur in different stages of neuron development, with
MAP2 being required for initial process formation and tau being essential for the
development of polarity.327. Thus, tau expression was used here to assess the degree of cell
maturation as a previous study198. The cell number was counted with Imaris (Bitplane,
USA) by analyzing the fluorescent images. ``

5.3.7 Statistical Analysis
Statistical analysis of proliferation and maturation was performed using two-way Analysis
of Variables (ANOVA) followed by Tukey’s post-hoc tests. When p<0.05, results were
considered as significant and indicated with *. All experiments were done in triplicate
unless otherwise stated. Data in this part were presented in term of mean ± standard
deviation (n=3).
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Figure 5-1 Schematic of (a) electrospinning setup and (b) a bioreactor for electrical
stimulation (3D View and Cross-section).

5.4 Results
5.4.1 Characterization of CNFs
The photograph fabricated NFs and CNFs were showed in Figure 5-2 as well as the SEM
images of 2D- and 3D- CNFs. In the photograph, a distinct difference between samples
could be observed. The 2D samples were like a thin film (Figure 5-2 (a) (b)) while the 3D
samples had clear 3D architectures (Figure 5-2 (d) (e)). While the nanofibers in 2D-CNFs
exhibited a close-packed structure (Figure 5-2 (c)), the 3D-CNFs scaffold had an obvious
3D nanofibrous architecture (Figure 5-2 (f)), and nanofibers dispersed in a 3D space
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without collapsing onto a single layer, which produced enough spaces to allow cells to
penetrate inside the 3D scaffold. However, the 2D-CNFs could only allow cells to spread
on the flat surface. As a result, the 3D-CNFs could provide 3D support to cells inside the
3D scaffold while 2D-CNFs could only function as a 2D support. This ECM-like 3D
support is known to affect cellular response and functions112, which would be further
discussed in the following sections. The porosity of nanofibers had been shown in Chapter
4, Section 4.4.1.

Figure 5-2 Photographs and SEM images of 2D-NFs mat ((a)), 2D-CNFs ((b) (c)),
3D-NFs (d), and 3D-CNFs scaffold ((e) (f)).

The electrochemical performance of the 3D-CNFs was characterized using cyclic
voltammetry (CV) as it was widely used in previous studies289,328,329. The cyclic
voltammetry was performed in the 0.5 M Na2SO4 solution with a three-electrode system,
i.e., the 3D-CNFs as the working electrode, a platinum wire as a counter electrode, and
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Ag/AgCl as the reference electrode. The 3D-CNFs (20.6 mg) were immersed in the
Na2SO4 solution. The voltammograms were recorded with a scan rate of 50 mV/s. The CV
spectrum shown in Figure 5-3 indicated the 3D-CNFs exhibited high charge carrying
capacity for a given voltage and excellent electrochemical property. It is most likely
attributed to the large surface of 3D-CNFs, which promotes both the incorporation of
dopant ions into the matrix and formation of packed PPy chains, thus permitting efficient
electron transfer between the polymer chains.

Figure 5-3 CV curves of 3D-CNFs at s scan rate of 50mv/s.

5.4.2 Cell Culture in CNFs and PAN nanofibers
Cortical cells here were utilized to describe the mixture of cells obtained from rat cortices.
It contains neurons, glial cells and some other cells330,331. However, neurons and glial cells
(especially astrocytes) were two major cell types332.
To assess cell culture in CNFs and PAN nanofibers, fluorescent images of cells cultured in
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CNFs and PAN nanofibers were shown in Figure 5-4. Firstly, the neuron-specific
fluorescent images stained with anti-MAP2 antibody (Green) demonstrated the existence
and validity of neurons in the 2D-PAN nanofibers (Figure 5-4(a)), 3D-PAN nanofibers
(Figure 5-4(c)), 2D-CNFs (Figure 5-4(b)) and 3D-CNFs (Figure 5-4(d)). In all kinds of
nanofibers, cells are able to form extended neurites and connections with each other
(observed from the images), which are essential for cell signal transmission333. (The
connections in 3D-CNFs were characterized in Section 5.4.4) However, we observed most
of neurons cultured in both 2D and 3D PAN nanofibers (Figure 5-4 (a) and (c)) tended to
grow individually with loose neurite connections. The soma-to-soma contact (soma was
represented by nuclei (blue spots), which were inside neurons (MAP2, green)) was hardly
seen in these bare PAN nanofibers (Figure 5-4 (a) and (c)) as 7 out of 9 confocal images
(not shown) of cells on bare PAN nanofibers showed no clusters. On the other contrary,
most of neurons cultured in 2D-(Figure 5-4 (b)) and 3D-CNFs (Figure 5-4 (d)) tended to
grow together to form cell clusters as 7 out of 10 confocal images of cells in CNFs showed
clusters. In general, low densities and loose connections could be obviously observed in
bare PAN nanofibers, while larger cell clusters could be easily discovered in CNFs. This
phenomenon could be seen in both 2D and 3D samples, which may be attributed to the
PPy coating.
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Figure 5-4 Fluorescent images of anti-MAP2-stained neurons in (a) 2D-PANs, (b)
2D-CNF nanofibers, (c) 3D-PAN and (d) 3D-CNF nanofibers. Green: MAP2; Blue: DAPI.

5.4.3 Cell Culture in the three-dimension
SEM and confocal images were taken to evaluate the cortical cell morphology in 2D and
3D nanofibers. First, SEM images of cortical cells cultured onto the surface of 2D-CNFs
(Figure 5-5 (a) and (c)) and in the interior of the 3D-CNFs scaffolds (Figure 5-5 (b) and
(d)) after 7-day in vitro culture showed that cortical cells with round morphology
(indicated by red arrows) and flat morphology (indicated by red triangles) successfully
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adhered to both 2D nanofiber meshes and 3D-CNFs, which demonstrated these nanofibers
were suitable for cortical cell attachment and survival in vitro. The large and flat cells
(indicated by red triangles) were probably glial cells since neurons usually have a round
soma. Compared to glial-like cells spread on the mesh surface in 2D-CNFs (Figure 5-5
(a)), cells formed 3D structure inside the 3D-CNFs (Figure 5-5 (b)). As showed in Figure
5-5 (c), cortical cells in 2D-CNFs, formed intimate contacted with multiple fibers due to
the dense structure in the vertical direction only allowed them to grow along the 2D
surface instead of filtrating into the scaffolds. In contrast, cortical cells cultured in the
interior of 3D scaffolds could adhere along the fibers due to the 3D architecture of
scaffolds as indicated in Figure 5-5 (d). Although some cells in Figure 5-5 (c) were under
the nanofibers of first layer, a deeper infiltration would be prevented due to the
close-packed nanofibers in Z-direction compared to that in 3D-CNFs.
Furthermore, the 3D confocal microscopic ortho-images (Figure 5-5 (e) and (f)) confirmed
the 3D neuronal network formation in our 3D-CNFs (Figure 5-5 (f)) and crossed a
distance more than 100 μm in the Z-direction while the culture in 2D-CNFs (Figure 5-5
(e)) was obviously flat. A larger depth could be expected because only part of the whole
neuronal network was captured in the view field due to the limitation of our facility. Hence,
we confirmed that the fluffy structure of our 3D-CNFs could help neurons and glial cells
filtrate and migrate into the scaffolds thus formed a 3D microenvironment closer to the
native microenvironment and could be predicted to enhance the cell-cell and
cell-microenvironment interactions. In contrast, the dense structures of 2D-CNFs
prevented cells from migrating into the deeper layers. The 3D-CNFs were then selected to
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study the incorporated effect of 3D-CNFs and electrical stimulation on cells.

Figure 5-5 SEM of cortical cells cultured in 2D-CNFs (a, c), 3D-CNFs (b, d) and confocal
microscopic ortho-images of cell culture in 2D-CNFs (e) and 3D-CNFs (f). The red arrows
and triangles indicated two different cell morphologies respectively. Green: MAP2; Blue:
DAPI.
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5.4.4 Effect of ES on Cell Morphology
To study the influence of electrical stimulation on cortical cells (mainly focused on
neurons and astrocytes), cortical cells were cultured in 3D-CNFs for 7 days with daily
pulsed electrical stimulation (ES). In non-ES cultures (control), most neurons aggregated
together to form clusters; and neurites (indicated by red line) were found to connect those
isolated clusters (Figure 5-6(a)). Unlike the unstimulated 3D-CNFs cultures ES altered the
morphologies of cells, i.e., no isolated clusters found in the electrically stimulated cultures
(Figure 5-6(b)). Instead, the electrically stimulated neurons tended to grow individually
with neurite to connect individual neurons. The neurite connections were marked with red
lines (in Merge) using Simple Neurite Tracer334.

Figure 5-6 Confocal fluorescent images of neuron morphology after 7-day culture in the
3D-CNFs (a) without and (b) with electrical stimulation. Neurite connections between
individual neurons and connection between clusters were marked with red lines.
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Both neurons and glial cells (mainly astrocytes) were stained in the Figure 5-7 by
anti-MAP2 antibody and anti-GFAP antibody respectively. As mentioned before, neurons
cultured without ES (Figure 5-7 (a-d)) aggregated while neurons cultured with ES ((Figure
5-7 (e-h))) grew more independently. The MAP2 expression and GFAP expression
indicate most of the neurons were growing closely with glial cells (astrocytes). Some
expectations, such as neuron grew without glial cells around (marked with the red circle in
Figure 5-7 (h)) and cells expressed neither MAP2 nor GFAP (marked with the white
circles in Figure 5-7 (d)(h)), could be observed. (The yellow color (overlap of the colors)
did not mean MAP2 and GFAP stained for the same cell. Since the cells were cultured in a
3D structure, the cells in different planes will cause the overlap of different colors.)

Figure 5-7 Confocal fluorescent images of neurons and glial cells on day 7 in the
3D-CNFs (a-d) without and (e-h) with electrical stimulation. Blue: DAPI; Green: MAP2;
Red: GFAP. Neuron grew without glial cells around was marked with the red circle; cells
expressed neither MAP2 nor GFAP marked with the white circles. Scale bar: 100 μm.

To verify the formation of synapse, immunocytochemistry staining of both synaptophysin
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antibody (Life Technological, Singapore), a pre-synaptic biomarker, and Post-synaptic
density protein 95 (PSD95) (Millipore, Singapore), a post-synaptic biomarker, were
utilized. The expression of synaptophysin and PSD95 of cells cultured for 7 days with or
without ES were shown in Figure 5-8. The cells in both the control group (cell cultured in
3D-CNFs for 7 days without ES) and the ES group expressed synaptophysin and PSD95.
The synapses were indicated by the adjacent or overlapped fluorescent spots of
synaptophysin and PSD95.
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Figure 5-8 Immunostaining of synaptophysin and PSD 95 in 7-day cultured cortical cells
in Control (a)(b) and ES (c)(d) groups. (b) and (d) were regions of interest (indicated with
dashed line) from (a) and (c) respectively. The synaptophysin was detected adjacent to
PSD 95 (indicated with arrows).

5.4.5 Effect of ES on Proliferation of Cortical Cells
As the other major part of cells isolated from cortices besides neurons, glial cells play
varied important roles in the entire nervous system, including providing physical support
for neurons and regulating the internal environment335. To investigate the effect of ES to
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the glial cells, their proliferation in the 3D-CNFs was characterized because mature
neurons do not proliferate336. Results obtained from PrestoBlue kit were illustrated (Figure
5-9) and the cell amounts were represented by relative absorbance. From day 1 to day 3,
the increase of cell amount was not statistically significant. Although the means of cell
amounts in ES groups were always larger than that in control groups, they did not have a
statistical difference on day 1 and day 3. However, the proliferation rate increased quickly
after day 3 so that the cell amounts in day 7 showed a significant increase compared to day
1 and day 3 in both ES and Control groups. Furthermore, after 7-day culture, the cell
amount in 3D-CNFs with ES was statistically larger than that without ES, which indicated
a significant improvement on glial cell proliferation caused by ES through the 3D-CNFs.
Two-way Analysis of Variance (ANOVA) test gave the main effect value for ES, F (2, 12)
= 39.92, p <0.0001 and the main effect value for culture time, F (2, 12) = 18.28, p =
0.0011, which proofed that electrical stimulation had even more significant influence than
culture time on the proliferation of cortical cells in 3D-CNFs, i.e., cortical cells
proliferated with increasing culture time while ES improved the proliferation even more
significantly.

120

Figure 5-9 Proliferation (represented by relative absorbance in 570 nm) of cell cultures
with or without electrical stimulation in day 1, day 3 and day 7. * indicated p<0.05, **
indicated p<0.01, ***indicated p<0.001 and **** indicated p<0.0001.

5.4.6 Effect of ES on Maturation of Neurons
The effect of ES on cell cultures in 3D-CNFs was also characterized by neuron maturation,
i.e., the ratio of the number of mature neurons to the total number of neurons (Figure 5-10).
Anti-tau antibody staining was utilized to define maturation of neurons198, i.e., mature
neurons were the neurons with tau expression. The total number of neurons was obtained
by counting the cells with MAP2 expression in Imaris (Bitplane, USA) as described in
Section 5.3.6. The single-channel and merged fluorescent images indicated the existing of
mature neurons after 7-day culture with different morphologies in the control and ES

121

group respectively (Figure 5-10 (a) and (b)). Without ES, the maturation in control groups
reached 35.70% on day 1, then slowly increased to 44.98% on day 3 and finally reached
46.68% on day 7. With ES via 3D-CNFs, 61.07% of neurons were mature on day 1
followed by a significant jump to 76.75% on day 3, which increased stably to 84.27% on
day 7. In addition, a significant enhancement of maturation happened in ES groups
compared to control groups could be observed at every time point starting from day 1 to
day 7. From a two-way ANOVA, the main effect values were ES (F (2, 12) = 208.9, p
<0.0001) and culture time (F (2, 12) = 21.84, p = 0.0001), which suggested that both ES
and culture time contributed significantly on the maturation of neurons in 3D-CNFs
(Figure 5-10 (c)).
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Figure 5-10 Maturation of neurons with or without electrical stimulation in day 1, day 3
and day 7. * indicated p<0.05, ** indicated p<0.01, ***indicated p<0.001 and ****
indicated p<0.0001.

5.5 Discussion
Cortical cells cultured in all the 2D and 3D nanofibers grew well and neurons showed a
good spreading in these samples. Different from the neurons in PAN nanofibers, the
neurons cultured in CNFs (both 2D and 3D) tended to grow together and formed large and
dense cellular clusters, which could be caused by the PPy coating. Similar results in 2D
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substrates had been reported that the PPy coated substrate could improve the formation of
cell clusters and lead to a higher neuron density compared to uncoated substrate337. One
possible reason of cluster increase was attributed to the roughness increase in PAN
nanofibers after PPy coating because previous studies have found neurons could be
negatively affected by surface roughness. In our samples, a rougher surface could be
observed in PPy-coated nanofibers as shown in Figure 5-11.

Figure 5-11 Surface roughness of PAN (a) and PPy-coated PAN nanofibers (b). *(a) was
reproduced from Ref. 338 with permission of RSC Advances.

SEM and confocal images clearly showed that the 3D-CNFs as a scaffold performed well
to help neurons migrate into the interior space as shown in Figure 5-5 (d) (f) due to their
fluffy structure with large interconnected pores, while the 2D-CNFs performed as a 2D
substrate and there was no interior space allowing cells to migrate into the interior.
Particularly, hundreds of micrometers penetration of cells into the scaffold was observed
in the fluorescent image, which further confirmed that the 3D-CNFs could support 3D cell
culture. Because the features of cells cultured in 3D models are closer to the complex in
vivo condition, they were induced to behave in a manner that is closer to their behaviors in
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vivo. For example, compared to 2D culture, the signaling and gene expression of cells
cultured in 3D were more close to those of cells in vivo , and these advantages could help
us build a more realistic platform for tissue engineering339.
Furthermore, ES changed the clustering behavior of cells cultured in the 3D-CNFs.
Despite the fact that the mechanism is not completely clear, it had been reported that the
clustering could depend on the surface properties of the scaffolds, such as
hydrophilicity340,341, geometrical cues342, as well as the electrical stimulation19,343. In 2D
substrates, it was reported that neuronal culture with electrical stimulation may increase
neuron clusters19,343, which was attributed to the heterogeneous conductivity of the
substrate, i.e., the conductivity in the different locations of the substrate was different.
However, we found that electrical stimulation in 3D-CNFs prevented the cells from
clustering, which could be attributed to the combined effects of the 3D structure and ES.
In general, we believe that the combined effects of the 3D nanofibrous scaffold and ES
include three parts, i.e., (1) Glial cells could facilitate the migration and spread of
neurons341. With electrical stimulation, development of both neurons and glial cells could
be promoted19,344. In our study, the glial cells proliferated and spread across the scaffold as
researchers have found the ES regulated astrocytes’ proliferation and migration344. As
shown in Figure 5-7, the glial cells, as the same as the neurons, aggregate in unstimulated
3D-CNFs. However, the mechanism of electrical influence on morphology of cortical cells
was unclear. We hypothesize that different from 2D substrates, the 3D structure provided a
larger space for glial cells spread and migration in three-dimension (Figure 5-5 (b)), thus
the larger glial distribution probably allows neurons to spread and to migrate more broadly
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instead of forming clusters. (2) The surface properties of PPy coated nanofiber could be
changed during electrical stimulation. For example, it had been reported that an increase
of fibronectin absorbance in PPy with electrical stimulation345. With the increase of certain
protein absorbance in PPy surface, the surface would become more biocompatible and
help cells spread, migrate and proliferate, for example, some astrocyte-secreted
matricellular proteins are involved in cell proliferation, maturation, migration and so on346.
It is another possible reason why the electrical stimulation promoted proliferation of glial
cells (Figure 5-9). (3) Electrical stimulation could alter local electrical fields of ECM
molecules. The perturbations in ECM electric fields via electrical stimulation can alter the
conformation and orientation of cytoplasmic biopolymers, such as RNA, DNA and
pro-collagen, by changing enzyme-driven reactions through electro-conformational
coupling mechanisms as well as affecting downstream signaling within cells347.
ES has been found to improve the proliferation of glial cells in the 3D-CNFs, which agree
with previous results obtained on 2D substrates. Varied studies had been conducted to
reveal the relation between electrical stimulation and cell proliferation42,304,344,348–350. The
proliferation is probably attributed to the elevated calcium level because the voltage-gated
calcium channels in the cell membrane could be activated by electrical stimulation 42.
However, further evidence is needed to explain our observation with this existing
mechanism. Although the number of neurons is generally assumed to be a key determinant
of brain function, glial cells have been valued as a major part of the brain335. Regulation of
glial cell proliferation could be an important tool in study and regeneration of specific part
of the brain as the glia/neuron ratio varies along the brain351.
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It is found that ES could accelerate and improve maturation of neurons. With the similar
reason mentioned above, the ES-induced accelerated neuron maturation, represented by
the ratio of tau expression (Figure 5-10), may also be attributed to the signaling change as
well. Particularly, the influx of Ca2+ induced by the depolarizing current, can active the
calmodulin-kinases to elicit neurite outgrowth and expedite neurites development20,198.

5.6 Conclusions
The biocompatibility of PPy-coated PAN nanofibers had been demonstrated by culturing
cortical neurons. Morphology with large neuron clusters was observed in PPy-coated
nanofibers (CNFs), while neurons in bare PAN nanofibers grew separately. More
importantly, the combined effect of the 3D conductive nanofibers and electrical
stimulation on neurons and other cortical cells was investigated here. This study enriched
the growing body of evidence for using electrical stimulation and conductive nanofibers to
influence the culture of cortical cells. The fluffy 3D structure and conductivity exhibited
by 3D-CNFs provided a novel platform to explore a series of applications in neural tissue
engineering. The fluffy 3D structure was demonstrated to be able to help cells penetrated
into the interior space to form 3D cultures. During this study, the pulsed electrical
stimulation applied through the PPy coated 3D-CNFs changed the morphology of cell
cultures from clustering to dispersion. And electrical stimulation improved the
proliferation of cells compared to unstimulated cells in a period of 7 days. Furthermore,
neuron maturation in the 3D-CNFs was accelerated by electrical stimulation in 7 days.
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Chapter 6. General
Future Work

Conclusions

and

6.1 Conclusions
From the literature review and our previous study, we have realized that the physical
stimuli from the microenvironment could be very important to control cell behavior for
potential clinical applications. However, the studies of the effects of physical stimuli
applied via substrates/scaffolds have not been comprehensive, and many mechanisms
remain unclear. Furthermore, the studies of the combined effects of physical stimuli and
other factors, like time-dependence, surface topography, and 3D architecture, are scant.
Hence, we hypothesized that the combined effects of different physical stimuli applied via
substrates/scaffolds and other factors (e.g., culture time, 3D structures of the scaffold)
could

be

more

complex

and

bring

us

new

perspectives

to

understand

cell-microenvironment interactions.
The mechanical properties of hMSCs (i.e., elastic moduli and viscoelastic properties) were
used to study the effects of substrate stiffness and culture time. Change of cell mechanical
properties is of great interest due to its relationship with various cellular behaviors,
including proliferation, adhesion, and differentiation215. However, few studies have been
conducted on the influence of culture time, and this work highlighted the influence of both
stiffness of substrates and culture time on the hMSCs’ mechanical properties. It revealed a
time-dependent change of cell mechanical properties responding to substrate stiffness,
which could enrich our understanding of cell-microenvironment interactions.
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Although some studies have been conducted to reveal the effect of mechanical loading on
cell culture64,116,352,353, there are few based on 3D culture, which could allow cells to
migrate and spread in 3D. We developed novel 3D electrospun nanofibers (3D-CNFs) with
improved mechanical properties by coating them with a layer of PPy for 3D cell culture.
In such a scaffold, the effect of long-term dynamic loading on hMSC was investigated.
The combined effect of 3D-CNFs and dynamic loading changed the morphology (i.e.,
aligned cells along the fibers), and collagen expression of hMSCs was promoted, while the
proliferation and osteogenic differentiation were not affected.
With the help of the same 3D-CNFs, cortical cells were cultured in 3D. This study
revealed a combined effect of ES and 3D-CNFs on the culture of cortical cells. Pulsed ES
applied through the PPy-coated 3D-CNFs changed the morphology of cell cultures from
clustering to dispersion in PPy-coated surfaces. ES also improved the proliferation of glial
cells as well as neuron maturation compared with unstimulated cells in a period of 7 days.
The general objective to use different substrates and scaffolds with specific mechanical
cues or electrical stimuli to modulate cell behaviors was achieved. In each chapter, new
combined effects of physical stimuli and other factors (i.e., culture time, 3D structure)
were investigated. Through our study, we provided some novel findings on
cell-microenvironment interactions. However, further studies are required to gain a more
comprehensive understanding in future.

6.2 Future Work
To further understand the cell-microenvironment interactions, the development of new
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biomaterials which can mimic native cell microenvironment is significant.
❖

Although stiffness of PDMS showed significant effects on cellular mechanical
properties in the long-term culture, there are some aspects could be improved. The
elastic moduli of PDMS substrates with the current ratio of base-to-curing agent can
only cover the moduli range suitable for muscle and pre-calcified bone. On the other
hand, a ratio of base-to-curing agent higher than 30:1 or lower than 5:1 would make
curing difficult.
•

One future work is to study the effect of stiffness with a material could achieve a
wide range of stiffness with stable chemical and physical properties while
maintaining the acceptable biocompatibility. Substrates with a wide range of
stiffness covering more tissues stiffness could be utilized to study cell response
to substrate stiffness systematically.

•

Furthermore,

the

long-term

culture

requires

robust

chemical/physical

modification for cell adhesion. Although plasma treatment and PLL coating
could support cell culture for two weeks without decomposition, covalently
bonded surface coating would be more suitable for longer culture period.
•

Additionally, the effect of 3D scaffold stiffness on cell behaviors is not well
studied, which offers a new direction for future study. The 3D scaffolds could
better mimic cells’ native environment than 2D substrates, so a study on effects
of matrix stiffness on cell behaviors in 3D culture is attractive.

❖

A novel scaffold was used in this thesis to study the effect of dynamic loading in 3D
hMSC culture. However, an alternative material to replace PPy-coated PAN
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nanofibers would be the next breakthrough.
•

Both PPy and PAN are not biodegradable which limited their use in future
clinical applications. An elastic scaffold with controllable biodegradability could
be used to improve the in-vitro development of tissues by applying dynamic
loading.

❖

In the study of the effects of electrical stimulation on 3D culture, the same
requirement for a new material comes up.
•

The PPy-coated scaffold was limited in future clinical applications because the
material is not biodegradable. Conductive materials with good biodegradability
or a new method to induce electrical stimulation on existing biodegradable
materials would be the important future work.

•

Furthermore, the PPy-coated surface itself would cause the neuron clustering
which is not desired in many applications of neural engineering. So, the next
challenge is to invent a conductive 3D scaffold with better surface properties to
support better neuron culture without clustering.

In summary, a scaffold can induce different biophysical cues simultaneously is extremely
attractive in the study of cell-microenvironment interactions. Although the 3D-CNFs could
induce different cues (e.g., 3D structure, geometrical cues, mechanical loading, electrical
stimulation), improvements in biodegradability would be needed.
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