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ABSTRACT
Within the last decade, neurodegenerative diseases such as Alzheimer’s and Parkinson’s
have emerged as one of the top 5 leading causes of death globally, and there is currently
no cure. All neurodegenerative diseases lead to loss of the functional cells in the nervous
system, the neurons. One therapeutic approach is to replace the damaged and lost neurons
with new, healthy neurons. Unfortunately, this is a difficult endeavor since mature neurons
are not capable of cell division. Instead, researchers are turning to neural stem cells, which
are able to self-renew and be rapidly expanded before being differentiated into functional
cell phenotypes, such as neurons, allowing for large numbers of cells to be generated in
vitro. Controlled differentiation of human neural stem cells into new neurons has been of
interest due to the immense potential for improving clinical outcomes. Adult neural stem
cell behavior, however, is not well understood and the transplanted stem cells are at risk
for tumorigenesis. The focus of this dissertation is the development of engineered
biomaterials as tools to study human neural stem cell behavior and neurogenesis
(differentiation). A novel cell penetrating peptide was developed to enhance intracellular
delivery of retinoic acid, a bioactive lipid known to induce differentiation. A hydrogel
platform fabricated from hyaluronic acid, a naturally-occurring polysaccharide found in
brain extracellular space, was designed to serve as a biomimetic soft substrate with similar
mechanical properties to the brain. The biological behavior of the stem cells was
characterized in response to chemical and physical cues.
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CHAPTER 1
INTRODUCTION
This dissertation takes a multidisciplinary approach, working at the interface of
materials science and stem cell biology, to study the behavior of human neural stem cells
(NSCs) in an attempt to get a clearer understanding of neurogenesis induced by cellbiomaterial interactions. The highlights from the dissertation are the development and
characterization of two biomaterials which serve as enabling tools for the study of human
neural stem cells through two different strategies. One of the technologies works on the
molecular level, inducing neurogenesis by biochemical means. The other technology works
on a larger size scale, serving as a biomimetic structure for cell culture, providing insights
into the effect of physical cues on NSC behavior. The initial biological characterizations
using the two technologies helps to identify areas of research that still need additional
studies to further our understanding of neural stem cell biology.
1.1

Neurodegeneration and Cell Replacement Therapy Using NSCs
1.1.1

Significance of Neurodegenerative Disease

Neurodegeneration is a growing global epidemic with an urgent need for the
development of therapeutic strategies. According to the global health observatory data by
the World Health Organization, neurodegeneration-related dementias were the 5th leading
cause of death in 2016, with mortality rates more than doubling since 2000 (1). The rapid
increase in prevalence is likely due to an increasingly older world population, though
advancements in diagnostics could also be a contributing factor (2). A world populations
1

report published by the United Nations in 2015 estimates that the global percentage of
people over the age of 60 is expected to double by 2050, from 12.3 % to 21.5 %.
Furthermore, people over the age of 80 is expected to triple, from 1.7 % to 4.5 % (3). As a
result, the number of patients diagnosed with neurodegenerative diseases are expected to
grow at a proportionally significant rate.
Despite the amount of research and funding that has been poured into understanding
neurodegeneration, the underlying cause is still unknown, and no cures are available. There
are several mechanisms currently being investigated as the cause of disease, but it is still
unclear whether any of these are actual causative factors or just consequences and
contributors of disease. Aging-related changes to cells such as oxidative stress and
mitochondrial dysfunction are observed in multiple types of neurodegenerative diseases
and are an important characteristic of disease progression (4, 5). Pre-determined genetics
(6, 7) as well as epigenetic and environmental factors (8, 9) have also been implicated. A
strong correlation has been established between exposure and accumulation of metals to
the development of neurodegenerative diseases (10, 11). Finally, protein pathology leading
to misfolding and aggregation is a renowned trait of many neurodegenerative diseases (12,
13) and accumulation of misfolded proteins is commonly attributed to increased
neurotoxicity (neuronal cell death).
1.1.2

Stem Cell Therapy and Benefits of Directed Neural Differentiation

The concept of repopulating the damaged nervous tissue with new, fresh neurons
to stop and/or revert disease progression is not new. For example, fetal midbrain tissue
grafts have been used for treatment of Parkinson’s disease since the 1990’s (14). The cell
2

source, however, remains a highly controversial and problematic roadblock that is
preventing cell transplantation therapy from reaching the general market. This is especially
true for neural-type cells, which are hard to isolate and inject without invasive surgery (15).
To add to the dilemma, terminally differentiated, functional neurons are incapable of
mitosis and so obtaining the cells in large quantities for transplantation is a major challenge
(16).
A promising cell source came with advancements in stem cell research, namely the
ability to generate induced pluripotent stem cells (iPSCs) (17). These stem cells are
reprogrammed from somatic cells taken directly from patients, allowing for treatment using
a personalized medicine approach. In addition, various neurodegenerative disease models
have been developed using iPSC-derived neuronal and glial cells from patients suffering
from neurodegeneration (18-22). Unlike neurons, iPSCs can proliferate and expand rapidly
prior to differentiation, allowing for large scale production and high-throughput assays (23,
24). Furthermore, because the cells are autologous, they are able to better circumvent the
host immune response, which is another major challenge in the successful outcomes of cell
transplantation therapies (25). A simplified schematic of the stem cell therapy workflow is
presented in Figure 1-1.

3

Figure 1-1. Schematic flow chart of stem cell therapy to treat neurodegenerative diseases
using iPSCs. The focus of this dissertation is highlighted, which involves using engineered
biomaterials to induce lineage commitment and maturation of NSCs into functional cell
phenotypes.
While iPSCs may seem like the perfect candidates, there is a high-risk factor
associated with their use. The capability to differentiate into multiple lineages is a doubleedged sword. Once transplanted, there is potential risk of teratoma formation and/or
tumorigenesis. In iPSCs, this is thought to be due to genetic instability and epigenetic
factors, but the triggers are still not well understood (26-28). Furthermore, transplanted
iPSCs have been shown to form more teratomas compared to embryonic stem cells (ESCs)
(29). As a result, protocols used to reprogram cells into iPSCs are being constantly
improved, and progress is being made towards the development of reproducible conditions
for generating highly purified, clinically-viable iPSCs (30, 31). However, until the
differentiation triggers are fully understood, pluripotent stem cells will always carry high

4

risk for therapeutic use and thus far have not been used in any clinical trials involving
neurodegenerative diseases.
One strategy to reduce the risk of teratomas and tumors is to pre-differentiate the
stem cells prior to transplantation (32). This approach has been utilized to generate iPSC
and ESC-derived neural stem cells (NSCs), which have been shown to have lowered risk
of teratoma and tumor formation post-transplantation (33-35). This methodology still
requires some optimization, as pre-differentiated NSCs have been shown to carry some
tumorigenic potential (36, 37). Continued differentiation into neural progenitor cells
(NPCs) and mature phenotypes such as neurons or astrocytes can reduce this risk even
further. Development of good manufacturing practice (GMP) compatible differentiation
protocols along with a selection process (i.e. flow-assisted cell sorting for positivelymarked differentiating cells) has been suggested as a necessary step to increase efficacy of
cell transplant therapies using stem cells (38).
1.1.3

Neural Stem Cells

The earliest clues to the existence of endogenous adult NSCs date back to the
1960’s, when proliferating cells were observed in rats at the dentate gyrus subgranular zone
(SGZ) of the hippocampus (39) and at the subventricular zone (SVZ) of the lateral
ventricles (40). Later, it was discovered that these were NPCs and those from the SVZ were
migrating to the olfactory bulb in rats through the rostral migratory stream (RMS) to give
rise to new interneurons (41). This discovery shattered century-old theories on the inability
of the adult nervous system to regenerate. A breakthrough in research came when
bromodeoxyuridine (BrdU), a live cell proliferation marker, was developed. Experiments
5

with BrdU confirmed that NPCs from the SVZ migrated through the RMS to differentiate
into interneurons (42). More importantly, it confirmed the existence of proliferating NPCs
in the adult human brain (43). It is now widely accepted that a population of self-renewing
NPCs can be found in the SGZ and SVZ of humans, but the existence of a RMS in the
human brain remains highly controversial (44). Furthermore, two recent publications
reported conflicting results in the capability for new neurons to be born in the dentate gyrus.
The study by Sorrells et al. found that neurogenesis was significantly decreased after birth,
and no new neurons were able to be detected histologically after the age of 13 (45).
Conversely, using a similar technique, a study by Boldrini et al. reported persistent
neurogenesis through aging, even in patients up to 79 years old (46). The discrepancies in
their results have been attributed to technical limitations, such the procedures used for
histological analysis (i.e. time of tissue harvest, fixation conditions, antigen-retrieval, etc.).
The first successful isolation and culture of NSCs in vitro was described in the early
1990’s, when cells from the SVZ were successfully cultured in serum-free medium
supplemented with epidermal growth factor (EGF) as clusters of cells known as freefloating neurospheres (47). Soon after, NSCs from the SGZ were isolated and successfully
cultured in vitro on polyornithine and laminin-coated tissue culture plates in the presence
of basic fibroblast growth factor (bFGF, also known as FGF-2) (48). Although in vitro
culture conditions were defined, it was difficult to keep the cells for prolonged passages in
a self-renewing state, which is a defining characteristic of stem and progenitor cells (49).
In addition, the outcomes of the neurosphere assay was found to be highly susceptible to
isolation and culture methodology of the NSCs, resulting in poor reproducibility (50).
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To overcome challenges associated with in vitro NSC culture, immortalized lines
have been developed by c-myc and v-myc oncogene overexpression in fetal NSCs, leading
to enhanced long-term proliferation in the presence of EGF and bFGF. ReNcell VM (RVM;
from Ventral Mesencephalon) are derived from 10-week fetal midbrain bulk tissue and are
transfected with v-myc for immortalization. ReNcell CX (RCX; from Cortex) are derived
from 14-week fetal cortex and are a clonal cell line transfected with c-myc. The transfected
cells were shown to have normal karyotype up to 36 and 30 passages for RVM and RCX,
respectively (51).
Both cell lines undergo spontaneous differentiation into neuronal and astroglial
phenotypes upon withdrawal of growth factors (EGF and bFGF). Although the cell lines
are nearly identical in their undifferentiated state in terms of Nestin expression (neural stem
cell marker) and baseline electrophysiological activity, major differences are observed after
differentiation. Differentiated RVM express tyrosine hydroxylase, a marker for
dopaminergic neurons, at a significantly higher level. When compared functionally, only
cells derived from RVM were able to fire action potentials. The authors believe this may
be due to differences in how the cell lines were established. RVM were isolated from bulk
tissue while RCX is a clonal cell line from a single parent cell (51). Since their
development, ReNcells have been used in a multitude of studies including human disease
modeling and development of differentiation protocols (52, 53).
1.1.4

Retinoic Acid for Neurogenesis

Many bioactive compounds have been identified to promote neural and neuronal
differentiation (54-56). Among the neurogenic compounds, retinoic acid (RA) is a potent
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morphogen which has been used extensively for neurogenesis (57-59). RA is a bioactive
lipid which is naturally-derived from vitamin A (retinol) through metabolism. As shown
below in Figure 1-2, the derivation of RA is a two-step oxidation process coordinated by
enzymes from the medium-chain dehydrogenase/reductase (MDR) family and the shortchain dehydrogenase/reductase (SDR) family (60). The first step is the reversible oxidation
of retinol into the intermediate retinaldehyde (retinal) by one of two types of
dehydrogenases: alcohol dehydrogenases (ADH) from the from MDR family or retinol
dehydrogenases (RDH) from SDR family. The second step, which is irreversible, is the
oxidation of retinaldehyde into retinoic acid by retinal dehydrogenases (RALDH) (61). The
all-trans form of RA is widely reported to be the most active metabolite.

Figure 1-2. Oxidation of retinol into all-trans retinoic acid. The first oxidation from retinol
to retinal is reversible. The final oxidation from retinal to retinoic acid (all-trans form
shown) is irreversible.
RA plays crucial roles in patterning and stem cell differentiation during
development (62). The amount of RA presented to the cells directly affects differentiation
and self-renewal of stem cells, and is tightly controlled by binding proteins and enzymes
(63). The transcription activation pathway shown in Figure 1-3 below starts with the
uptake of retinol by cells, followed by enzymatic oxidation into RA. Exogenous RA can
be directly incorporated by the cells, though the clearance rate is very high compared to
retinol (64). Degradation of RA has been shown to be regulated by the cytochrome P450
family 26 (CYP26) enzymes, which inactivates RA upon binding (65). Inside the cell, RA
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binds to cellular retinoic acid-binding proteins (CRABPs) for intracellular and nuclear
transport through two main forms of CRABPs with distinct functions (66). CRABP1
regulates RA degradation by transporting excess RA to CYP26 (67), while CRABP2 has
been shown to translocate the nuclear membrane and deliver RA to retinoic acid receptors
(RARs) to initiate transcription (68).

Figure 1-3. Simplified retinoic acid signaling pathway. Retinol or RA is internalized by
the cells. Following a two-step oxidation process, retinol is converted into RA. The
cytosolic RA binds to CRABP1 which is then transported to CYP26 for degradation. RA
binds to CRABP2 for nuclear translocation and binds to RAR, leading to
heterodimerization with RXR and transcription.
There are three subtypes of RARs (α, β, γ) which are activated by binding with alltrans RA. To activate transcription, RARs must heterodimerize with retinoid X receptors
(RXRs), of which there are also three subtypes (α, β, γ). These RXRs are selectively
activated by the isomer 9-cis RA. It has been reported that 9-cis RA does not persist at
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detectable levels endogenously, but only pharmacologically when all-trans RA is
administered (69). Thus, it is assumed that exogenously administered all-trans RA can
activate both RARs and RXRs. In addition, the RXRs have also been reported to activate
in response to other lipids such as docosahexaenoic acid (DHA) (70). Once the RAR/RXR
heterodimer is formed, it can bind to promoter regions of DNA called retinoic acid response
elements (RAREs) to initiate transcription. Many genes important in neurogenesis are
downstream of RAREs and are thus regulated by RA signaling (71). Specifically,
activation of neurogenin, which has an upstream RARE motif, has been associated with
inhibition of gliogenesis (72). Therefore, exogenous delivery of RA to human neural stem
cells are hypothesized to increase the number of cells differentiating into a neuronal
phenotype.
Although endogenous RA plays major roles in development and neurogenesis (73),
it has limited solubility (< 0.21 µM) in aqueous medium (74). As a result, most protocols
require the RA to be dissolved in dimethyl sulfoxide (DMSO) at a high stock concentration
and then diluted in cell culture medium to working concentration ranges. However, the
stability of RA in cell culture medium has been shown to be affected by incubation and
cell metabolism (75). After just 24 h, one study reported that only 55 % of total treated RA
was recovered in non-incubated medium without cells. When incubated, only 27 % of total
treated RA was recovered. Incubation with mouse ESCs resulted in only 8 % of total treated
RA recovered after 24 h. To improve the solubility, stability, and bioavailability of RA,
molecular carriers or vehicles are under development (76, 77).
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1.1.5

Current State of the Art in Carriers for RA Delivery

The most widely used carriers or vehicles for RA delivery are nanoparticle (NP)
systems. NPs are submicron-sized entities, usually less than 100 nm, which can carry the
cargo inside their core or on their surface. Materials from which NPs are synthesized can
be classified into three major categories: polymeric, metal, or lipid-based. Compared to
using 1 µM RA alone, treatment with mesoporous silica nanoparticles loaded with 3 µM
RA was shown to promote enhanced neuronal differentiation of mouse ESCs, which
resulted in a 2.5-fold increase in βIII-tubulin expression (an early neuronal marker)
compared to RA alone (78). The authors believe this was due to sustained release of RA,
resulting in increased bioavailability while the MSNs protected encapsulated RA from
degradation. A polyethyleneimine (PEI) and dextran hybrid NP was developed which
allowed for RA loading through electrostatic interactions of negatively-charged carboxyl
groups of RA with positively-charged amine groups of PEI (79). Treatment with the NPs
resulted in a slow release of RA which differentiated mouse SVZ NSCs into cells
expressing βIII-tubulin. The concentration of RA in this study was between 4 to 40 nM,
which is significantly lower compared to other studies. It has also been reported that short
term treatment with RA can have detrimental effects on pluripotent stem cell differentiation
(80), so prolonging availability could be a vital design aspect.
Stimuli-responsive designs are also popular, such as NPs fabricated using the
temperature-sensitive polymer poly(N-isoproylacrylamide) (81). Upon reaching 37 °C, the
NPs loaded with 3-16 µM RA undergo shrinkage and release the encapsulated RA.
Differentiated cells expressed both βIII-tubulin and MAP2 (microtubule associated
protein-2, a mature neuronal marker), but the amount of RA-loading did not significantly
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affect expression levels. While liposomes and lipid-based NPs (i.e. solid lipid
nanoparticles) have been used to encapsulate RA (82-85), they have not been used in stem
cell differentiation applications.
The results from these studies suggest that NPs loaded with RA can successfully
induce neurogenesis. However, the amount of RA being delivered using NPs is difficult to
quantify. Unlike soluble factors, NPs are prone to aggregation in cell culture medium,
which ultimately affect cell uptake (86). This problem is exacerbated in serum-containing
medium, which leads to formations of protein coronas around the NPs (87). Furthermore,
several NP properties such as shape, size, charge, and surface chemistry can further affect
cell-membrane interactions, directly influencing the uptake efficiency (88). Most NPs
translocate the cell membrane by some form of energy-dependent process such as
endocytosis (89). The exception are liposomes which have been shown to fuse with the cell
membrane to deliver payload (90).
For this dissertation, cell penetrating peptides (CPPs) were chosen as an alternative
candidate for intracellular RA delivery. Compared to the metal and polymeric NPs, CPPs
have a much higher internalization efficiency and are often employed as surface coatings
on NPs to improve cellular uptake (91, 92). Furthermore, most NPs are recognized as
foreign materials by the body, which can cause unwanted immune responses (93). CPPs
are made from naturally-occurring constituents which can be recognized by the cell,
leading to a much lower risk of immune response (94). Since RA has a carboxylic acid
functional group, it can be directly reacted with primary amines on the CPP sequence for
covalent conjugation. The synthesis and characterization of this novel CPP-RA conjugate
and its biological effects on ReNcell VM in vitro is the main focus of Chapter 2.
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1.2

Extracellular Microenvironment of Neural Stem Cells
1.2.1

The Neural Stem Cell Niche

The differentiation fate of stem cells can be affected by their surrounding
microenvironment. This so-called “stem cell niche” was first identified in studies involving
hematopoietic stem cells and provides critical cell-cell and cell-matrix signaling for stem
cell maintenance and differentiation (95). Cells that have stem cell characteristics have
been reported in several regions of the central nervous system aside from SGZ and SVZ,
including the spinal cord (96, 97), substantia nigra of the hippocampus (98, 99), and the
cortex (100, 101). The main neural stem cell niches, however, are considered to be the SGZ
and SVZ, which are also the most studied. A simplified schematic of the SVZ and SGZ
cytoarchitecture are presented in Figure 1-4 below.

Figure 1-4. A simplified schematic of the neural stem cell niche cytoarchitecture. In the
SVZ, type B cells are NPCs that give rise to type C cells which become type A cells, the
immature neuroblasts. In the SGZ, the NPCs are called type 1 cells and give rise to type 2
cells which eventually become the type 3 cells, also called migrating neuroblasts.
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The cytoarchitecture is the specific way multiple cell types are organized to
maintain the niche microenvironment. In both the SVZ and the SGZ, the radial glia are the
NPCs capable of undergoing asymmetric differentiation into a variety of cell types,
including more progenitor cells (i.e. self-renewal). In the SVZ, these cells are denoted as
type B cells and give rise to type C cells or transit-amplifying cells. The type C cells
eventually become the immature neuroblasts, called type A cells, which migrate through
the RMS to the olfactory bulb (102). In the SGZ, the radial glia NPCs are denoted as the
type 1 cells. These cells can asymmetrically differentiate into non-radial cells, or type 2
cells. These cells eventually become the immature neuroblasts, or type 3 cells, that mature
into granule neurons (103).
The niche is highly complex and is thought to be maintained through controlled
release of paracrine factors (i.e. growth factors, neurotransmitters) by non-stem cells such
as ependymal cells, astrocytes, and mature neurons (102, 103). These factors are often
regulated on a spatio-temporal level and are presented to a highly heterogenous populations
of NSCs, making it extremely difficult to recapitulate in vitro (104). Aside from soluble
factors and cell-cell signaling, cell-matrix interactions have been reported to have profound
effects on stem cell maintenance and differentiation (105). A biological response can be
induced from direct receptor-ligand interactions with the surrounding extracellular matrix
(ECM), as well as physical features such as topography and stiffness (106). These physical
properties are much simpler to replicate in vitro compared to the cytoarchitecture and
paracrine signaling. Thus, engineered microenvironments with defined mechanical
properties have been used to study of cell-matrix interactions with NSCs (107, 108).
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1.2.2

Stem Cell Response to Substrate Stiffness

It is now widely accepted that stem cells can respond to the stiffness of their
surrounding microenvironment and initiate lineage-specific differentiation into mature
phenotypes based on mechanotransduction signals (109-111). As a result, developing a
synthetic ECM (i.e. engineered microenvironment) with a defined modulus range of native
organs can potentially direct stem cell differentiation. Tissue culture plastic (TCP) used for
cell culture has an elastic (Young’s) modulus in the GPa (1 × 109) range. In the body,
organs and tissues are much softer (i.e. lower Young’s modulus) and so developing a
synthetic microenvironment with matching stiffness has been suggested to alter stem cell
behavior in vitro, allowing for better modeling of in vivo conditions.
The stiffness range of select organs are presented in Figure 1-5. Human ESCs have
been reported to proliferate more quickly on polydimethylsiloxane substrates with a
Young’s modulus range of 0.1 to 1 MPa (1 × 106) compared to those grown on TCP (112).
Human mesenchymal stem cells (MSCs) were found to differentiate variably into
myogenic and osteogenic phenotypes when cultured on 10 to 17 kPa (1 × 103) and 41 kPa
polyacrylamide hydrogels, respectively (113). Rat NSCs have been shown to differentiate
preferentially towards a neuronal phenotype on hydrogels with < 1 kPa stiffness (114-116).
This effect has also been observed with human NSCs derived from pluripotent cells (117,
118). On a stiff substrate, it has been reported that rat NSCs upregulate RhoA and Cdc42
activity, which are proteins involved in cell contractility and actin rearrangement, leading
to suppression of neurogenesis (119). Thus, directed differentiation can be achieved by
growing the cells on a stiffness that matches the target organ/tissue, and the stiffness range
of normal brain tissue is reported to be < 1 kPa (120-122).
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Figure 1-5. Range of Young’s modulus found in the body, with representative organs.
Neural stem cells respond to the stiffness of the substrate resulting in differentiation lineage
commitment.
While many reports claim that MSCs can differentiate into neuronal-phenotype
cells on soft substrates, there are disputes on the validity of using MSCs in neurogenesis
studies. There are published reports which show that MSCs contain a highly heterogenous
population of multipotent cells, with some that already express Nestin and βIII-tubulin
prior to being exposed to differentiation factors (123, 124). This suggests that a subpopulation of MSCs are likely preconditioned for neurogenesis, and proper controls must
be implemented in the experimental design. In addition, it has been reported that MSCs
can become quiescent on soft substrates, but can still respond to chemical stimuli to initiate
differentiation (125). These results suggest that substrate stiffness alone, below a certain
threshold, is insufficient to direct terminal differentiation of MSCs towards any specific
phenotype. In addition, chemical differentiation protocols used to induce neurogenesis
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from MSCs, indicated by changes in cell morphology, have also been challenged. Any
morphological change towards that of a neuronal-phenotype (i.e. elongation) in response
to chemical differentiation factors may be due to cytotoxicity of the chemical or solvent,
leading to altered cytoskeletal structure (126-128). Due to these findings, studies using
MSCs and engineered microenvironments for neurogenesis were omitted from the
literature review on engineered microenvironments for neurogenesis.
1.2.3

Hydrogels as a Synthetic Extracellular Substrate

Hydrogels are crosslinked polymer networks which closely recapitulate the
physical and mechanical properties of the native microenvironment (129). The basic
component of a hydrogel is a hydrophilic polymer chain that can be bonded covalently or
non-covalently to form a network. Due to the hydrophilicity, the mass and volume of a
hydrogel is mostly from the aqueous media. The choice of polymer is an essential design
consideration, which can be narrowed down by the specific application. Generally, the
polymers for hydrogel fabrication can be classified as either synthetic or natural.
Among the synthetic polymers, polyethylene glycol (PEG) is by far the most widely
used and new hydrogels formulations based on PEG are still under heavy investigation and
development (130, 131). The advantage of PEG, as well as many other synthetic polymers,
is that the molecular weight (i.e. chain length) and branching of the polymer can be
controlled by the synthesis process, resulting in finely tuned and highly reproducible
material properties (132). Furthermore, PEG is a bioinert polymer, meaning it does not
elicit any immunogenic response from the host when transplanted (133). The main
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disadvantage, however, is that synthetic polymers do not possess any inherent cellrecognition properties which limits cell adhesion, spreading, and migration (134).
In contrast, naturally-derived polymers can possess inherent cell-recognition
capabilities. Some well-known natural polymer examples include proteins such as collagen
(135), gelatin (136), and fibrin (137), as well as polysaccharides such as alginate (138),
chitosan (139), dextran (140), and hyaluronic acid (141). Compared to hydrogels fabricated
from synthetic polymers, hydrogels fabricated using natural polymers can elicit an
immunogenic response and generally have weaker mechanical strength (134, 142). As a
result, composite hydrogels can be fabricated with desirable properties from each category.
For example, hydrogels made from natural polymers to allow for cell-recognition and
biological response can have improved mechanical strength and resistance to degradation
by incorporating synthetic polymers into the formulation (143, 144).
1.2.4

Current State of the Art in Hydrogels for Stem Cell Culture

Current studies utilizing hydrogels for NSC differentiation often involve
encapsulation of the cells into a crosslinked network. This approach, however, has recently
been shown to have major limitations on cell behavior. While cell culture with hydrogels
have advantages over TCP, many of the crosslinking chemistries can result in cell
immobilization. A recent study has shown that mouse NSCs became quiescent, losing stem
cell characteristics and the ability to spontaneously differentiate, when cultured in a highlycrosslinked hydrogel with low degradability (145). Moreover, spontaneous NSC
differentiation in hydrogels has been shown to require major matrix remodeling (146).
These results agree with in vivo studies of the perineuronal net, a complex extracellular
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network of hyaluronic acid, lecticans, tenascins, and link proteins, which prevents neuronal
plasticity (147). Degradation of this network led to increased neuronal activity through
increased synaptic plasticity (148). Thus, new hydrogel designs are starting to incorporate
features which allow for remodeling by the encapsulated cells, such as enzyme-degradable
peptide crosslinkers (149, 150).
Mouse NSCs encapsulated within a chitosan/alginate hydrogel exhibited higher
expression of differentiation markers, though no neurite outgrowth was observed (151). On
a soft chitosan hydrogel surface, rat NSCs have been shown to aggregate and form clusters
of cells (i.e. colonies, neurospheres, spheroids) which were capable of stiffness-dependent
differentiation (115). The same result was observed using rat NSCs and polyacrylamidebased hydrogels, showing that the induced differentiation by mechanical properties (i.e.
stiffness) occurs regardless of polymer type (114). Rat NSCs have also been successfully
cultured within a photopolymerized PEG hydrogel, showing increasing neurite outgrowth
as the hydrogel degraded over time (152). Rat NSCs encapsulated in chitosan hydrogels
resulted in improved neuronal differentiation with increasing porosity (153).
Hyaluronic acid (HA) hydrogels have been of great interest due to the importance
of HA as a structural component in the natural brain ECM and roles during neural
development. The bioactive role of HA is detailed extensively the background of Chapter
3. Human ESC-derived NSCs were successfully cultured in an HA hydrogel, with
improved lineage commitment towards neuronal and oligodendrocyte phenotypes
compared to those grown on TCP (154). Surprisingly, even with cell adhesion peptides
such as RGD, IKVAV, and YIGSR, the cells formed a spheroid instead of spreading.
Another study was published with human iPSC-derived NSCs, showing that encapsulation
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in a photopolymerizable HA hydrogel allowed for enhanced differentiation towards
neuronal phenotypes after 28 days in the soft hydrogels matching the stiffness of brain
(155). This study, however, must be considered with caution since the materials
characterization was not fully described. In another study using the same
photopolymerizable hydrogel system, significant degradation of the hydrogels was
observed at 14 days, and addition of hyaluronidase enzyme resulted in complete
disintegration of the hydrogels within just 24 hours (156). Thus, it is possible that the
encapsulated NSCs had fully degraded their surrounding synthetic ECM and replaced it
with newly secreted, natural ECM.
As mentioned previously, HA can naturally interact with cell surface receptors
(CD44 and RHAMM) to promote adhesion and motility. However, CD44 expression
decreases during differentiation and is completely lost as neuronal maturation proceeds
(157). Traditionally, the protocols used in NSC culture typically require laminin, an ECM
protein found in the basement membranes of many organs including brain (158). Laminin
is reported to be a key factor in NSC adhesion, spreading, motility, proliferation, and
differentiation (159, 160). Unlike CD44, the integrin receptors for laminin are continually
expressed during differentiation and maturation, ultimately affecting neurite outgrowth
(161, 162). Laminin can be incorporated into hydrogel formulations for NSC culture
through various means, such as mixing and physical entanglement (116, 163), coating by
adsorption (164), and chemically bonding (i.e. immobilization or grafting) (165).
Current published studies using NSCs with hydrogels are difficult to compare,
largely due differences in hydrogel formulations, crosslinking chemistries, and cell origin.
Thus, we sought to identify an HA-based hydrogel system that was commonly used with
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NSCs. In the literature, methacrylated HA (MeHA) has been used for culture of both
animal and human NSCs (155, 166, 167). The biological results reported have been
consistent, with softer MeHA hydrogels promoting improved neuronal differentiation
compared to stiffer hydrogels. The focus of Chapter 3 is the synthesis and characterization
of MeHA hydrogels and how the material affects the biological behavior of RVM. The
MeHA hydrogel will be used in combination with the RA-CPP conjugate described above
to promote neuronal differentiation using both molecular and macromolecular cues.
1.3

Hypothesis and Specific Aims
The main goal of this dissertation, provided graphically in Figure 1-6, was the

development and characterization of two biomaterials as enabling tools to study the
neurogenesis of human NSCs in vitro. The results from these studies give insights into how
human NSCs interact with specific molecular and macromolecular signals resulting
directly from the choice of the material components. To meet this goal, a synthetic cell
penetrating peptide was developed to enhance the delivery of retinoic acid to human NSCs
(Chapter 2). The main hypothesis of this chapter was that the CPP would improve the
bioavailability of RA by facilitating its solubility and intracellular delivery, resulting in
enhanced neuronal differentiation. Besides chemical stimulation (i.e. molecular cue), the
response of human NSCs to a soft substrate with Young’s modulus similar to native brain
was assessed. An inexpensive, cosmetic grade hyaluronic acid was modified with a
photopolymerizable functional group which were fabricated into biocompatible hydrogels.
The main hypothesis of this chapter was that culture of human NSCs with the MeHA
hydrogels would result in enhanced neuronal differentiation due to the softer stiffness (i.e.
21

physical cue). Finally, the two biomaterials were used to probe for synergistic effects. The
two technologies described in this dissertation will facilitate in vitro studies using human
NSCs and highlight important areas of study to better understand NSC behavior.

Figure 1-6. Graphical schematic of the main goal of this dissertation. The behavior and
neurogenesis of human NSCs are assessed in response to synthetic soluble and insoluble
factors.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF A RETINOIC ACID-CONJUGATED
CELL PENETRATING PEPTIDE FOR NEUROGENESIS
2.1

Background
2.1.1

Cell Penetrating Peptides

One of the major challenges in pharmaceutical development is the efficient delivery
of hydrophobic compounds, such as RA, in a highly aqueous environment. Several
different technologies are under heavy investigation as vehicles for delivery of
hydrophobic compounds. Some examples of non-viral delivery systems include liposomes
(168), nanoparticles (169), microparticles (170), hydrogels (171), and cell penetrating
peptides (CPPs) (172). Out of these systems, CPPs are attractive due to its biological
constituents which the body can recognize and degrade, resulting in rapid clearance of the
vehicle after delivery.
The earliest CPPs were derived from nature, and the first discovered CPP was the
transactivator of transcription (TAT) peptide from the human immunodeficiency virus
(HIV-1) (173, 174). Several years later, the penetratin sequence from the antennapedia
protein in Drosophila was identified to also easily translocate the cell membrane. Both the
TAT and penetratin sequences are thought to interact with cell membranes through their
positively-charged amino acid residues to facilitate uptake (175). Due to its positivecharge, these CPPs are also often used in gene delivery applications (176). The two amino
acids which elicit positive-charge at physiological pH are lysine and arginine, and arginine
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has shown to interact more strongly with the cell membrane due to its higher positivecharge (primary amine on lysine versus guanidine on arginine) (177).
Aside from charge, the hydrophobicity of the cell membrane can also be a targeted
mechanism for CPP uptake. There are changes in uptake efficiency once the negativelycharged nucleic acids form a polyplex with the CPPs, which reduces the net positivecharge. To overcome this challenge, synthetic CPPs that are amphipathic, having distinct
hydrophilic (polar) and hydrophobic (non-polar) regions in the sequence, have been
developed. The amphipathic CPPs have been shown to possess superior gene delivery
capabilities compared to positively-charged CPPs (178). Some of the amphipathic CPPs
are modified from naturally-occurring sequences, such as the nuclear localization sequence
from Simian Virus 40 T-antigen (179). There are, however, many synthetic CPP sequences
which are specifically designed and engineered with positive-charge and amphipathic
properties, such as the model amphipathic peptide (MAP) (180).
Although the mechanisms of cell-entry by CPPs are widely studied, they are still
not well understood. This is because there are many factors influencing CPP interactions
with cell-membranes, such as concentration, secondary structure, presentation of
hydrophobic and charged residues, and cargo (181). The two main modes of CPP uptake
by cells are classified as active and passive pathways. The active pathways are also known
as energy-dependent, since it requires energy-input from the cell. Examples of this pathway
are receptor-mediated endocytosis (i.e. caveolin/clathrin), macropinocytosis, and
phagocytosis (182, 183). There have also been reports of CPP uptake in a receptorindependent endocytosis pathway, especially when the CPP is derived from a viral source
(i.e. viral-mediated endocytosis) (184). Passive pathways rely on accumulated CPP
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interactions with cell membranes, eventually leading to pore formation and destabilization
in the membrane allowing for entry (185). The three major models of passive CPP uptake
are the inverted micelle model (186), carpet model (187), and the barrel-stave model (188).
Although the bare CPPs have a wide range of entry mechanisms, the attached cargo can
ultimately dictate the uptake mechanism (189).
2.1.2

Design of PepB

A new CPP, presented in Figure 2-1, has been developed with the purpose of
enhancing the delivery of RA to human NSCs for induction of neurogenesis. The base CPP
sequence is very short (6 amino acids) and was designed for cell penetration based on
secondary structure and amphipathic properties. The sequence (termed “PepB”; H2NAAAAEK-COOH) consists of a lysine (K) and glutamic acid (E) residue (polar region)
followed by four alanine (A) residues (non-polar region). This base PepB sequence can be
repeated similar to a polymer (i.e. PepBn; (AAAAEK)n). The carboxyl-terminus (Cterminus) of the CPP is modified with an amide (-CONH2) group, which has been shown
to increase resistance to enzymatic degradation (190). At the amine-terminus (N-terminus),
a rhodamine-based fluorescent dye is orthogonally conjugated to the CPP sequence on the
ε-amino group of an additional lysine residue. Any additional cargo such as RA is
conjugated to the α-amino group of the additional lysine residue. This design choice is
because orthogonal conjugation of hydrophobic, organic dyes has been shown to exhibit
decreased cytotoxicity when coupled at the orthogonal position (176).
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Figure 2-1. Chemical structure of the PepB cell penetrating peptide. Blue is positively
charged lysine residue, Red is negatively charged glutamic acid residue, Pink is a
rhodamine dye, and Green R is the cargo or tail group. Monomeric unit is designated as
PepBn: (AAAAEK)n. The physicochemical properties of PepB3 are modeled using
HeliQuest (bottom left) and Chimera (bottom right) software.
The unique aspect of PepB is its ability to be used at varying sizes (i.e. number of
repeats/length). Increasing the number of PepB repeats has several advantages. First, the
sequence is designed so that the net-charge will be neutral in the base sequence (adjacent
K+1 and E-1). Thus, increasing the number of repeats will not incur charge accumulation
and the penetrating potential of the peptide is theoretically solely based on secondary
structure and cargo, eliminating charge as a variable. Second, the polyalanine sequence
26

plays a vital role in the formation of α-helical secondary structures when polar residues
(i.e. K and E) are included in the sequence (191). CPPs which adopt α-helical secondary
structures have been shown to have improved cell penetration efficiency compared to other
secondary structures (192). For PepB, an alanine residue is incorporated at the beginning
of the sequence for further secondary structure stabilization. The α-helix structure is
stabilized by hydrogen bonding between the carbonyl (C=O) of the first amino acid (i) and
the secondary amine (NH) of the fifth amino acid (i+5), and a full turn is equal to 3.6 amino
acid residues. Thus, the expected result is that multiple repeats of PepB will further
stabilize the structure, resulting in improved cell penetration efficiency.
2.2

Methodology
2.2.1

Solid Phase Peptide Synthesis

Peptides were synthesized step-wise using FMOC SPPS. All reactions were carried
out at rt unless otherwise stated. A predetermined amount of rink amide resin (typically
between 0.1-1 mmol reactive groups) was weighed out and placed into a glass peptide
vessel. The resin was swollen for 30 min in DCM with the vessel cap removed. The DCM
was drained under vacuum and the resin was washed with DMF three times for 5 min each
on a wrist-action shaker (Burell Model 75).
Deprotection of the FMOC groups was carried out by shaking the resin with 2 %
MePip and 2 % DBU in DMF for 20 min. This step was repeated two additional times for
a total of 1 h deprotection. The deprotection of the resin was confirmed by ninhydrin
(Kaiser) test on a small number of resins (<10) recovered using a 20 µL pipette tip and
transferred to a 10 mL glass vial. The Kaiser reagents consist 1 drop each of 0.2 mM KCN
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in pyridine, 50 mg/mL ninhydrin in ethanol, and 4 g/mL phenol in ethanol. The resin in
light-yellow Kaiser solution was incubated for 5 min at 110 °C. Successful deprotection
was indicated by the solution becoming a darker blue-brown color, indicating the presence
of free amine groups for the subsequent conjugation reaction. If there is no color change,
an additional 20 min deprotection was carried out. After deprotection, the resin was washed
three times by shaking with DMF for 5 min each.
The conjugation solution was prepared by dissolving 3 mol. eq. HOBt and HBTU
in DMF along with 3 mol. eq. of the carboxylic acid-containing amino acid or compound.
6 mol. eq. of DIPEA was added to complete the conjugation solution. The conjugation
reaction was carried out by shaking for at least 4 h. The deprotection and conjugation steps
were repeated until the full length of the peptide was completed. Deprotection of the Dde
group was carried out by shaking the resin with 2 % hydrazine in DMF for 1 h. This step
must be performed after capping the final primary amine since hydrazine is also able to
deprotect the FMOC groups. Finally, 2 mol. eq. of the TAMRA dye was conjugated to
finish the peptides.
2.2.2

Peptide Cleaving and Purification

The peptides were washed three times for 5 min by shaking with DMF, followed
by 3 washes for 5 min each with absolute ethanol. With the vessel cap removed, the
peptides were cleaved from the resin by addition of concentrated TFA containing 2.5 %
TIPS and 2.5 % DI water. The resin was left in the cleaving solution for at least 4 h. The
TFA solution containing solubilized peptides were collected into clean 50 mL conical
tubes. The TFA solution was air dried overnight to yield a crude peptide product.
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The crude peptides were precipitated and washed with 20 mL ice-cold diethyl ether
by ultrasonication in an ice bath (Fisher FS110D, 185 W) for 15 min. The peptides were
pelletized by centrifugation at 7200 × g for 15 min at 4 °C and the supernatant was
decanted. This ether wash step was performed two additional times. The residual ether was
air dried off overnight after the final wash. The ether-washed peptides were resuspended
in HPLC-grade water containing 0.1 % TFA at a concentration between 10-50 mg/mL. The
ultrasonic bath was used to fully solubilize the peptides. After vacuum filtering through a
0.22 µm PTFE membrane, peptides were purified by reverse phase HPLC. HPLC-grade
water and acetonitrile containing 0.1 % TFA was utilized as the mobile phase. The ratio
composition of water/acetonitrile was controlled using a Waters 2545 quaternary gradient
module. The peptides were injected through a Luna Phenomenex C5 column at a constant
10 mL/min flow rate. Absorbance peaks were collected at 220 nm and 550 nm using a
Waters 2996 photodiode array detector, corresponding to the absorbance of peptides and
TAMRA dye, respectively. Peaks which overlapped at both wavelengths were collected in
15 mL conical tubes as HPLC fractions. Peaks with the same retention time and shape over
multiple runs were combined into a single 50 mL conical tube. The peptides were air dried
to remove solvents, resuspended in DI water, and lyophilized to obtain final dry peptide
product.
2.2.3

Mass Spectrometry

The lyophilized peptides were reconstituted in an equal mixture of water and
acetonitrile containing 0.1 % FA at approx. 100 µM. This solution was syringe filtered
through a 0.22 µm PTFE membrane into a 2 mL amber glass vial with a septum cap. Exact
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mass analysis was performed by ESI-ToF MS on an Agilent 6520 Q-TOF LC/MS with 175
V fragmentor voltage. 10-100 nL of each sample was injected with an Agilent 1200 series
autosampler at a 1 mL/min flow rate. The detector was set to extended dynamic highresolution mode to obtain up to 3000 m/z. The exact mass was also confirmed with MADLToF MS. Lyophilized peptide samples were sent to Dr. Sung Hwan Yoon at the University
of Maryland, who kindly performed the analysis.
2.2.4

Circular Dichroism

Lyophilized peptides were reconstituted in deionized water between 80-140 µM.
CD Spectra were obtained on an AVIV 410 CD instrument using a 1 mm pathlength quartz
cuvette. Each sample was scanned between 195-240 nm with a 1 nm bandwidth, 10 s/nm
scan time, and three total measurements at 25 °C. The final spectra were obtained by
averaging, smoothing, and plotting in MATLAB. For peptides with three repeats of the
PepB sequence, % α-helix were calculated from an equation published in the literature
(193).
% 𝛼 ℎ𝑒𝑙𝑖𝑥 =

𝜃222 − 𝜃𝑐𝑜𝑖𝑙
𝜃ℎ𝑒𝑙𝑖𝑥 − 𝜃𝑐𝑜𝑖𝑙

Briefly, this equation utilizes the ratio of the difference in ellipticity at 222 nm from the
sample (θ222) and a baseline perfect random coil (θcoil) to the difference in ellipticity at 222
nm for a perfect baseline helix (θhelix) and baseline coil to calculate an estimate of % αhelix content.
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2.2.5

Transmission Electron Microscopy

Lyophilized peptides were reconstituted in deionized water between 10-100 µM. 2
µL was applied to a TEM grid held with fine-tip forceps and allowed to air dry for 30 min.
Afterwards, 5 µL 0.1 % w/v phosphotungstic acid (pH 7.4, 0.2 µm filtered) was applied
for 10 s. Excess solution was removed carefully by blotting with filter paper. The TEM
grids were vacuum dried for 12 h prior to imaging on a JEOL JEM 1400 TEM microscope
fitted with a Gatan UltraScan 1000 CCD camera.
2.2.6

Sterilization

Lyophilized peptides were reconstituted in DMSO between 2-5 mg/mL
concentrations. Peptide solutions were sterilized by filtering through a 0.22 µm PVDF
membrane. Due to potential aggregation of peptides at high concentrations, the
concentration of the filtered solution was determined using a standard curve. The
absorbance of each peptide, unfiltered, was measured by 1:10 dilution in methanol. The
max absorbance of TAMRA dye for each peptide was determined to be 554 nm. The
concentration of the filtered peptide solution was then calculated from the best-fit linear
line.
2.2.7

Cytotoxicity

96-well plates were prepared with laminin coating for at least 4 h prior to cell
seeding. The laminin solution was removed, and the cells were seeded at a density of 1 ×
104 cells/well with 100 µL proliferation medium. After stabilizing for 2-18 h, medium was
exchanged to peptide-containing or RA-containing medium at varying concentrations.
After 24 h, cell viability measurements were obtained using the PrestoBlue™ resazurin
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assay. The wells were washed with PBS three times, followed by incubation with the
PrestoBlue™ solution (1:10 in proliferation medium) for 1 h. Fluorescence measurements
(560/590 nm excitation/emission) were obtained on a TECAN Infinite M200 Pro plate
reader. Background was subtracted from wells containing PrestoBlue™ solution without
cells. Viability values were normalized to untreated control wells. The peptide-containing
medium was also read to confirm no fluorescence signals were coming from the TAMRA
dye on the peptides.
For the RA cytotoxicity curve a 4-parameter logistic Hill model was fit to generate
a sigmoid, allowing for calculation of the LC50 (lethal concentration where 50 % of
population is killed). The model is fit by the following equation where x = concentration,
a = inflection point of the sigmoid curve, b = the Hill slop coefficient describing the
steepness, c = upper asymptote or response at minimum dose, and d = lower asymptote or
response at maximum dose (194).
𝑦(𝑥) = 𝑑 +

(𝑐 − 𝑑)
𝑎
1 + ( 𝑥 )𝑏

The coefficients were solved in MATLAB, and the LC50 was solved by plugging in y =
0.5, corresponding to 50 % cell viability.
2.2.8

Uptake

8-well chamber slides were coated with laminin for at least 4 h prior to cell seeding.
After removing the laminin solution, cells were seeded at a density of 2 × 10 4 cells/well
with 300 µL proliferation medium. After stabilizing for 2-18 h, medium was refreshed to
peptide-containing medium containing 1 µM peptides. After 24 h treatment, wells were
washed with PBS three times. Proliferation medium was replenished, and cells were
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imaged using an Olympus IX-83 microscope fitted with a Live Cell Instrument Chamlide
stage-top incubator system.
Flow cytometry was utilized to quantify the percent of cells that internalized the
peptides. 96-well plates were prepared with laminin coating for at least 4 h prior to cell
seeding. The laminin solution was removed, and the cells were seeded at a density of 1 ×
104 cells/well with 100 µL proliferation medium. After stabilizing for 2-18 h, medium was
exchanged to peptide-containing medium at 1 µM peptide concentration. After 24 h the
medium was removed, and the wells were washed with PBS three times. The cells were
detached by 5 min incubation with 50 µL Trypsin-EDTA. 100 µL of 4 % PFA was added
directly to the wells after detachment. Cell count and fluorescence measurements were
obtained on an Accuri C6 flow cytometer. Fold uptake was calculated after normalization
to signal from untreated controls, which may result from autofluorescence and the media.
2.2.9

Differentiation with RA-PepB3

24-well plates were prepared with laminin coating for at least 4 h prior to cell
seeding. After removing the laminin solution, cells were seeded at a density of 6 × 104
cells/well with 400 µL proliferation medium. The cells were maintained in proliferation
medium for 24-48 h, at which point differentiation was initiated by withdrawal of growth
factors from the media. This method is henceforth called “spontaneous differentiation”. In
addition, 0.1 µM RA was treated to the cells in “RA treatment” groups. Finally, 0.1 µM,
0.5 µM, or 5 µM RA-PepB3 was treated to the cells in “RA-PepB3 treatment” groups.
Differentiation was carried out for 7 days, and media was exchanged every 48-72 hours. A
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total of three media changes were performed during differentiation, replenishing the
chemical soluble factors each time.
2.2.10 Quantitative Immunocytochemistry
On day 7 of differentiation, cells were fixed by treatment with 4 % PFA for 10 min.
The cells were washed with PBS three times, followed by incubation for 30 min with
blocking and permeabilization solution consisting of 5 % v/v donkey serum, 0.3 % v/v
Triton X-100, and 0.02 % w/v sodium azide in PBS. Primary βIII-tubulin antibody
(AB9354, Millipore) was diluted in blocking solution at 1:200 and were treated to the
samples overnight at 4 °C. Afterwards, the samples were washed three times with PBS.
Fluorophore-conjugated secondary antibodies (AP194F, Millipore) were diluted 1:200 in
blocking solution and were incubated with the cells for 1 h at rt. Nuclei were counterstained
with 10 µg/mL Hoechst 33342 for 10 min at rt. The samples were washed a final three
times with PBS and fluorescent microscopy images were obtained on an Olympus IX83
microscope.
The images were imported into ImageJ for cell counting to determine percent of
cells expression βIII-tubulin. The nuclei channel was background corrected, converted to
binary by thresholding, and then a watershed was applied. The number of nuclei in the
resulting image was quantified using the analyze particles plug-in. For the βIII-tubulin
channels, the image calculator function was utilized for background correction. A duplicate
of the original image is made, which is filtered with a gaussian blur. The degree of blurring
was manually chosen by increasing the radius until the major features of the image could
not be identified. This value was typically between 40 to 150. Afterwards, the image
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calculator plugin was used to subtract the gaussian blurred copy from the original image,
resulting in background and autofluorescence correction. This image was then autocontrast enhanced and overlaid with the nuclei channel for manual counting of cells
positive for βIII-tubulin. Only the high intensity, positive stained cells were counted.
2.2.11 Statistical Analysis
All statistical analyses were performed in Microsoft Excel and JMP Pro 13. For
cytotoxicity assessment, each treatment condition was compared against the untreated
control group using a two-tailed student’s t-test. For quantitative flow cytometry data
comparisons, a one-way ANOVA was performed with a post hoc Tukey’s test. To compare
quantitative βIII-tubulin expression, each condition was compared using a two-tailed
student’s t-test. A p-value less than 0.05 was considered statistically significant.
2.3

Results and Discussion
2.3.1

Molecular Weight Analysis

The successful synthesis of peptides was confirmed with mass spectrometry (MS).
Two methods were used to identify the exact mass of the peptides: electrospray ionization
time-of-flight MS (ESI-ToF MS) and matrix-assisted desorption/ionization time-of-flight
(MALDI-ToF MS). The major difference between the two techniques is that in ESI-ToF
MS, the samples are injected as liquid phase and made into charged droplets, often resulting
in multiple mass readings depending on the charge. In contrast, for MALD-ToF the sample
is encapsulated into a solid matrix material and a laser, typically in UV or IR wavelengths,
is used to vaporize a small part of the matrix containing the sample. The desorbed sample
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is then ionized by the nearby matrix molecules. In both techniques, once the sample is
charged it is accelerated by an electrical field towards the detector. The time it takes to
reach the detector is based on the mass to charge (m/z) ratio and samples with larger mass
and less charge take a longer time to reach the detector. After the initial acceleration, the
samples travel through a field-free region, so all samples with the same m/z start with the
same kinetic energy resulting in a very accurate measurement that is solely based on mass
and charge. Table 1 below summarizes the predicted exact mass of PepB variants and
measured masses using the two MS techniques.
Table 1. Mass spectrometry measurement results for PepB variants. All peptides were
confirmed to match the predicted molecular weight.

Peptide Name

Predicted Mass
(Da)

ESI-ToF Mass to
Charge (m/z)

MALDI-ToF
Exact Mass (Da)

Ac-PepB1

1212.6

606.81

1212.66

Ac-PepB2

1753.89

585.64

1754.53

Ac-PepB3

2295.18

574.8

2295.28

C16-PepB1

1409.76

704.92

1409.73

C16-PepB2

1950.11

651.04

1950.52

C16-PepB3

2491.4

623.85,831.47

2491.94

RA-PepB1

1452.79

728.92

1457.01

RA-PepB2

1994.08

667.04

1998.38

RA-PepB3

2535.36

635.6

2539.78

2.3.2

Secondary Structure Analysis

The secondary structure of PepB variants were analyzed by circular dichroism
(CD). This technique is based on the differential absorption of right and left circularly
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polarized light by samples with chirality. The measurements are usually performed at far
UV wavelengths (< 250 nm) for peptides and proteins. The most common secondary
structures, with characterized CD spectra, are the α-helix, β-strand, and random coil (195).
Random coils have a characteristic negative peak at 198 nm and becomes nearly zero past
210 nm. In contrast, β-strands have a positive peak at 198 nm and a negative peak at 217
nm. Finally, the α-helix signal has two distinct negative peaks at 208 and 222 nm.
Although absorbances are measured, the CD signal is typically represented as molar
ellipticity (final angle of the combined polarized light accounting for concentration)
through the Beer-Lambert law using known path length and concentration. For proteins
and peptides, this can be further normalized to mean residue ellipticity which also considers
the number of amide bonds within the sample, allowing for comparison between samples
of different molecular weights. Figure 2-2 below shows the CD spectra of Ac-PepB
samples at approx. 100 µM in deionized water. For peptide amphiphiles, peptide length
has been reported to stabilize secondary structure (196). Thus, we hypothesized that
increasing the number of PepB repeats would result in stabilization of the α-helix. As the
number of PepB repeat units increases from 1 to 3, the characteristic random coil peak at
198 nm becomes more positive, indicating a change in secondary structure. At the same
time, the signals at 208 and 222 nm become more negative, indicating formation of αhelices. There are no indications of β-strand formation since no large negative peak signal
is observed at 217 nm. This data suggests that increasing the number of PepB repeats
further stabilizes the structure, leading to α-helix formation as hypothesized.
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Figure 2-2. Circular dichroism spectra of Ac-PepBn (n = 1,2,3). Increasing the number of
PepB repeats resulted in a more ordered secondary structure.
Next, the secondary structures of PepB3 with varying tail groups were measured. In
addition to RA, palmitic acid (C16) was investigated. In cells, palmitoylation is a naturallyoccurring process in which proteins are covalently modified, usually near the amine
terminus, leading to improved membrane association and is also reported to serve as a
regulatory mechanism for subcellular localization (197). The addition of lipid tails such as
C16 has been reported by others to promote formation of ordered secondary structures
(198). So, we hypothesized that addition of C16 and RA would result in a more defined αhelix secondary structure. As seen in Figure 2-3, conjugation of lipid tails resulted in a
more defined characteristic peak for an α-helix, indicated by the more pronounced negative
peak at 222 nm. Using this peak, the % α-helical content was calculated based on a
previously published equation (193). The % α-helical content in Ac-PepB3 was calculated
to be 16.6 ± 1.1 % (mean ± standard deviation). Addition of the lipid tails resulted in an
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increase of % α-helical content to 26.3 ± 1.1 % and 28.8 ± 1.5 % for C16 and RA,
respectively.

Figure 2-3. Circular dichroism spectra of PepB3 with Ac-, C16-, or RA-tails. Addition of
lipid tails to the PepB sequence resulted in more α-helical conformations.
2.3.3

Self-Assembly of Peptide Nanofibers

Peptide amphiphiles have been reported to self-assemble into nanofiber structures,
mimicking the natural extracellular matrix (199, 200). To investigate if PepB was capable
of higher-order self-assembly, PepB3 variants were prepared at approx. 100 µM in
deionized water at neutral pH and observed under TEM. Self-assembled nanofiber
structures or “worm-like” micelles were observed in all three variants, as seen in Figure
2-4. These types of self-assembled structures have been used to deliver hydrophobic anticancer agents, such as Paclitaxel (201). The proposed mechanism for these carriers is the
release of cargo after lysosomal degradation of the peptide (202). Furthermore, selfassembled peptide amphiphiles can be used in cell culture applications as a hydrogel (203).
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Figure 2-4. PepB undergoes self-assembly to form elongated micelles, a characteristic trait
of peptide amphiphiles. Transmission electron microscopy images of PepB3 with Ac-, C16, or RA-tails allowed for visualization the higher-order nanofiber structures.
2.3.4

Peptide Uptake by ReNcell VM

The uptake of PepB variants by ReNcell VM were visualized using live-cell
microscopy. As a control, 1 µM of the fluorescent TAMRA dye was first treated to the
cells for 24 h to establish if there are any baseline uptake of the dye alone. As seen in
Figure 2-5, the hydrophobic dye did not incorporate into the cells.
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Figure 2-5. Live-cell imaging snapshots of 1 µM TAMRA treatment after 24 h coincubation with RVM. Red fluorescence signal is not detected from the TAMRA dye,
indicating no uptake. Scale bar is 50 µm.
In the literature, it has been reported that stable α-helices enhance uptake of CPPs
(192). We tested the hypothesis that increasing the number of PepB repeats would improve
the cell uptake efficiency. When 1 µM Ac-PepB variants were co-incubated for 24 h with
cells, uptake is observed, indicated by the red fluorescence signals from the conjugated
TAMRA dye seen in Figure 2-6. This demonstrates that the PepB sequence is necessary
for membrane penetration and confirms that as the number of PepB units increased, the
amount of uptake by RVM cells also increased. Some cells were observed to preferentially
uptake PepB more than other cells, showing heterogeneity within the cell population.
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Figure 2-6. Live-cell imaging snapshots of 1 µM Ac-PepB uptake after 24 h treatment to
RVM. Increasing the number of PepB repeats showed an increase in uptake, visualized by
the red fluorescence signal from the TAMRA dye. Scale bar is 50 µm.
The uptake was quantified by flow cytometry by measuring the number of cells
with red fluorescent signal, indicating positive uptake. In these experiments, only total
positively-labeled cells were measured, meaning the actual number of peptides (i.e.
individual molecules) that are internalized per cell is not quantified. In Figure 2-7, the data
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is presented as normalized fold change to control without treatment to account for
autofluorescence. In terms of actual % fluorescent cells, the red fluorescence signal (mean
± standard deviation) from the control groups (i.e. autofluorescence signal) was 2.5 ± 1.1
%. Treatment with 1 µM Ac-PepB1 for 24 h resulted in 8.6 ± 4.1 % fluorescent cells
detected, a 3.4-fold increase compared to control. Under the same conditions, treatment
with Ac-PepB2 and Ac-PepB3 resulted in 14.7 ± 2.4 % (6-fold) and 23.8 ± 6.3 % (9.6-fold)
positive labeling, respectively. When PepB lengths were compared using a non-lipid tail
(Ac), a linear trend of uptake is observed.

Figure 2-7. Increasing PepB repeat number results in increased uptake by ReNcell VM,
indicated by increased number of red fluorescent cells quantified by flow cytometry. Error
bars are depicted as standard error. Significantly different groups are indicated by different
letters (p < 0.05).
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Next, the effect of addition of lipid tails on uptake was investigated with live-cell
microscopy and flow cytometry. It was hypothesized that due to increased % α-helix, both
RA and C16-PepB would result in increased uptake. Furthermore, it was hypothesized that
the length of the peptide would again play a role in uptake. Compared to Ac-PepB samples,
both C16-PepB and RA-PepB exhibited a noticeable increase in the uptake by RVM, as
shown in Figure 2-8 and Figure 2-9. The first hypothesis was confirmed, but interestingly
the length of PepB did not correlate to the uptake efficiency once lipid tails were added.
This may be due to improved amphipathicity (or amphiphilicity) by addition of a very
hydrophobic tail. Increased amphipathicity has been reported to improve uptake of short
peptide sequences, presumably through generation of larger hydrophobic moments which
enhance interactions with the cell membrane leading to endocytosis (204). In the case of
Ac-PepB, the amphiphilicity comes from the alternating charged residues (hydrophilic)
and alanine repeats (hydrophobic). As shown previously in the PepB design, the net
hydrophobic moment is zero (without the TAMRA dye). Thus, addition of a large
hydrophobic tail group would substantially change the amphiphilicity and the hydrophobic
moment of the molecule.
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Figure 2-8. Live-cell imaging snapshots of 1 µM C16-PepB uptake after 24 h treatment to
RVM. Increasing the number of PepB repeats did not affect uptake, visualized by the red
fluorescence signal from the TAMRA dye. Scale bar is 50 µm.
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Figure 2-9. Live-cell imaging snapshots of 1 µM RA-PepB uptake after 24 h treatment to
RVM. Increasing the number of PepB repeats did not affect uptake, visualized by the red
fluorescence signal from the TAMRA dye. Scale bar is 50 µm.
Shown in Figure 2-10, when quantified with flow cytometry C16-PepB1, C16PepB2, and C16-PepB3 positively labeled 83.4 ± 2.3 % (34.5-fold), 82.6 ± 1.3 % (34.2fold), and 81.2 ± 2.5 % (33.5-fold), respectively. Under the same treatment conditions, RAPepB1, RA-PepB2, and RA-PepB3 resulted in positive cell labeling of 79.9 ± 1.7 % (33.9fold), 79.6 ± 3.1 % (32.9-fold), and 81.3 ± 2.1 % (33.6-fold), respectively. No statistical
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significance was found between these treatment conditions. All lipid tailed PepB uptake
by RVM were significantly increased compared to Ac-PepB3.

Figure 2-10. Adding a hydrophobic tail to PepB significantly affects the uptake,
outweighing effects from the number of PepB repeat units. Error bars depicted as standard
error. Significant differences are indicated by different letters (p < 0.05).
2.3.5

Cytotoxicity of PepB Variants and RA

The cytotoxicity of the PepB variants were assessed by treating RVM for 24 h with
peptides in a range of concentrations typically used for RA-induced neurogenesis (205,
206). As shown in Figure 2-11, all PepB variants were found to be non-toxic after 24 h
treatment up to 5 µM.
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Figure 2-11. Cytotoxicity of PepB variants on ReNcell VM measured with PrestoBlue™.
No cytotoxicity is observed up to 5 µM. Error bars are depicted as standard error.
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The cytotoxic potential of RA-PepB3 and RA were compared at higher
concentrations. We hypothesized that the decreased hydrophobicity of RA by conjugation
to PepB would result in less severe membrane disruptions, leading to decreased
cytotoxicity. As seen in the cytotoxicity curve in Figure 2-12, RA begins to exhibit
cytotoxicity after 1 µM, whereas RA-PepB3 is not cytotoxic up to 10 µM. The LC50 (lethal
concentration 50, defined as the concentration where 50 % of the population is killed) was
calculated by fitting a 4-parameter logistic Hill model to generate a sigmoid curve to the
RA cytotoxicity data. The resulting fit line has an R2 of 0.984, and the calculated LC50
from this curve is 7.77 µM. This result suggests that RA-PepB3 decreased the overall
cytotoxicity of RA, potentially allowing for higher doses to be treated to RVM for
differentiation.

Figure 2-12. Cytotoxicity curve of RA and RA-PepB3 after 24 h treatment to RVM. A
sigmoid curve fitting using the 4-parameter logistic Hill model was used to determine an
LC50 of 7.77 µM for RA. Error bars are depicted as standard error.
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2.3.6

Chemical Differentiation

The differentiation efficiency of RA-PepB3 was compared against RA and
spontaneous differentiation conditions. It was hypothesized that RA-PepB3 would enhance
neuronal differentiation compared to RA, due to the increased intracellular availability.
After 7 days of differentiation, statistically significant differences in βIII-tubulin
expression, an early neuronal marker, was observed. As seen in Figure 2-13,
spontaneously differentiated RVM resulted in 2.13 ± 0.59 % (mean ± S.D.) of cells
positively expressing βIII-tubulin. In comparison, 0.1 µM RA treatment resulted in 4.29 ±
1.92 % of positively-stained cells. Interestingly, 0.5 µM RA-PepB3 was required to have
the same differentiation activity (no statistical significance) as 0.1 µM RA, with 3.58 ±
0.78 % of cells being positively-stained. One potential explanation is that RA-PepB3
becomes entrapped within lysosomes after endocytosis, which requires some time before
the peptide is degraded and the RA can be released into the cytosol (208). Based on the
cytotoxicity results, treatment with 5 µM RA-PepB3 was also tested. This is a 10-fold
higher concentration compared to 0.1 µM RA, and at a range where RA alone would be
cytotoxic. For this experiment, we hypothesized that more cells may be induced into
neuronal differentiation due to the increased availability of RA. This was confirmed by
quantitative immunocytochemistry staining, showing that the cells treated at this
concentration had a significantly increased βIII-tubulin expression level after just 7 days.
In this treatment group, 5.4 ± 1.38 % of cells were positively-stained for βIII-tubulin, which
is 1.3-fold more than 0.1 µM RA and 2.5-fold more than spontaneous differentiation.

50

Figure 2-13. Quantitative immunocytochemistry results of RVM differentiated for 7 days
by spontaneous differentiation, RA, or RA-PepB3 treatment. The early neuronal marker
βIII-tubulin is stained with a green fluorescent secondary antibody and nuclei are
counterstained blue with DAPI. Scale bar is 200 µm. Error bars depicted as standard
error. Groups with different letters are statistically significant (p < 0.05).
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2.4

Summary
In summary, a new cell penetrating peptide termed PepB was designed to enhance

delivery of RA to RVM for inducing neuronal differentiation. The major highlighted
characteristic of PepB is its ability to form an α-helical secondary structure, which becomes
stabilized with increasing number of PepB repeats. The amphiphilicity was enhanced by
conjugation of lipid tails such as RA or C16, leading to significantly increased uptake by
RVM. All PepB variants were non-toxic up to 5 µM. When compared to RA alone, RAPepB3 showed attenuated cytotoxicity after 1 µM, up to 10 µM. This allowed for a higher
concentration of RA to be used in neuronal differentiation experiments. After
differentiating for 7 days, RVM treated with RA-PepB3 significantly increased the number
of cells expressing the early neuronal marker βIII-tubulin compared to just spontaneous
differentiation. Furthermore, high concentration RA-PepB3 treatment at a concentration
cytotoxic for RA alone resulted in an increased number of cells expressing βIII-tubulin.
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CHAPTER 3
CULTURE OF HUMAN NEURAL STEM CELLS ON SOFT METHACRYLATED
HYALURONIC ACID HYDROGELS
3.1

Background
3.1.1

Photopolymerization

Besides the choice of polymer to use in constructing a hydrogel, discussed in the
introduction, the next design choice is the crosslinking mechanism which is the driving
force behind network formation and sol-gel transition. The type of crosslinker used must
be carefully considered, as it affects both resulting material properties of the hydrogel as
well as the biocompatibility (209). In general, the crosslinking mechanism can be grouped
into two major categories: reversible and non-reversible (210). Examples of reversible
crosslinking include ionic crosslinking such as those seen in calcium alginate hydrogel
systems, where the divalent calcium ion is electrostatically stabilizing the negative charge
on the carboxyl group of alginate (211). Another example are hydrogels fabricated from
polymers possessing functional groups suitable for supramolecular chemistry (212). These
types of hydrogels undergo sol-gel transition based on stabilization from hydrogen
bonding, metal coordination, or π-π stacking on a macromolecular level (213).
In non-reversible or chemical crosslinking, a covalent bond is formed between two
chemical functional groups (i.e. amide, ester, carbon-carbon) resulting in a much more
stable structure. As a result, these hydrogels are more resistant to degradation and are
mechanically stronger (214). Photoreactive polymers such as MeHA are capable of
undergoing a type of polymerization known as free radical polymerization to form carbon53

carbon bonds. The photopolymerization process for MeHA used in these studies is
presented in Figure 3-1 below. The prerequisites for this type of reaction are monomers or
polymers with -ene functionalities (carbon-carbon double bond) such as (meth)acrylates
(215). In the presence of light (usually UV), a photoinitiator forms radical electrons which
propagate through these carbon-carbon double bonds to form carbon-carbon single bonds,
resulting in a crosslinked network. Compared to chemical crosslinking methods, the rate
of polymerization in a radical reaction is much faster and allows for spatio-temporal control
(216). Due to these properties, photopolymerized hydrogels are often used in situ as
injectable drug and cell carriers. However, there are concerns over biocompatibility due to
the cytotoxicity of the photoinitiator (217) and phototoxicity of the light source (218).

Figure 3-1. Photopolymerization schematic of MeHA. In the presence of a photoinitiator
such as Irgacure 2959 and a UV light source, radical polymerization occurs and results in
a sol-gel transition.
While there are many photoinitiators to choose from, there is a very limited
selection when working with biological systems. This is due to the fact that most of the
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commercially available photoinitiators are non-water soluble. As a result, Irgacure 2959
(2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone) is almost exclusively used for
photopolymerization of hydrogels due to its limited solubility in water, and is the goldstandard when comparing development of new photoinitiators (219, 220). The radical
electron generation from photoinitiators can be achieved through photocleavage (type I),
hydrogen abstraction (type II), or cationic initiators (215). Type I photoinitiators such as
Irgacure 2959 form radicals upon photolysis (220). Type II photoinitiators such as
benzophenones require a co-initiator, usually an aromatic amine or thiol, to act as a
hydrogen donor in response to light, leading to formation of a ketyl radical (221, 222).
Cationic initiators are not used in biological applications due to the generation of protonic
acids as the major initiator species which are highly cytotoxic (223). The generation of
radical electrons can interact with cellular processes with detrimental effects. The damage
caused by radicals have been long implicated to play roles in oxidative stress and disease
development, including neurodegenerative diseases (224-226). Thus, any photoinitiator
being used with living cells must be assessed for their potential cytotoxicity, which can
vary between cell lines (217).
3.1.2

Hyaluronic Acid

Hyaluronic acid (HA), also known hyaluronan, is a naturally-occurring
polysaccharide found in the body. The chemical structure of HA is provided below in
Figure 3-2. The sodium salt form, hyaluronate, is commercially available from many
sources. The monomer repeat unit is a disaccharide, composed of D-glucuronic acid and
N-acetylglucosamine. HA is most abundant in the skin (227) and synovial fluid (228), but
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is also the major structural component of the brain extracellular matrix (229, 230). In cells,
HA is synthesized by the membrane-bound enzyme HA synthase and extruded out into the
extracellular space through pore structures (231).

Figure 3-2. Chemical structure of hyaluronic acid.
Native HA is considered high molecular weight, typically ranging between 1 × 106
and 8 × 106 Da (232). The turnover rate for HA is rapid and location dependent, and
degradation is targeted by hyaluronidase enzymes at the β(1-4) glycosidic linkages (233).
While HA can be extracted from animal tissue and purified for use, most commercially
available HA is produced through microbial means using recombinant synthesis and
defined culture conditions (234). These methods, however, produce concerns over
immunogenicity and potential endotoxins in the polymer product. Alternative approaches
such as cell-free systems and

genetically engineered microbes that do not produce

endotoxins are being explored (235).
Lower molecular weight and oligomeric (< 100 repeats) forms of HA can be
produced by controlled degradation of high molecular weight HA through irradiation, acid,
or enzymatic processes (236-239). Controlled synthesis of low molecular weight or
oligomeric HA is important because the molecular weight of HA has been shown to play
distinct roles in biological functions. HA interacts with cells through receptors on the
membrane surface, namely CD44 and RHAMM (receptor for HA-mediated motility)
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(240). It is now widely believed that high molecular weight HA (> 1 × 106 Da) acts as an
inhibitor for most cellular activity, including angiogenesis, astrocyte activation, and
differentiation, resulting in stem cell quiescence. On the other hand, low molecular weight
oligomeric HA (< 100 repeat units) is highly bioactive and can induce differentiation (241).
In NSCs specifically, high molecular weight HA has been shown to promote quiescence
through increased CD44 interactions (242).
Currently, all the published HA hydrogel systems for in vitro neurogenesis studies
are developed using high molecular weight HA (149, 154, 155, 166, 167, 243-246). It can
be argued that after an insoluble crosslinked network is formed, the molecular weight of
the initial polymer is no longer applicable. It has been reported, however, that MSCs can
have varying osteogenic differentiation profiles in response to HA hydrogels of different
molecular weights (247). However, the authors did not investigate whether this could also
be due to differences in the stiffness that resulted from changing the molecular weight.
Aside from possible biological effects, there are several advantages to using low molecular
weight and oligomeric HA for the purpose of chemical modification reactions.
Even at dilute concentrations (< 1 % w/v, 10 mg/mL), high molecular weight HA
forms a highly viscous solution. At molecular weights greater than 2.1 × 104 Da, the
reduced viscosity value (defined as relative viscosity normalized by mass) increases with
concentration (248). This relationship has been attributed to macromolecular crowding of
HA polymers in solution, which can be visually described as individual macromolecules
(i.e. HA polymers) overlapping one another, effectively limiting the amount of solvent
interactions and total molecular movement (249). For HA at 1 × 106 Da molecular weight,
macromolecular crowding is estimated to start occurring at a concentration exceeding 1.4
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mg/mL. In a highly viscous solution, molecules that do not move as frequently or quickly
are less likely to participate in a chemical reaction. For the purpose of hydrogel synthesis,
this means that chemical reactions used to modify high molecular weight HA and
subsequent crosslinking reactions may not be optimal, especially for scale-up.
Furthermore, hydrogel sterilization is a critical process which requires careful
consideration. The sterilization method should not alter the material properties (250).
Precursor solutions made from low molecular weight and oligomeric HA are able to be
filter sterilized prior to polymerization, which greatly reduces possibility of premature
crosslinking and chemical or thermal decomposition compared to other sterilization
processes.
3.1.3

Cosmetic Grade Hyaluronic Acid

A significant challenge for scale-up of any manufacturing process is the cost of
production. The price of HA varies widely depending on purity and can range anywhere
between tens of dollars per gram to hundreds of thousands of dollars per gram. For many
of the publications in the literature, research grade (pharmaceutical grade) HA is used,
which can cost several hundred dollars per gram. On the other hand, cosmetic grade HA
which has > 95 % chemical purity can be obtained at a fraction of the cost. In addition,
cosmetic grade HA is already used in vivo as FDA-approved dermal fillers (251).
Besides chemical purity, another concern with using HA is with potential microbe
and bacterial endotoxin contamination from the production process, as discussed above
(234). While pharmaceutical (research) grade HA is advertised with higher purity (> 98
%), some level of endotoxins can still be detected (252). While the cosmetic grade HA may
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contain impurities, we hypothesized that a similar purity end-product could be obtained
after the chemical modification and purification process. In this study, a methacrylation
reaction is used to create photopolymerizable HA described in the literature (253) using an
inexpensive low molecular weight cosmetic grade HA. If successful, the hydrogel platform
can be mass produced at a significantly decreased cost. In addition to materials
characterization, the adhesion, spreading, proliferation, and differentiation of RVM is
assessed using the hydrogel as a biomimetic soft substrate.
3.2

Methodology
3.2.1

Methacrylation of Hyaluronic Acid Oligomers

Cosmetic grade (CosChemSupply) low molecular weight hyaluronic acid (mw avg
8.5 kDa) was dissolved in deionized water at 1 % w/v by magnetic stirring at rt in a threeneck round bottom flask. After complete dissolution of the HA oligomers, the solution was
chilled on ice for 5 min. The pH was adjusted to 8-9 by dropwise addition of 5 N NaOH.
While stirring on ice, 20 mol. eq. methacrylic anhydride was added dropwise to the HA
solution. During this step, methacrylic anhydride forms methacrylic acid spontaneously
and so the pH was maintained as necessary with continuous addition of 5 N NaOH. After
complete addition of methacrylic anhydride, the reaction was carried out over 2 h on ice.
The pH is constantly monitored and adjusted during the entire reaction process. The
reaction mechanism is provided in Figure 3-3 below.
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Figure 3-3. Mechanism of methacrylation of HA using methacrylic anhydride. The ester
bond is formed on the primary alcohol of the N-acetylglucosamine subunit of HA through
an acid anhydride esterification reaction.
After 2 h, the reaction solution is transferred into glass graduated cylinders and
allowed to rest for 30 min at rt. The resulting mixture phase separates into three distinct
layers: an aqueous upper layer containing the modified HA oligomers, a middle interphase
layer of methacrylic acid byproduct, and a lower organic layer of unreacted methacrylic
anhydride. Using a serological pipette, the upper aqueous layer was carefully extracted and
placed into dialysis bags. The oligomers were dialyzed for at least 72 h in distilled water,
changing the water once daily. Dried MeHA was obtained by lyophilization and were
stored desiccated at -20 °C until use.
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3.2.2

1

HNMR

The degree of modification (% methacrylation) was determined by 1HNMR
analysis. Lyophilized MeHA was reconstituted in deuterium oxide at 10-15 mg/mL
concentrations. The solution was loaded into glass NMR tubes (Type 1 Class A Glass 5
mm diameter 600 MHz, Wilmad-LabGlass) and spectra were obtained on a Bruker Avance
III HD 500 MHz instrument. Degree of modification was calculated using three different
methods reported in the literature, which are discussed in detail below. The average degree
of modification and standard deviations were calculated from three independent synthesis
batches of MeHA.
3.2.3

Cytotoxicity

96-well plates were prepared with laminin coating for at least 4 h prior to cell
seeding. The laminin solution was removed, and the cells were seeded at a density of 1 ×
104 cells/well with 100 µL proliferation medium. After stabilizing for 2-18 h, medium was
exchanged to medium containing serially diluted MeHA or Irgacure 2959. After 24 h, cell
viability measurements were obtained using the PrestoBlue™ resazurin assay. The wells
were washed with PBS three times, followed by incubation with the PrestoBlue™ solution
(1:10 in proliferation medium) for 1 h. Fluorescence measurements (560/590 nm
excitation/emission) were obtained on a TECAN Infinite M200 Pro plate reader.
Background was subtracted from wells containing PrestoBlue™ solution without cells.
Viability values were normalized to untreated control wells. For the cytotoxicity curves, a
4-parameter logistic Hill model was fit to generate a sigmoid, allowing for calculation of
the LC50. The model equation is provided in the methodology of Chapter 2.
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3.2.4

Hydrogel Fabrication

Lyophilized MeHA was dissolved at 100 mg/mL (10 % w/v), 50 mg/mL (5 % w/v),
or 25 mg/mL (2.5 % w/v) in deionized water containing 0.1 % w/v Irgacure 2959. The
Irgacure 2959 photoinitiator was first dissolved for at least 24 h in the dark due to its limited
solubility in water. The hydrogel precursor solution was aliquoted into silicone molds or
well plates and exposed to 305 nm UVB light, placed 2 cm away from the hydrogels, for 5
min to initiate radical polymerization. The resulting hydrogels were washed three times
with PBS to remove any potential unreacted precursors.
3.2.5

Rheology

The hydrogels were polymerized in silicone molds with 0.5-inch diameter for
rheology. Following PBS swelling for 15 min, the samples were transferred to the testing
plate and manually loaded to positive normal force with parallel plate set-up. The samples
were heated to 37 °C and equilibrated for 60 seconds before measurements were taken. A
strain sweep was conducted between 0.1 to 10 % strain, at a constant 1 Hz frequency to
determine the linear viscoelastic region. The storage and loss moduli were measured using
a frequency sweep between 0.1 to 10 Hz at a constant strain within the linear viscoelastic
region (0.5 % strain for all samples).
3.2.6

Sterilization and Preparation for Cell Seeding

MeHA was dissolved at 50 mg/mL and 25 mg/mL in deionized water containing
0.1 % w/v Irgacure 2959. After complete solubilization, the solution is heated in a 37 °C
water bath for 5 min. The precursor solution is sterilized by passing through a 0.22 µm PES
syringe filter under a biosafety cabinet. The precursor solutions were aliquoted into 9662

well plates at 50 µL/well, pipetting carefully to ensure no air bubbles are formed. The
polymerization was initiated by exposure to 305 nm UVB light for 5 min. After
polymerization, the hydrogels were washed with sterile PBS three times for 5 min each.
Next, the hydrogels were incubated at 37 °C with DMEM/F12 for at least 4 h. During this
step, a 20 µg/mL laminin solution in DMEM/F12 was also used for the biological
experiments described below. After 4 h, the DMEM/F12 solution was removed and the
hydrogels were incubated with proliferation medium for at least 30 min at 37 °C prior to
cell seeding.
3.2.7

Carbodiimide Conjugation of Laminin

In addition to physical adsorption of laminin described above, chemical
immobilization or grafting was also tested using a modified protocol previously reported
for antibody immobilization on HA hydrogels (254). A general schematic for this reaction
is presented in Figure 3-4 below. Following polymerization and sterile PBS washing,
hydrogels were swollen for 30 min in sterile 0.1 M MES buffer (pH 4.7) at 37 °C. Next, a
sterile 100 mM EDC HCl and 120 mM NHS in 0.1 M MES buffer (activation solution)
was added to the hydrogels. The activation solution was incubated with the hydrogels for
2 h at 37 °C on a plate rocker. These amounts of reactants were in large excess to the
number of carboxylic acid groups on the HA D-glucuronic acid subunit. Afterwards, the
hydrogels were washed three times for 5 min each with sterile PBS. Laminin was diluted
to 20 µg/mL in DMEM/F12 and were incubated with the hydrogels for 4 h at 37 °C on the
plate rocker. Once the laminin conjugation was finished, the hydrogels were washed a final
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three times for 5 min each with sterile PBS. The hydrogels were incubated at 37 °C with
proliferation medium for at least 30 min prior to cell seeding.

Figure 3-4. Schematic workflow of the EDC/NHS laminin-conjugation process to surface
functionalize the MeHA hydrogels with laminin.
3.2.8

Quantification of Laminin on Hydrogels

The amount of laminin on the hydrogel surface was quantified by fluorescence
analysis on an IVIS imaging system. After either physical adsorption or carbodiimide
conjugation of laminin, the hydrogels were washed three times for 5 min each with PBS.
Then, the hydrogels were incubated at 4 °C overnight with an anti-laminin antibody diluted
1:200 in PBS. After removing the antibody solution, hydrogels were washed three times
for 5 min each with PBS. A 1:200 dilution fluorophore-conjugated secondary antibody was
applied to the hydrogels for 1 h at rt in the dark. The hydrogels were washed three times
for 5 min each with PBS followed by a 30 min incubation at rt with PBS in the dark.
Hydrogel samples without laminin also received antibody treatment to account for potential
signal from non-specific staining. In addition, hydrogels without any antibody treatment
was measured to account for autofluorescence. Three samples for each condition were
measured and quantified. After obtaining the raw fluorescence count, each hydrogel
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condition was normalized to the non-laminin and non-antibody treated control hydrogels
to remove baseline autofluorescence signals.
3.2.9

RVM Adhesion and Spreading

RVM were seeded on MeHA hydrogels with or without laminin at 1 × 104 cells/mL
in 96-well plates. serial dilutions of known cell numbers were seeded on laminin-coated
TCP in the same plate. The cells were incubated 1 h, which was sufficient for initial
attachment, confirmed with microscopy observation. The cells were co-incubated with 100
µL PrestoBlue™ cell viability reagent diluted 1:10 in proliferation medium for 1 h.
Controls without cells and with hydrogel only were included to account for potential
background and reaction with the hydrogel. Afterwards, 50 µL of the PrestoBlue™
solution from each well was transferred to a new 96-well plate. Fluorescence readings
(560/590 nm excitation/emission) were taken on a Tecan Infinite M200 Pro plate reader.
Background was subtracted from the acellular controls and a standard curve was generated.
After calculating total cell numbers using the standard curve, the results from cells adhered
to hydrogels were normalized to the results from cells adhered to laminin-coated TCP.
Since the initial seeding for these conditions were from the same prepared cell solution,
the percent adhesion was calculated from this ratio.
Cells were seeded using the same protocol for circularity analysis. After 1 h
attachment, cells were rinsed with proliferation medium and treated with 2 µM Calcein
AM for 30 min at 37 °C. Afterwards, cells were rinsed three times with proliferation
medium and imaged in live-cell mode on the Olympus IX83 microscope fitted with a
Chamlide Live-Cell Instruments stage top incubator. The spreading of RVM on surfaces
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was assessed by fluorescence microscopy and circularity analysis (255). Circularity is
given by the equation
𝐶=

4𝜋𝐴
𝑃2

Where C is circularity, A is the area of the object (i.e. cell body), and P is the
perimeter. Images were imported into ImageJ for analysis. Fluorescent pixels were isolated
using the threshold function of ImageJ, and circularity was calculated using the analyze
particles plug-in.
3.2.10 RVM Proliferation and Differentiation on Hydrogels
RVM were seeded at a density of 3 × 104 cells/cm2 on hydrogel surfaces with and
without laminin. Live-cell imaging was used to obtain images of the cells at 24, 48, and 72
h time points. The proliferation media was refreshed at every imaging cycle. The images
were imported into ImageJ and the dimeters of the neurospheres for each condition were
manually measured. After 72 h, differentiation was initiated by growth factor withdraw. At
this point, cells were also treated with 5 µM RA-PepB3. Media was exchanged every 4872 h during differentiation for 1 week, for a total of 3 media/chemical renewals.
Afterwards, cells were fixed by 10 min treatment with 4 % PFA. Nuclei were stained by
10 min treatment with Hoechst 33342. Fluorescence images were taken on an Olympus
IX83 microscope for cell density analysis. The number of nuclei were counted in ImageJ
from different areas of the well per condition to find average cell density. Differentiated
cells were also stained for immunofluorescence analysis, described below.
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3.2.11 Quantitative Immunocytochemistry
The fixed cells were washed with PBS three times, followed by incubation for 30
min with blocking and permeabilization solution consisting of 5 % v/v donkey serum, 0.3
% v/v Triton X-100, and 0.02 % w/v sodium azide in PBS. Primary βIII-tubulin antibody
(AB9354, Millipore) was diluted in blocking solution at 1:200 and were treated to the
samples overnight at 4 °C. Afterwards, the samples were washed three times with PBS.
Fluorophore-conjugated secondary antibodies (AP194F, Millipore) were diluted 1:200 in
blocking solution and were incubated with the cells for 1 h at rt. Nuclei were counterstained
with 10 µg/mL Hoechst 33342 for 10 min at rt. The samples were washed a final three
times with PBS and z-stack fluorescent microscopy images were obtained on an Olympus
IX83 microscope. The images were imported into ImageJ to determine percent of
neurosphere that expressed βIII-tubulin. The z-stack images were combined for maximum
intensity over z, and then the fluorescence channels were separated. The total neurosphere
area was determined by tracing over the neurospheres. A threshold was applied to the green
fluorescence channel, and the area of positive (black) pixels was recorded. The total %
βIII-tubulin per neurosphere was calculated by dividing the area of the green fluorescent
pixels to the area of the neurosphere.
3.2.12 Statistical Analysis
All statistical analyses were performed in Microsoft Excel and JMP Pro 13. Pore
sizes of hydrogels were compared by one-way ANOVA followed by a post hoc Tukey’s
test. Fluorescently-stained laminin was compared using a two-tailed student’s t-test
between each group. Cell adhesion was compared with one-way ANOVA followed by a
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post hoc Tukey’s test. Cell spreading and circularity was also compared by one-way
ANOVA followed by a post hoc Tukey’s test. To compare quantitative βIII-tubulin
expression, each condition was compared using a two-tailed student’s t-test. A p-value less
than 0.05 was considered statistically significant.
3.3

Results and Discussion
3.3.1

Comparison of Cosmetic Grade and Research Grade HA

Both the research and cosmetic grade HA were identical in chemical composition.
All of the major HA peaks are seen in the 1HNMR spectra, as shown in Figure 3-5. No
additional major peaks are seen in the cosmetic grade HA, suggesting that the chemical
purity is similar. When comparing the product spec sheets and certificate of analysis from
the two vendors, the purity was > 95 % for cosmetic grade HA while the research grade
HA was > 98 % purity.

Figure 3-5. 1HNMR spectra of cosmetic grade (red) and pharmaceutical/research grade
(black) HA.
This further supports the hypothesis that cosmetic grade HA could be an
inexpensive alternative for mass production of HA hydrogels. To explore this potential
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further, cosmetic grade HA was utilized for methacrylation reactions. The methacrylation
reaction described above resulted in excellent reproducibility. The 1HNMR spectra of three
different MeHA synthesis batches are presented in Figure 3-6 below. Successful
methacrylation was indicated by the presence of the methyl methacrylate protons (δ 1.9
ppm, δ 5.8 ppm, δ 6.2 ppm). The resulting spectra is similar to those provided in the
literature for MeHA synthesized from research grade HA (166, 256).

Figure 3-6. 1HNMR spectra of MeHA synthesized from cosmetic grade HA from three
separate batches showing high reproducibility. Batch 1 was synthesized by a different lab
personnel. Methacrylation was confirmed by additional peaks at δ 6.2 ppm, δ 5.8 ppm, and
δ 1.9 ppm corresponding to the methyl methacrylate protons.
3.3.2

Degree of Modification (Methacrylation)

As shown in Figure 3-6 and Figure 3-7, the modification of HA with methacrylic
anhydride to yield MeHA was confirmed by 1H-NMR analysis. Upon successful
conjugation, new peaks are detected from the vinyl (H2C=C) groups (δ 6.0 ppm, δ 5.6
ppm). Additional methyl protons (CH3) from the methacrylate are also detected (δ 1.8
ppm). Three distinct methods have been published in the literature for calculating the
degree of modification. In the first method (257, 258), the reference integration is based on
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the fact that each HA monomeric unit consists of a disaccharide ring, totaling 10 hydrogen
atoms including the protons of the methylene carbon (-CH2-OH) and not counting the
anomeric protons (δ 3.0 – 4.2 ppm). The degree of modification can be calculated after
normalizing the integration value from the vinyl protons (δ 6.0 ppm, δ 5.6 ppm) to the
number of protons giving the reference integral. In this case, there are two protons in the
vinyl group (H2C=C) versus ten protons in the HA monomer disaccharide ring. This means
the maximum integration value from the vinyl groups, at 100 % methacrylation, is 0.2.
The second method reported in literature (156, 259, 260) uses the ratio of
integration from the methacrylate groups (δ 6.0 ppm, δ 5.6 ppm, δ 1.8 ppm) to the HA
acetamide group (δ 2.0 ppm). This approach, however, does not always report whether the
integrations are normalized to proton number. The total ratio of protons in this approach is
5 to 3 (methacrylate to acetamide), which needs to be accounted in the calculations. Failure
to do so may result in degree of modification values exceeding 100 %, since the maximum
integration is approx. 1.67 for the methacrylate group. A third less reported method takes
the ratio of the integration of vinyl (H2C=C) protons on methacrylate at δ 6.0 ppm and δ
5.6 ppm to the anomeric protons (HC-O-CH) on the HA rings at δ 4.2 – 4.7 ppm (261).
The proton ratio is 1:1 using these peaks so the sum of the vinyl signals is in equal ratio to
the anomeric proton signals.
Using the first method, which has a proton ratio of 2 to 10 (vinyl to HA ring), the
calculated degree of modification (% methacrylation) from three independent synthesis
batches of MeHA was 56.2 ± 9.6 % (mean ± S.D.). Using the second method, accounting
for the proton ratio as 5 to 3 (methacrylate to HA acetamide), the % methacrylation was
calculated to be 62.3 ± 9.7 %. Using the third method, % methacrylation was calculated to
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be 57.8 ± 9.3 %, with a proton ratio of 1 to 1 (vinyl to HA anomeric carbons). As shown,
the three methods for determining the degree of modification (% methacrylation) yields
similar results, as long as the number of protons are normalized.

Figure 3-7. 1H-NMR spectra of hyaluronic acid (blue), methacrylic acid (red), and
methacrylated hyaluronic acid (black). Methacrylic acid byproduct appear as additional
peaks and shoulders in the MeHA spectrum.
This reaction produces methacrylic acid as byproduct, which continuously lowers
the pH of the reaction solution. The pH must be maintained by continuous addition of
NaOH, since the glycosidic bonds between HA subunits have been reported to degrade
under strong acidic (< pH 1.6) and basic (> pH 12.6) conditions (262). The HA chain has
been shown to be stable between pH 4 and pH 11 (263). In addition to preventing polymer
degradation, under mildly basic solutions (pH 8.0) decreased viscosity is observed. The
proposed mechanism is the disruptions of intramolecular hydrogen bonding through the
abundant hydroxyl groups on the HA chain, which have a pKa of approx. 12-13 (262, 264).
This implies that addition of NaOH leads to increased electrostatic repulsions due to
breaking of hydrogen bonding in the intramolecular network, resulting in decreased
viscosity (265, 266). This effect is much more prominent when using higher molecular
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weight HA polymers for the reaction, due to the high viscosity even at low (< 10 mg/mL)
concentrations.
It is important to note that dialysis was not sufficient in fully purifying the MeHA.
As seen in Figure 3-7, there is an additional methyl (CH3) signal (δ 1.8 ppm) arising from
the methacrylic acid byproduct. The contamination with methacrylic acid is also evident in
the vinyl proton (H2C=C) peaks (δ 5.6 ppm, δ 6.0 ppm) which have a shoulder and
secondary peaks. While methacrylic anhydride is not miscible in water, it exothermically
with water to yield methacrylic acid, which is highly soluble in water. Extensive dialysis
is suggested in protocols utilizing this synthesis route for MeHA (267, 268). When working
with high molecular weight HA, an ethanol precipitation step can be incorporated to obtain
a purer product (166, 269). The oligomeric HA used in this dissertation fail to precipitate
in ethanol, due to insufficient chain length. Therefore, to minimize methacrylic acid
contamination, the reaction product was allowed to phase separate prior to starting dialysis.
This ensured maximal removal of unreacted methacrylic anhydride and prevented further
formation of methacrylic acid during dialysis.
3.3.3

Cytotoxicity of the Individual Hydrogel Components

The cytotoxicity of the precursors was assessed prior to cell encapsulation studies
and also to test cytotoxicity of possible unreacted precursors once hydrogels were formed.
The cells were co-incubated for 24 h with serially diluted concentrations of uncrosslinked
MeHA polymer or Irgacure 2959 photoinitiator. The resulting cytotoxicity data, shown in
Figure 3-8, were analyzed and plotted in MATLAB. The 4-parameter logistic Hill model
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was fit to each cytotoxicity curve which was used to solve for the LC50 values of each
precursor component.

Figure 3-8. Cytotoxicity curve of Irgacure 2959 and uncrosslinked MeHA polymers after
24 h treatment to RVM. A sigmoid curve fitting using the 4-parameter logistic Hill model
was performed using MATLAB. The LC50 of Irgacure 2959 was calculated to be 1.2
mg/mL while the LC50 of MeHA was calculated to be 5.3 mg/mL. Error bars are depicted
as standard error.
Irgacure 2959, after 24 h treatment to ReNcell VM, had an LC50 value of approx.
1.2 mg/mL, corresponding to 0.12 % w/v. In the literature, Irgacure 2959 is used almost
exclusively at 0.5 mg/mL (0.05 % w/v). Inputting this concentration in the model outputs
an expected cell viability of approx. 77.9 %. During direct encapsulation, however, cells
are only exposed to the inactive photoinitiator for a short period of time. The activated
photoinitiator, which was not tested in this study, is expected to be more cytotoxic due to
the damaging effects from radical species (270). Furthermore, there would be additional
phototoxic and genotoxic effects from the UV irradiation that must be considered.
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The uncrosslinked MeHA polymer had a calculated LC50 value of 5.3 mg/mL,
corresponding to 0.53 % w/v. The inability to perform an ethanol precipitation step for
further purification of the low molecular weight oligomeric MeHA polymer was a major
disadvantage compared to high molecular weight variants. As shown previously in the
1

HNMR spectra from this and other published studies (166, 258, 261, 269), methacrylic

acid is often found as a byproduct in the final lyophilized MeHA product, indicated by
shoulders and peaks near the methacrylate proton signals (δ 6.0 ppm, δ 5.6 ppm, δ 1.8
ppm). The reduced pH of the solution due to methacrylic acid contamination was evident
in some of the samples, indicated by yellowing of the phenol red in cell culture medium
when in contact with the hydrogel samples.
3.3.4

Viscoelastic Properties of MeHA Hydrogels

Although the maximum absorption of Irgacure 2959 is approx. 285 nm (UVC
range), published studies on direct cell encapsulation uses 365 nm UVA light which results
in attenuated absorption and activation (220). This is because shorter UV wavelengths are
known to cause more genotoxicity after exposure to cells (271). Based on the precursor
cytotoxicity data, cell encapsulation was not pursued further using the current hydrogel
formulation. Thus, this facilitated the fabrication of hydrogels using 302 nm (UVB)
wavelength light to achieve rapid polymerization. All formulations contained 0.1 % w/v
Irgacure 2959 as the photoinitiator concentration. It was hypothesized that varying the
polymer concentration would allow for hydrogels of varying stiffnesses to be fabricated.
The viscoelastic properties of the hydrogels were measured using a parallel plate
rheometer. Replicate hydrogel samples from different synthesis batches and combined
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batches were tested to assess the full range of possible stiffness. Frequency sweeps between
0.1 to 10 Hz at a constant 0.5 % reveal a trend in viscoelastic modulus with increasing
polymer concentration, as shown in Figure 3-9. The storage (G’) and loss (G”) moduli
were calculated by averaging results between 0.1 to 1 Hz. Under static culture conditions,
the hydrogels should never experience higher frequency shear. Varying the MeHA
concentration between 2.5 %, 5 %, and 10 % resulted in hydrogels with storage (G’)
modulus of 41.9 ± 25.2 Pa, 265 ± 87.2 Pa, and 933.6 ± 199.5 Pa, respectively. A similar
trend is observed with loss (G”) modulus values where hydrogels measured 25.2 ± 3.4 Pa,
87.2 ± 11.7 Pa, and 199.5 ± 39.2 Pa for 2.5 %, 5 %, and 10 % MeHA concentrations,
respectively. This confirms the hypothesis that stiffness can be directly controlled by
modulating the polymer concentration.

Figure 3-9. Rheological measurements of storage (G’) modulus, loss (G”) modulus, and
phase shift (° angle) of MeHA hydrogels with varying polymer concentrations. As MeHA
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concentration is increased, storage and loss modulus increased. The 2.5 % MeHA hydrogel
show breakdown of the microstructures at 5 Hz, indicated by the phase shift increasing to
> 45 °.
In an oscillatory test, a sinusoidal stress-strain response is measured. The storage
modulus (G’) can be thought of as the elastic component of the hydrogel, which has an
immediate stress-strain response. For a perfectly elastic material, the phase shift (i.e. phase
angle, phase difference) between the applied stress and the resulting strain will be 0 °, since
the deformation response will be immediate. The loss modulus (G”) is the viscous portion
of the hydrogel and for a perfectly viscous material, the strain response would be exactly
90 ° out of phase. A crosslinked hydrogel that is structural stable will have a more elastic
behavior (G’ > G”), and the phase shift will be between 0 ° to 45 °. Hydrogels fabricated
with 5 % and 10 % MeHA polymer concentration had phase shifts staying well below 45
° between 0.1 to 10 Hz. At approx. 5 Hz, the crosslinked network of 2.5 % hydrogels began
to break down, as indicated by the phase shift increasing to above 45 °. In static cell culture,
the frequency applied to the hydrogel surface is negligible. Thus, all the presented
formulations can be considered as structurally stable for the purpose of in vitro static cell
culture.
Aside from the viscoelasticity measurements, it was important to know the
conversion between storage (G’) modulus and elastic (E) modulus (i.e. Young’s modulus)
since the latter was the value often reported in initial studies relating substrate stiffness and
NSC behavior (114, 115, 166). The Young’s modulus can be estimated from the storage
(G’) modulus using the equation
𝐸 = 2𝐺′(1 + 𝜈)
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where E is the Young’s modulus, G’ is the storage modulus, and ν is the Poisson’s ratio
(272). The Poisson’s ratio is defined as the ratio of deformation in the longitudinal axis to
the deformation in the lateral axis in response to uniaxial stress. Materials that are
viscoelastic tend to deform laterally, a process called “barreling”, when a compressive
force is applied to the longitudinal axis. For swollen hydrogels, the Poisson’s ratio has been
measured to be between 0.36 to 0.49 (273, 274), though it is assumed to be 0.5 (perfectly
viscoelastic material) in published studies (275, 276). Table 2 below summarizes the
measured G’ and G” values, averaged between 0.1 to 1 Hz, and the calculated E value
assuming ν to be 0.5. The 2.5 % and 5 % MeHA hydrogels fall within the range of Young’s
moduli reported for the brain, while 10 % MeHA hydrogels were stiffer than the range
reported in the literature (121, 277).
Table 2. Measurements (mean ± S.D.) of storage (G’) and loss (G”) modulus from the
hydrogel formulations. Values were calculated by averaging data from 0.1 Hz to 1 Hz in
the frequency sweep results. The Young’s (E) modulus is calculated assuming a Poisson’s
ratio (ν) of 0.5.

MeHA
(% w/v)

G’ Storage
Modulus (Pa)

G” Loss
Modulus (Pa)

Calculated E Young’s
Modulus (Pa)

2.5

41.9 ± 4.8

25.2 ± 3.4

125.6 ± 14.5

5

265.1 ± 20.2

87.2 ± 11.7

795.3 ± 60.7

10

933.6 ± 169.1

199.5 ± 39.2

2800.8 ± 507.2

3.3.5

Scanning Electron Microscopy

The pore sizes on the MeHA hydrogels were visualized using scanning electron
microscopy. We hypothesized that the reduced structural stability and differences in
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stiffness could be explained by differences in the pore network. Analysis of the SEM
micrographs in ImageJ reveals a trend of decreasing pore size with increasing polymer
concentration, as shown in Figure 3-10.

Figure 3-10. Scanning electron microscopy images of MeHA hydrogels. Pore size analysis
reveal a decrease in pore size with increasing MeHA polymer concentration. Significantly
different groups are indicated by different letters (p < 0.05).
Hydrogels fabricated from the lowest MeHA concentration of 2.5 % resulted in the
largest pores with diameters measuring 21.0 ± 1.5 µm (mean ± S.D.). At the intermediate
concentration of 5 % MeHA, the pore diameters significantly decreased to 10.7 ± 0.7 µm.
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At the highest MeHA concentration of 10 %, the pore diameters further decreased to 3.9 ±
0.3 µm, statistically smaller than those in the 5 % hydrogels. As hypothesized, hydrogels
with higher polymer concentrations had a significantly denser crosslinked network,
resulting in smaller pore diameter. This is most likely due to more methacrylate groups
participating in the crosslinking reaction. One important note is that hydrogels were
lyophilized (i.e. freeze dried) in preparation for SEM imaging. Lyophilization is a known
to produce pores, so some of the porous network formation may be the result of freezing
and sublimation of ice crystals (278).
3.3.6

Hydrogel Surface Functionalization with Laminin

For the following experiments, the 10 % w/v (100 mg/mL) MeHA formulation was
excluded since the Young’s modulus of the hydrogel was outside of the range of normal
brain tissue. While HA-based hydrogels are still widely used in NSC culture, the results
from the cytotoxicity experiments suggests that the MeHA formulation in this study was
not suitable for 3D cell encapsulation studies using RVM. Many of the published studies
utilizing MeHA hydrogels successfully with encapsulated cells were with MSCs or other
non-neural cell types. With NSCs and MeHA hydrogels, one published study used mouse
NSCs (166) and two studies have reported human iPSC-derived NSC (155, 167). Groups
that worked with MeHA and NSCs in the past have had either no follow up reports or have
moved to other HA-based hydrogels with different chemistries (154). Although 3D
encapsulation studies using MeHA and NSCs was not feasible with the current formulation,
2D studies using the hydrogel as a soft surface to probe stiffness and viscoelastic effects
on biological response was still possible.
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Laminin was incorporated onto the MeHA hydrogel surface through physical
adsorption (adsorbed) or by covalent conjugation using carbodiimide chemistry
(EDC/NHS). Due to the hydrophilic nature of hydrogels, protein adsorption to the surface
is limited, since the process is mostly entropy-driven (279). Thus, we hypothesized that
laminin adsorption to the hydrogel surface would be limited and covalent conjugation
would increase laminin presentation on the surface of the hydrogels. The amount of laminin
on each hydrogel was visualized and quantified by fluorescence intensity count after
staining with a laminin antibody and a fluorescent secondary antibody, as seen in Figure
3-11.

Figure 3-11. Fluorescence intensity of MeHA hydrogels after staining with laminin
antibody and a fluorescent secondary antibody. Representative images from each condition
are shown on the right. Error bars depicted as standard error. * p < 0.05, ** p < 0.01, ***
p < 0.001.
Both 2.5 % and 5 % MeHA hydrogels showed significantly increased fluorescence
intensity compared to respective control groups, which were incubated with antibodies
only, without laminin. The values are further normalized to a baseline autofluorescence
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signal from hydrogels without laminin nor antibodies. When comparing 2.5 % and 5 %
MeHA hydrogels, the 5 % hydrogels exhibited a significantly higher fluorescence intensity
in both laminin coating methods. Within each formulation, however, there was no
significant difference between adsorption and EDC/NHS conjugated laminin. Although the
hydrogels were placed on a plate rocker during the laminin conjugation reaction, the
reaction time may not have been long enough. The conjugation reaction was carried out
for 4 h to match the incubation times in the adsorption and cell culture conditions.
3.3.7

ReNcell VM Adhesion and Spreading on MeHA Hydrogels

Based on the laminin functionalization results, we hypothesized that incorporation
of laminin would improve RVM adhesion to the hydrogel surface. Fabricated hydrogels
were extensively washed with PBS and cell culture medium to ensure pH neutralization
and removal of any unreacted precursors before cell culture. The percent of adhered RVM
to MeHA hydrogels, normalized to laminin-coated TCP, are presented in Figure 3-12.
Compared to laminin-coated TCP, only 34.9 ± 12.6 % cell adhesion is observed on 2.5 %
MeHA hydrogels and 46.9 ± 7.7 % on 5 % MeHA hydrogels. After laminin coating,
although average cell adhesion was higher, laminin adsorbed hydrogels did not lead to
significantly increased adhesion. On laminin adsorbed hydrogel surfaces, 43.9 ± 7.9 % cell
adhesion was measured with 2.5 % MeHA hydrogels and 53.0 ± 11.7 % with 5 % MeHA
hydrogels. Immobilization of laminin by EDC/NHS chemistry also did not significantly
increase cell adhesion compared to hydrogels without laminin. On 2.5 % MeHA hydrogels
conjugated with laminin, 38.8 ± 7.9 % cell adhesion was measured. On the 5 % MeHA
hydrogels conjugated with laminin, 54.4 ± 18.4 % cell adhesion was measured. When
81

comparing the two laminin-containing hydrogels, however, there was no significant
difference. This result is consistent with the laminin quantification by antibody staining.
The covalent conjugation of laminin could have interfered with active sites on the protein,
resulting in diminished response to antibodies and/or integrin receptors on cells. The 5 %
MeHA hydrogels resulted in significantly more cell adhesion than the 2.5 % MeHA
hydrogels in all conditions. This agrees with previously published reports relating stiffness
to cell adhesion in other cell types (280, 281).

Figure 3-12. Percent cell adhesion of RVM on bare hydrogels, hydrogels with adsorbed
laminin (adsorbed), and hydrogels with conjugated laminin (EDC/NHS). Error bars
depicted as standard error. * p < 0.05.
Spreading of RVM was assessed by calculating for circularity of individual cells.
Quantification of circularity and representative images are presented in Figure 3-13. The
equation for circularity is derived from the isoperimetric problem, which states that given
a closed curve on a plane with a fixed perimeter, the shape with the largest area possible is
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a circle. The circularity equation considers the area of the object, in this case a cell, and
uses the calculated perimeter to find the maximum possible area of a circle with that same
perimeter. Thus, for a cell that is perfectly round the circularity value approaches 1. On the
other hand, a shape that is highly elongated or has many protrusions will have a value closer
to 0.

Figure 3-13. RVM spreading on various surfaces quantified by circularity analysis.
Fluorescence microscopy images of RVM are presented with cell bodies stained by Calcein
AM. Significantly different groups are indicated by different letters (p < 0.05).
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The circularity of RVM on laminin-coated TCP was calculated to be 0.52 ± 0.17
(mean ± S.D.), while cells on 2.5 % MeHA hydrogels and 5 % MeHA hydrogels without
laminin were calculated to be 0.72 ± 0.15 and 0.65 ±0.12, respectively. When compared
using one-way ANOVA and Tukey’s post-hoc test, the cell spreading on laminin-coated
TCP was found to be significantly increased compared to both hydrogel surfaces. These
results suggest that the hydrogel surfaces without laminin were not able to promote
significant RVM cell spreading. The circularity of RVM cells on laminin adsorbed
hydrogel surfaces were 0.71 ± 0.11 for 2.5 % MeHA hydrogels and 0.66 ± 0.15 for 5 %
MeHA hydrogels. On EDC/NHS conjugated laminin hydrogel surfaces, the circularity
measured 0.74 ± 0.15 for 2.5 % MeHA hydrogels and 0.68 ± 0.11 for 5 % MeHA
hydrogels. None of the cells on the hydrogel surfaces showed statistically significant
differences in circularity.
These results suggest that addition of laminin through these two methods were
insufficient in promoting RVM spreading. This result is also reported by others in the
literature (167). For the covalently conjugated laminin, this could be due to altered protein
conformation resulting from the reaction. For adsorbed laminin, a previous study has
shown that the conformation of the laminin protein is dependent on surface hydrophilicity
(i.e. -OH group presentation) (282). Thus, optimization studies are warranted for surface
modification of the MeHA hydrogels with cell adhesion proteins. It has been reported that
adhesion and spreading of cells on a hydrogel surface is also dependent on the stressrelaxation behavior of a hydrogel and not just the stiffness (283). The importance of
viscoelasticity has been further studied in 3D hydrogel systems with the same results (284,
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285). The MeHA hydrogel described was not designed for uncoupling of viscoelastic
properties (i.e. storage and loss moduli), and so this could not be tested.
3.3.8

ReNcell VM Proliferation on MeHA Hydrogels

ReNcell VM that remained attached to the hydrogel surfaces were observed to form
clusters of cells that were similar to neurospheres. This behavior has been described in the
literature, where ESC and iPSC-derived NSCs formed neurospheres in hydrogels after
seeding as single cell suspensions (154, 155). This was an interesting observation since
preaggregation of NSCs into neurospheres has been reported to enhance neuronal
differentiation of RVM (51). The proliferation of these neurospheres were monitored over
time on hydrogels without laminin and are presented in Figure 3-14.
At 3 × 104 cells/cm2 seeding density, after 24 h proliferation the neurosphere sizes
on hydrogel surfaces were not significantly different compared to each other nor the free
floating neurosphere control group. Free floating neurospheres measured 33.2 ± 7.2 µm
(mean ± S.D.) in diameter, while neurospheres on the 2.5 % and 5 % MeHA measured 36.5
± 7.6 µm and 35.1 ± 8.0 µm, respectively. At 48 h, neurospheres in all conditions grew to
a significantly larger size. On 2.5 % and 5 % MeHA hydrogels, neurospheres measured
49.5 ± 24.3 µm and 43.8 ± 10.4 µm, respectively. The free floating neurospheres were
significantly larger than those on hydrogels at this time point, measuring 66.1 ± 15.9 µm.
At 72 h, free floating neurospheres measured 73.8 ± 23.9 µm, still significantly larger than
the neurospheres on the hydrogel surfaces, but not significant compared to 48 h free
floating neurospheres. Neurospheres on the 5 % MeHA hydrogel did not significantly
increase in size compared to those at 48 h, measuring 50.4 ± 13.0 µm. Neurospheres on the
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2.5 % MeHA hydrogels significantly increased in size compared to 48 h, measuring 58.4
± 18.6 µm.

Figure 3-14. RVM proliferates on MeHA hydrogel surfaces by forming neurosphere-like
clusters. The size of the neurospheres increases over time while proliferation medium is
maintained. Error bars depicted as standard error. Significantly different groups are
indicated by different letters (p < 0.05).
The proliferation of RVM on laminin-conjugated hydrogels were also assessed, and
the results are presented in Figure 3-15. No significant differences were observed in
neurosphere size on EDC/NHS laminin-conjugated and bare MeHA hydrogels. 24 h after
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seeding, neurospheres measured approx. 30-40 µm in diameter. At 72 h, the neurospheres
measured approx. 50 to 60 µm in diameter.

Figure 3-15. EDC/NHS conjugation of laminin to MeHA hydrogels did not significantly
affect the proliferation behavior of RVM. Growth profiles of the neurospheres were not
statistically significant at each time point. Error bars depicted as standard error.
3.3.9

ReNcell VM Differentiation with MeHA Hydrogels

RVM was differentiated on the EDC/NHS laminin-conjugated MeHA hydrogel
surfaces and compared to laminin-coated TCP. While the addition of laminin using the
described methodologies did not enhance cell adhesion, we hypothesized that the
successfully adhered cells would still be able to differentiate towards specific cell
phenotypes based on stiffness. However, once differentiation was initiated, live-cell
microscopy revealed that cells were slowly detached and lost over time as the
differentiation process proceeded. This is also reported by others in the literature in
hydrogel encapsulated NSC cultures (153). A recent study reported that the viability of
NSCs cultured within MeHA hydrogels decrease over time during differentiation (154).
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This could be due to the loss of CD44 expression by the NSCs resulting in detachment, or
by apoptosis which occurs naturally during neural development (286).
Nonetheless, minimal cells were observed after the 7-day differentiation time point.
After 7 days of differentiation, cells were fixed with 4 % PFA and stained for nuclei for
quantitative cell density analysis, presented in Figure 3-16. In the laminin-coated TCP
wells, the cell density measured 1126 ± 98 cells/mm2. The cell density was significantly
lower in both 2.5 % and 5 % MeHA hydrogels with EDC/NHS conjugated laminin,
measuring only 43 ± 38 cells/mm2 and 83 ± 46 cells/mm2, respectively. Compared to
laminin-coated TCP wells, these cell densities correspond to an approx. 26-fold decrease
on 2.5 % MeHA hydrogels and an approx. 13.5-fold decrease on 5 % MeHA hydrogels.

Figure 3-16. Cell density of RVM after 7 days of differentiation quantified by counting
nuclei stained with Hoechst 33342. Error bars depicted as standard deviation. Significantly
different groups are indicated by different letters (p < 0.05). Scale bar is 200 µm.
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The

remaining

cells

were

analyzed

for

βIII-tubulin

expression

by

immunocytochemistry. RVM on laminin-coated TCP differentiated normally with a small
population of cells expressing βIII-tubulin. Cells that remained as neurosphere clusters on
the surface of MeHA hydrogels also stained positively, as seen in Figure 3-17. Under
spontaneous differentiation conditions by growth factor withdraw, RVM on the surface of
the 2.5 % MeHA hydrogels resulted in neurospheres with 69.4 ± 2.4 % total area stained
positively for βIII-tubulin. A significantly reduced βIII-tubulin amount per neurosphere
was observed for cells on the 5 % MeHA hydrogel surfaces, measuring 47.5 ± 2.6 % of
total area. When treated with 5 µM RA-PepB3, the RVM grown on 2.5 % MeHA hydrogels
did not see a significant increase in the total βIII-tubulin staining area per neurosphere, at
71.0 ± 2.5 %. On the other hand, cells grown on 5 % MeHA hydrogel surfaces treated with
5 µM RA-PepB3 showed a significant increase in βIII-tubulin expression, with 58.3 ± 2.4
% positively-stained total neurosphere area. These results suggest that the neurospheres on
the softer 2.5 % MeHA hydrogels promoted significantly more neuronal differentiation
compared to those on the stiffer 5 % MeHA hydrogels.
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Figure 3-17. After differentiating for 7 days, βIII-tubulin expression is observed in all
conditions. Cells that stayed as neurospheres until the end differentiation time point on the
MeHA hydrogel surfaces exhibited higher expression of βIII-tubulin per neurosphere on
the softer 2.5 % MeHA hydrogels. Treating with 5 µM RA-PepB3 resulted in significantly
increased βIII-tubulin expression per neurosphere for cells on the stiffer 5 % MeHA
hydrogels.
The differentiation results with human NSCs on the soft MeHA hydrogel agrees
with two previously published results, from Wu et al. and Seidlits et al., relating enhanced
neuronal differentiation of human NSCs in response to a soft stiffness substrate (154, 155).
We, however, did not observe any neurite outgrowth in our cells. While it is widely
accepted that NSCs preferentially differentiate into neuronal-phenotypes on softer
substrates, a stiffer substrate has been reported to be better for neurite outgrowth, due to
increased interactions with focal adhesion kinases (287). There is one study by Prathak et
al. in which primary human NSCs derived from fetal cortex showed the opposite
differentiation behavior, with enhanced neuronal differentiation on stiffer substrates
compared to softer substrates (288).
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One possible explanation for these discrepancies are the source of the NSCs. In the
first two studies, NSCs were derived from pluripotent stem cells, and in the third study the
NSCs were isolated directly from fetal cortex. Methodologies in isolation and culture were
inherently different and would thus lead to differences in the results. In addition, the
hydrogel systems used in all three studies were different. In the first two studies, an HAbased hydrogel is used, though with different crosslinking chemistries. In the third study,
a synthetic silicone-based hydrogel was used after coating with fibronectin. In this study,
the RVM cell line is derived from fetal mid-brain. The MeHA hydrogel used in this study
is the most similar to the first study by Wu et al. with results suggesting enhanced neuronal
differentiation in a softer stiffness microenvironment. Thus, the NSC origin and type of
hydrogel used must be carefully considered for future studies to compare existing results.
The mechanism that drives NSC differentiation based on stiffness is thought to be
related to the YAP/TAZ proteins found in the Hippo cell signaling pathway. Hippo a major
mechanosensory signaling pathway that regulates cytoskeletal tension of cells in response
to their surrounding ECM (289) . It has been reported that cytoskeletal tension prevents
activation of YAP/TAZ (i.e. nuclear localization) which results in stem cell maintenance
and renewal (290, 291). Conversely, the phosphorylation of YAP/TAZ results in its
cytoplasmic degradation which leads to neuronal differentiation (292). The regulation of
YAP/TAZ as a response to substrate stiffness has been previously demonstrated with
human iPSC-derived NSCs (293). Thus, future experiments should investigate whether
stiffness-dependent neural differentiation can be achieved by using chemical inhibitors of
this pathway, without the use of a soft substrate.
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3.4

Summary
A photopolymerizable HA hydrogel was fabricated from inexpensive cosmetic

grade, oligomeric HA. The methacrylation reaction resulted in a comparable 1HNMR
spectra to published reports using research grade HA, with high reproducibility. However,
methacrylic acid byproduct was observed in the final dry product. Hydrogels could be
fabricated by exposing a polymer solution to UV light in the presence of a photoinitiator.
The resulting hydrogel stiffness, ranging between approx. 0.1 to 3 kPa (Young’s modulus),
could be tuned by modulating polymer concentration. The pore sizes of the hydrogels were
inversely proportional to polymer concentration. 3D encapsulation of RVM was not
possible with this formulation due to the cytotoxicity of the precursors. RVM grown on the
hydrogel surfaces exhibited significantly different characteristics compared to laminincoated TCP. RVM on the hydrogels had difficulty attaching, and addition of laminin by
adsorption or covalent conjugation did not improve cell adhesion. Furthermore, the cells
on the hydrogel surface were not able to spread. As the cells proliferated, neurosphere-like
clusters of cells were formed which grew in size (from approx. 30 to 50 µm in diameter)
over time. Upon differentiation, cells began to detach from the hydrogel surfaces, resulting
in low cell numbers after 7 days. However, cells that remained on the surface as
neurospheres stained positively for βIII-tubulin. The total βIII-tubulin expression per
neurosphere was significantly higher in the neurospheres cultured and differentiated on the
softer 2.5 % MeHA hydrogel surfaces. Further treatment with 5 µM RA-PepB3 did not
significantly improve βIII-tubulin expression on the 2.5 % MeHA hydrogel surfaces, but it
did improve neuronal differentiation for neurospheres on the stiffer 5 % MeHA hydrogel
surfaces.
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CHAPTER 4
CONCLUSION AND FUTURE PERSPECTIVES
Two biomaterials were developed as tools to enable human NSC research. The
works from this dissertation attempted to elucidate the biological response of human NSCs
with these biomaterials specifically designed and engineered to promote neurogenesis
through two distinct mechanisms. An RA-conjugated CPP enhanced the neurogenesis of
human NSCs by chemical dosing, while cells grown on MeHA hydrogels resulted in
improved neurogenesis through mechanical dosing using the soft substrate. The
multidisciplinary strategy used in these studies work at the interface of materials science,
organic chemistry, and stem cell biology. Rather than focusing on one specific field, this
approach allowed a unique perspective on how the stem cells interact and respond to the
materials presented. While focusing on either the material science or the biology aspect
would have certainly allowed for more in-depth analyses, our approach resulted in
identification of several areas of research that need further clarification.
For example, while we have shown that the cell penetrating peptides are useful tools
in the intracellular delivery of hydrophobic drugs, the exact uptake mechanism still needs
to be studied in detail. The novel PepB sequence described in this dissertation could
facilitate research in this area, due to it not having charge-dependence to enter the cells.
Thus, the effects of cargo and secondary structure could be further studied to understand
how these physicochemical properties affect cellular uptake of CPPs. The length of PepB
affecting uptake is another interesting phenomenon observed that warrant further
investigation. In addition, the development of PepB opened doors for other therapeutic
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applications. Our lab is currently exploring the potential use of PepB for anti-cancer
applications.
The studies with MeHA hydrogels allowed us to investigate how the RVM human
NSCs respond to a synthetic, biomimetic surface that was previously used with rat NSCs
and human iPSC or ESC-derived NSCs. In our studies, we identified similar challenges
described by others in the literature associated with NSC culture using hydrogels. Several
outcomes which warrant further studies are now very clear. First, the use of hydrophilic
polymers to build hydrogels have inherent issues with cell adhesion due to the lack of
protein adsorption. Others have tried to circumvent this by inclusion of cell adhesive
peptides, but there are conflicting reports in the literature of their effectiveness. However,
further understanding of how cells interact with their surrounding microenvironment must
be clarified. It will be interesting to decouple some of the important physical
characteristics, such as stiffness, degradability, polymer concentration, and topography to
study their individual effects using specifically engineered hydrogels. While the stiffness
of the substrate is now undoubtedly a key player in determining stem cell lineage
commitment, the exact mechanism is still unclear for human NSCs. For human MSCs,
proteins and cell signaling pathways involved in actin rearrangement, such as YAP/TAZ
and Rho-GTP, are the potential regulators of stiffness-dependent differentiation.
Furthermore, the relationship between CD44 and YAP/TAZ has yet to be determined.
Second, the cytotoxicity of the precursor components is often overlooked in many
of the studies. As we have shown in our studies, the chemistries used can significantly
affect the cytotoxicity of the precursor components, especially with sensitive cell types
such as human NSCs. Furthermore, many of the cytotoxicity assessment is simply
94

performed using an esterase-based fluorescence assay. The limitation of this assay is that
when the cells are immobilized in a crosslinked network, there are still active esterases
which can react with the reagents even if the cells are no longer viable. This leads to issues
with false positives in biocompatibility results. Thus, development of new hydrogel
formulations should also include an extensive cell viability study using all precursor
components with relevant (i.e. human) cell types.
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CHAPTER 5
ADDITIONAL WORKS WITH NANOPARTICLES FOR STEM CELL LABELING
5.1

Background
5.1.1

Need for Stem Cell Labeling Agents

As discussed above, nanomaterials are of great interest for NSC research and has
been used to deliver RA for differentiation. Another major application is as cell labeling
agents to track the stem cells post-transplantation. One of the major issues with current
assessments of clinical outcomes in stem cell therapy is the difficulty in studying
integration of transplanted cells with the host tissue (294). As a result, nanomaterials are
being developed for the real-time assessment of the survival, migration, and integration of
transplanted stem cells. The two most important design considerations for new stem cell
labeling nanomaterials are resistance to degradation to allow for long-term imaging and to
not negatively influence the proliferation and differentiation capabilities (295). Among the
different materials, iron oxide nanoparticles are widely utilized due to their magnetic
properties allowing non-invasive visualization using magnetic resonance imaging (MRI)
(296).
5.1.2

Current State of the Art in Magnetic Iron Oxide Nanoparticles

Iron oxide nanoparticles exist as magnetite (Fe3O4), maghemite (Fe2O3), or a
combination of both, with nearly identical crystal structures (297). Both types of iron
oxides can exhibit superparamagnetism, meaning existence of only a single magnetic
domain within a nanoparticle. Below a threshold diameter, individual nanoparticles behave
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as single magnetic domains and the magnetization is canceled out due to random
fluctuation without a magnetic field. This allows the nanoparticles to disperse as a colloidal
suspension. For magnetite, the reported the critical diameter is 25 nm and is 30 nm for
maghemite (298).
While there are numerous publications on the synthesis and characterization of iron
oxide nanoparticles, comparison of biological results has been difficult since both
magnetite and maghemite are reported as iron oxide nanoparticles in the literature.
Furthermore, various cell types and surface coatings are also utilized. For example,
maghemite nanoparticles were shown to induce a dose-dependent cytotoxicity response in
PC12 cells, with significant cytotoxicity being observed after 60 µg/mL (299). In the same
study, it was found that 10 µg/µL injections (20 µg total) in mice significantly decreased
the number of tyrosine hydroxylase positive dopaminergic neurons in the hippocampus. In
a separate study, however, it was shown that maghemite nanoparticles did not exert any
cytotoxic effects on PC12 cells up to 250 µg/mL (300).
The type of surface coating can also significantly affect the biological response. For
example, it has been shown that cytotoxicity profiles of magnetite nanoparticles coated
with proteins or polymers are changed when treated to A549 lung cancer cells (301). The
authors

did

not

report

the

biological

response

in

uncoated

nanoparticles.

Polyvinylpyrrolidone-coated magnetite nanoparticles have been reported to induce
significant cytotoxicity towards SH-SY5Y human neuroblastoma cells after 10 µg/mL
treatment for 24 h, but there are no results reported for uncoated nanoparticles (302). While
uncoated magnetite nanoparticles were shown to be non-cytotoxic up to 250 µg/mL, starch
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and dextran-coated magnetite nanoparticles induced cytotoxicity in PC12 cells at 250
µg/mL (300).
It is also important to consider the cell culture conditions when studying
nanoparticle cytotoxicity. In serum and serum-free media, magnetite nanoparticles with a
hydrophobic oleic acid coating affected SH-SY5Y human neuroblastoma cells differently
in terms of cytotoxicity (303). The authors believe this may be due to formation of a protein
corona in serum-containing media, which has been previously reported to reduce
cytotoxicity (304). Besides serum, the surface charge of the nanoparticles, which is directly
affected by the surface coating, can also lead changes in cytotoxicity and cellular uptake.
It has been shown that SH-SY5Y cells had enhanced uptake for positively-charged
magnetite coated with polyethyleneimine compared to negatively-charged magnetite
coated with polyacrylic acid (305). In primary cortical neurons isolated from chicks, it was
found that positively-charged magnetite nanoparticles coated with polydimethylamine
induced significantly more cytotoxicity compared to magnetite nanoparticles coated with
dextran (306).
To summarize, the nanoparticle surface charge, hydrophobicity, and size can all
affect the biological response. In addition, serum versus serum-free conditions must be
considered due to potential formations of protein coronas. Currently, studies assessing
neurotoxicity of iron oxide nanoparticles often use a model neuronal cell line such as PC12
or SH-SY5Y. Using a relevant cell line (i.e. from human) is very important when assessing
the biological properties of new biomaterials, since the cell-material interaction can vary
widely between animals and humans. Thus, we developed and characterized an iron oxide
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nanoparticle using a one-pot hydrothermal synthesis method and assessed its neurotoxicity
potential with RVM.
5.2

Methodology
5.2.1 Hydrothermal Synthesis of Magnetite Nanoparticles
1.5 mmol Ferric chloride hexahydrate and 7.9 mmol sodium acetate trihydrate were

added to an autoclave vessel with 15 mL ethylene glycol. The reaction was carried out at
200 °C for 24 h. After cooling in a fume hood, excess ethylene glycol was removed, and
the NPs were transferred to a 50 mL conical tube containing 50 % (v/v) ethanol in water.
The NPs were dispersed by ultrasonication at 185 W for 5 min (Fisher Scientific FS110D),
followed by pelletization via centrifugation at 1,000 × g for 5 min. A magnet was used to
pull the smaller magnetic particles to the bottom of the tube. The supernatant liquid was
removed, and the nanoparticles were washed two more times with 50 % (v/v) ethanol in
water. After the final wash, nanoparticles were air dried in a chemical fume hood.
5.2.2 Functionalization of Magnetite Nanoparticles with n-Octyltriethoxysilane
For surface functionalization, the NPs were dispersed in 20 mL of 50 % (v/v)
ethanol in water after the three washes. The coating process utilized to surface modify the
nanoparticles with n-octyltriethoxysilane is based on the Stöber method [33]. The samples
were placed on an orbital shaker (Fisherbrand Incubating Mini-Shaker 02217753) fitted
with a 50 mL tube holder. While the sample was shaking at 400 rpm, 0.2 mmol noctyltriethoxysilane was added. The sample was left to shake for 24 h. The functionalized
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NPs were washed and dried following the previously described protocol for nonfunctionalized nanoparticles.
5.2.3 Electron Microscopy and Nanoparticle Sizing
For scanning electron microscopy (SEM), dried NPs were attached to a piece of
glass slide using double-sided carbon tape and further dried under vacuum for 1 h. The
sample slide was mounted on an SEM stub using copper tape and sputter coated with gold,
and images were obtained using an Agilent 8500 FE-SEM. For transmission electron
microscopy (TEM), dried NPs were suspended at a concentration of 0.1 mg/mL (in 50/50
% v/v ethanol/water) and 2 µL of this suspension was added to a TEM grid. The sample
was air dried overnight and then imaged with a JEOL JEM 1400 TEM microscope fitted
with a GATAN UltraScan 1000 CCD camera. The ImageJ software [34] was used to size
the diameters of individual NPs from TEM images and aggregate sizes from SEM images.
5.2.4 Dynamic Light Scattering and ζ-Potential
Dynamic light scattering (DLS) and zeta potential (ζ-potential) measurements were
conducted on a Zetasizer Nano ZS to assess the hydrodynamic radii and colloidal stability
of nanoparticles, respectively. Measurements were taken in deionized water adjusted to pH
7.0 using dilute hydrochloric acid and sodium hydroxide. Samples were prepared at 0.1
mg/mL concentrations, diluted from a 10 mg/mL stock solution. Immediately before
measurements, the NP suspensions were ultrasonicated at 185 W for 5 min. Following
ultrasonication, the NP suspensions were transferred into 1 mL disposable cuvettes with 1
cm path length for DLS and disposable folded capillary cells (DTS1060) for ζ-potential
measurements.
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5.2.5 X-ray Diffraction
NP samples were probed for Fe3O4 crystal structure using powder X-ray diffraction
(XRD). Samples were ground into fine powder using a glass tissue grinder in a 50 mL
conical tube. Spectra was obtained using a Bruker D8 Advance instrument fitted with a
copper X-ray source and a LYNXEYE XE detector. Scattering was attenuated with an antiscatter screen and a nickel foil filter to attenuate Kβ radiation. The spectra were obtained
using the DIFFRAC.SUITE software and post-analysis was done using the
DIFFRAC.EVA software.
5.2.6 Nanoparticle Sterilization
Dried NPs were weighed and suspended in 70 % (v/v) ethanol in water.
Nanoparticles were dispersed by ultrasonication at 185 W (Fisher Scientific FS110D) for
5 min, followed by vortexing for 15 sec. The particles were then centrifuged at 7,000 × g
for 10 min and decanted in a sterile biosafety cabinet. This was repeated a total of three
times. Afterwards, the NPs were washed three times with sterile deionized water using the
same protocol. After the final water wash, the NPs were dispersed at a final concentration
of 10 mg/mL in sterile deionized water.
5.2.7 Cell Culture
ReNcell VM (RVM) human stem cells cultured in ReNcell maintenance media
supplemented with 20 ng/mL EGF, 20 ng/mL bFGF, and 1 % penicillin-streptomycin
(RVM proliferation medium). Cell culture medium was changed every 24 to 48 h. RVMs
were passaged when the flask reached 70 % confluency by treating the cells with Accutase
for 5 min. Cells were pelletized by centrifugation at 200 × g for 5 min. TCP for RVM
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culture was laminin-coated prior to cell seeding. The laminin was diluted to 20 µg/mL in
DMEM/F12 medium and incubated for at least 4 h at 37 °C. After removing the laminin
solution, the tissue culture plastic was air dried for 5 min.
5.2.8 Cytotoxicity
Cells were seeded in 96-well plates at a density of 1 × 104 cells per well with 100
µL proliferation media. The cells were stabilized for 16 to 24 h and media changed prior
to treatment with varying amounts of NPs. After ultrasonication for 5 min, the sterile 10
mg/mL nanoparticle stock solution was diluted to 1 mg/mL with sterile deionized water.
Starting at 64 µL (64 µg nanoparticles, corresponding to approx. 0.39 mg/mL), serial
dilutions were performed using sterile deionized water (1:2 per dilution down to 0.5 µg
nanoparticles, corresponding to approx. 0.003 mg/mL). To each well containing 100 µL
proliferation medium, 64 µL of diluted nanoparticle solutions were added directly (total
final volume 164 µL per well). 64 µL of sterile deionized water without nanoparticles was
added to control wells. After 24 hours cells were washed three times with PBS. For
quantitative viability analysis, the cells were treated with PrestoBlue™ cell viability
reagent following the manufacturer’s protocol.
5.2.9 RVM Differentiation with NPs
Cells were seeded onto 96-well plates at a density of 1 × 104 cells per well with 100 µL
proliferation media. After stabilizing for 16 to 24 h, cells were treated with 1 µg NPs,
corresponding to a final concentration of approx. 0.006 mg/mL (164 µL total well volume).
After 24 h, all wells were washed three times with proliferation media. Spontaneous
differentiation was carried out by withdraw of growth factors, EGF and bFGF, from the
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proliferation medium. The differentiation medium was refreshed every 48 h. The cells were
differentiated for 7 days and then fixed by treating with 4 % (w/v) PFA for 10 min. The
cells were washed with PBS three times and were stored at 4 °C in PBS until antibody
staining.
5.2.10 Quantitative Immunocytochemistry
Fixed cells were permeabilized and blocked with a solution of 5 % (v/v) donkey
serum and 0.3 % (v/v) Triton™ X-100 in PBS for 30 min. The samples were then washed
three times with PBS. Primary antibodies (β-III tubulin; AB9354, GAP-43; AB5220) were
diluted 1:200 in blocking solution and samples were incubated overnight at 4 °C. Samples
were then washed again with the protocol above, followed by incubation with 1:200 diluted
fluorophore-conjugated secondary antibodies for 1 h at room temperature. After another
PBS wash, nuclei were stained with 1 µg/mL Hoechst 33342 in PBS for 15 min. The
samples were washed a final time with PBS and were kept hydrated in fresh PBS for
imaging on an Olympus IX83-DSU microscope equipped with a Hamamatsu ORCA-R2
CCD camera. ImageJ was used to quantify the expression of β-III tubulin. The channels
for each image were separated and the nuclei were counted using an in-house programmed
ImageJ macro for consistency. Briefly, the nuclei channel is background subtracted and
contrast enhanced, followed by conversion to binary. The resulting image is analyzed with
the particle analysis plug-in with watershed enabled. The β-III tubulin fluorescence was
background corrected by first duplicating the channel. A 200-pixel Gaussian blur is applied
to the copy, which is then subtracted from the original image. The resulting image was auto
contrast enhanced and merged with the blue nuclei channel. The number of cells expressing
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of β-III tubulin was manually counted using the cell counter plug-in. Total positive
expression was calculated by calculating the ratio of β-III tubulin positive cells to total
nuclei in each individual image.
5.2.11 Prussian Blue and Nuclear Fast Red Staining
Prussian blue staining was carried out on fixed, differentiated cells to observe the
NPs. Following differentiation and fixation, a solution of 4 % (w/v) potassium ferricyanide
and 4 % (v/v) hydrochloric acid in water were separately prepared by dissolving overnight
at room temperature using a magnetic stirrer. These solutions were then combined at a 1:1
ratio and added to the samples for 20 min at 37 °C. Afterwards, samples were washed three
times with PBS. A solution of 0.1 % (w/v) nuclear fast red and 5 % (w/v) aluminum sulfate
was added to each well and incubated for 20 min, followed by sequential washing with
PBS three times and deionized water three times. Images were obtained using an Olympus
CKX-41 phase contrast microscope equipped with an Infinity1-2CB camera. Using the
Prussian blue and nuclear fast red images, the number of positively stained cells was
determined. Positively stained cells were defined as cells with the Prussian blue stain
overlapping the cell body.
5.2.12 Statistical Analysis
All statistical analysis was performed using JMP and Excel. A two-tailed Student’s
t-test was performed to compare NP sizes. For cytotoxicity experiments, treatment groups
were compared by one-way ANOVA and Dunnett’s test against the control group. To
compare differentiation by βIII-tubulin staining, treatment groups were compared to
control groups using a two-tailed Student’s t-test. Similarly, Prussian blue staining was
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compared between functionalized and non-functionalized NPs using a two-tailed Student’s
t-test. A p-value less than 0.05 was considered statistically significant.
5.3

Results and Discussion
5.3.1

Synthesis and Functionalization of Magnetite NPs

Following hydrothermal synthesis, the functionalization of magnetite NPs was
initially assessed by dispersibility in aqueous solvent phases. As seen in Figure 5-1 below,
bare NPs without surface functionalization remained in the water phase, while the
functionalization with n-octyltriethoxysilane resulted in improved hydrophobicity and
dispersion in the organic phase (i.e. DCM or dichloromethane). These results suggest that
a hydrophobic coating was successfully attached to the magnetite NPs.

Figure 5-1. Surface functionalization of magnetite NPs with n-octyltriethoxysilane
(bottom, red) resulted in increased hydrophobicity. The functionalized NPs dispersed
favorably in the organic phase compared to bare particles which dispersed in the aqueous
phase.
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The crystal structures of the resulting magnetite NPs were assessed by powder Xray diffraction. As shown in Figure 5-2, both the bare and functionalized NPs matched the
characteristic diffraction patterns for Fe3O4, suggesting that the surface coating process did
not significantly alter the crystal structure.

Figure 5-2. X-ray diffraction of bare and functionalized NPs. Both NPs match the
diffraction pattern of Fe3O4 found on the open crystallography database.
5.3.2

NP Size and Surface Charge Characterization

No significant differences were observed in NP diameter or morphology based on
electron microscopy analysis, as seen in Figure 5-3 below. The diameters of bare NPs
measured 17.9 ± 3.9 nm while the hydrophobic NPs measured 18.7 ± 4.4 nm. While these
were not significant in a two-tailed t-test, when doing a one-tailed directional t-test a slight
significance is observed (p < 0.05).
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Figure 5-3. Transmission and scanning electron micrographs of the bare and
functionalized NPs. Scale bar is 50 nm for TEM images and 1 µm for Sem images.
As mentioned previously, the size of the NPs can directly influence biological
response such as uptake and cytotoxicity (88). Due to such a small change in particle size,
however, we do not expect the size change due to functionalization to have any significant
impact on the uptake or cytotoxicity in RVM cells. Instead, we must consider the
aggregation potential of the functionalized NPs. Since biological media is water-based, the
functionalized NPs were hypothesized to form larger aggregates. The hydrodynamic radii
of the NPs are presented in Figure 5-4 below. As expected, the hydrodynamic radius of
functionalized NPs was significantly larger than those of bare NPs, measuring 594.1 ± 36.5
nm and 154.9 ± 1.5 nm, respectively. Furthermore, the functionalized NPs had a higher
magnitude ζ-potential measuring -27.7 ± 8.2 mV compared to -16.1 ± 5.4 mV for bare NPs.
Based on the schematic provided in Figure 5-1, this result was unexpected since the
amount of hydroxyl groups would correspond directly to the surface charge. One potential
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explanation of the increase in negativity of surface charge is that the n-octyltriethoxysilane
is forming a silica network on the surface of the magnetite NPs, resulting in additional
hydroxyl groups which can possess a negative charge. In other words, since the noctyltriethoxysilane reaction was not controlled, there could be uneven surface coating.

Figure 5-4. Hydrodynamic radius distribution of bare and functionalized NPs measured
with DLS.
The cytotoxicity of bare and functionalized NPs was assessed by co-incubation with
RVM for 24 h. As seen in Figure 5-5 below, the NP cytotoxicity was dose-dependent.
Significantly reduced cell viability compared to control was observed at 1 µg (per 1 × 104
cells) treatment amount for both bare and functionalized NPs. Relative % viabilities for
bare and functionalized NP-treated groups for this concentration (approx. 0.006 mg/mL)
were calculated to be 88.5 % and 81.8 %, respectively. The increased hydrophobicity of
the functionalized NPs resulted in significantly reduced cytotoxicity compared to bare NPs
starting at 4 µg. As mentioned previously, hydrophobic coatings have been reported to
reduce cytotoxicity of NPs by inducing formation of a protein corona on the surface of the
NPs (304). The RVM culture medium, however, is serum-free meaning that the total
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protein content is significantly reduced. However, any proteins secreted by the cells can
potentially still form the protein corona, resulting in less cytotoxic interactions with the
cells.
5.3.3

Biological Response of RVM to NP Treatment

Figure 5-5. Cell viability of RVM after 24 h co-incubation with bare and functionalized
NPs. The cytotoxicity of the NPs was dose-dependent regardless of surface coating. Both
NP formulations were cytotoxic at 1 µg. Functionalized NPs resulted in significantly
reduced cytotoxicity compared to bare NPs after 4 µg treatment amounts. * p < 0.05, ** p
< 0.01, *** p < 0.001.
The uptake of magnetite NPs was visualized by Prussian blue staining, resulting in
a deep blue color due to the oxidation of iron as shown in Figure 5-6. We hypothesized
that the hydrophobic coating would result in more NP-membrane interactions resulting in
significantly increased uptake. However, no significant differences were observed for
uptake between bare and functionalized NPs after 24 h co-incubation with RVM at 1 µg.
Bare NPs resulted in 31.4 ± 14.0 % uptake while functionalized NPs resulted in 34.0 ± 9.7
% uptake.
109

Figure 5-6. Both bare and functionalized NPs were able to label RVM cells after 24 h coincubation at 1 µg. NPs are visualized with Prussian blue (black arrows) and the cell body
is counterstained with Nuclear Fast Red. Error bars are depicted as standard error.
A potential explanation for this result is that the reduced surface charge, measured
by ζ-potential, is canceling out any enhanced uptake effect from the hydrophobicity.
Previously published studies have reported that the surface charge can influence the
formation of a protein corona and interactions with the cell membrane (305). Again, since
the RVM proliferation medium does not contain serum, the formation of a protein corona
is likely limited. However, the increased negative surface charge can decrease NP-cell
membrane interactions, resulting in less uptake.
Based on the cytotoxicity and Prussian blue results, 1 µg was chosen as a suitable
treatment amount for assessing NP effects on RVM differentiation. While 0.5 µg was noncytotoxic, the amount of uptake was negligible. After 24 h co-incubation, cells were
differentiated for 7 days by growth factor-withdraw and the results are presented in Figure
5-7. Analysis of βIII-tubulin positive-cells reveal that no significant differences were
observed after NP treatment. These results suggest that 1 µg treatment with bare or
functionalized NPs did not negatively affect neuronal differentiation of RVM.
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Figure 5-7. RVM stained for βIII-tubulin after 7-day differentiation. Treatment for 24 h
with 1 µg NPs prior to differentiation did not significantly affect neuronal differentiation.
Scale bar is 20 µm.
5.4

Summary
In summary, magnetite NPs were successfully synthesized using a hydrothermal

method. The resulting NPs could be surface functionalized with n-octyltriethoxysilane,
resulting in increased hydrophobicity. The functionalization did not alter the crystal
structure of the NPs but did significantly decrease the ζ-potential. The hydrophobic coating
resulted in significantly reduced cytotoxicity against RVM compared to bare NPs at
treatment amounts exceeding 4 µg (per 1 × 104 cells, corresponding to approx. 0.024
mg/mL). The functionalization did not significantly alter uptake of the NPs. Furthermore,
treatment with 1 µg did not significantly affect the neuronal differentiation of RVM,
indicated by similar levels of βIII-tubulin expression after 7 days. Thus, the bare NPs and
functionalized NPs are suitable candidates for human NSC labeling.
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