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Abstract

Induced pluripotent stem cells (iPSCs), which are derived from somatic cells, can
differentiate into any cell type. They are promising tools in medical applications including
regenerative medicine, personalized cell therapy, disease modeling, and drug discovery. The
current stem cell research faces at least the following two major challenges: how to improve the
reprogramming efficiency in iPSCs derivation; and how to control the differentiation of stem cells
into certain cell types. The works in this dissertation attempt to find solutions to tackle the above

two challenges.

To enhance the reprogramming efficiency of somatic cells into iPSCs (Chapter 2), human
dermal fibroblasts (HDFs)-internalizing peptides were selected using Ph.D.™-12 Phage Display
Peptide Library. After 3-4 rounds of the selection, 3 HDF-binding peptides with high occurrences
were selected for further screening. Finally, the HDF-binding peptide with the strongest affinity
and high specificity was chemically conjugated to the surface of a nanoparticle plasmid carrier to

improve the endocytosis efficiency and further help with the reprogramming process.

To induce directional differentiation of iPSCs or iPSC-derived stem cells (Chapter 3), a
novel 2D virus-based substrate with unique self-assembled hierarchical nano- and micro-
topographies was developed. This substrate can direct the bidirectional differentiation of iPSC-

derived neural progenitor cells (NPCs) into neurons and astrocytes without the use of costly growth

Xiv



factors, which also provide a new approach for studying the interaction between neurons and

astrocytes.
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Chapter 1. Introduction

1.1 History and current research status of iPSCs

Human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs)
are the most widely used pluripotent cells in tissue regeneration research. They have almost the
same differentiation ability but derived from different origins. HiPSCs and hESCs are both
pluripotent stem cells, which can divide continuously and have the potential to differentiate into

any type of cells in the 3 germ layers.
1.1.1 History

The history of pluripotent stem cells was dated back to the 1960s, John Gurdon!
transplanted a matured cell nucleus into a frog egg without nucleus and this new “combined” cell
grew into a healthy tadpole (Figure 1). This famous experiment revealed a new concept that the
fully specialized nucleus has the potential to grow into an entire organism under specific conditions.
While the nuclear transfer let us understand the capability of a matured nucleus, it also limited
further study due to the high technical skills required. In 1981, mouse embryonic stem cells
(MESCs) were first generated by Evans et al.2 and Martin®. They isolated mESCs from mouse
embryo inner cell mass and managed to culture these cells in a dish. Later in 1998, human
embryonic stem cells (hESCs) were successfully isolated by Thomson et al. # This work shed light
on regenerative medicine with a potential problem that hESCs are extracted from human embryo,

which have potential ethical issues. To solve this problem, two main solutions were developed by



scientists. The first solution was inspired by the cloning sheep Dolly with the nuclear
transplantation method.! ® Scentists use the sampe method to transferred the nucleus of a patient’s
somatic cell into an oocyte to generate more personalized stem cells. However, this method faces
ethical issues because of the use of oocytes. The second solution was inspired by transcription
factors. In 1987, Schneuwly et al.® found that ectopically expressed Antennapedia, a drosophila
transcription factor, induced leg formation instead of antennae. This inspired us that some
transcription factors had the ability to tune the stem cell fate. Another research group also showed
that transcription factor MyoD converted fibroblasts into myocytes.” Later in the ESCs studies,
Smith et al. found leukemia inhibitory factor (LIF) helped mouse ESCs maintain a pluripotent
stage.® In 2006, Takahashi et al. ® managed to transfer mouse fibroblasts into mouse induced
pluripotent stem cells (miPSCs) by co-expression of four reprogramming factors: OCT4, SOX2,
KLF4, and c-Myc. This discovery aroused worldwide attention in cell reprogramming. The
following studies in the field successfully converted the human fibroblasts into human induced
pluripotent stem cells (hiPSCs) using the above four reprogramming factors'®. IPSCs are very
similar to ESCs. They expressed almost the same genes as ESCs and could differentiate into 3
germ layers. However, there was no research reported that scientist can inject iPSCs into mouse
blastocysts to create a new born mouse.!' The discovery of hiPSCs is a milestone in tissue
engineering field. It allows us to explore the possibility of getting any type of cells we want without

ethical issues.
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Figure 1. History of iPSCs derivation and current status.'! (From “Induced pluripotent stem cells:
past, present, and future.” by Yamanaka, S., 2012, Cell Stem Cell, 10 (6), 678-684.Copyright by

2020 Elsevier)

1.1.2 Current status

In addition to the challenge described above, another major problem in the current
pluripotent stem cell research is whether hiPSCs are functionally and genetically equivalent to
ESCs? Investigations were conducted by comparing both the gene expression and functionality of
these two types of cells. Human iPSCs and hESCs are highly alike in gene expression, including
global gene expression, DNA methylation, and transcriptome analyses. However, there are some
studies that reported that reprogrammed hiPSCs have a greater chance in genomic mutation
compared to hESCs*2. Though both hiPSCs and hESCs could differentiate into cells in the three

layers, some researches claim that hESCs are more efficient in differentiation.!3 14



Though hiPSCS has a lower differentiation efficiency, they are easy to access, free of
ethical issues and can be used in drug testing or patient-specific treatment with a low immune
response risk in transplantation. When clinical transplantation is needed, there is a very limited
chance to get a good match to use hESCs. Human iPSCs were developed from patient mature cells,
which can avoid the immune response. The animal model of anemia has been successfully cured
by using the skin cell derived iPSCs by gene editing to repair the single point mutation.*® HiPSCs
also shed light to the treatment of degenerative diseases, which were always diagnosed in a very

late stage. The patient-derived hiPSCs can help us to diagnose diseases at an early stage.'®

As new information became available for iPSCs, we realized that iPSCs have huge
potential in medical applications (Figure 1.1) including regenerative medicine, personalized cell
therapy, disease modeling and drug discovery,® especially in neurogenic disease.’® '’ Neurons
are the type of cells that cannot reproduce. Once the neurons are damaged or lost, the chance of
repairing the nerve damage is very little. Thus, there is a pressing need in developing neuron
repairing strategy. IPSCs, a new cell source containing all the genetic material from the patients,
not only can help us study the pathology of neurogenic disease but also shed lights to the

neurogenic disease treatment.



1.2 Reprogramming of somatic cells into iPSCs

The most common classification of the iPSC derivation method is based on whether the
external genes can be integrated into the genome of targeting cells. If the method involves the
change of host chromosome by inserting the reprogramming genes, it’s called integrating
reprogramming. Otherwise, it’s non-integrating reprogramming. The advantage of integrating
method is that it has a higher reprogramming efficiency and long-lasting effect compared to the
non-integrating method. The drawback is that there is a higher chance that it would interrupt the
genome integrity and activate oncogenes.’® For non-integrating method, it’s more environment
friendly, because it would not change the information of genome, but it suffers from a lower
reprogramming efficiency. In non-integrating reprogramming process, a large amount of the
external reprogramming factors goes into the cytoplasm. With the cell division going on, the copies
of these reprogramming factors would keep decreasing in the daughter cells and will eventually
lose the reprogramming information.

Instead of integrating and non-integrating methods in iPSC generation, we will discuss the
reprogramming methods based on viral and non-viral methods. The viral method usually involves
the use of exogenous gene packed into viral particles. The original virus DNA plays the leading
role in reprogramming process and arranges virus packaging. It involves less manual work, but
it’s more expensive and always has the risk of re-activate oncogenes. Though the non-viral method
is laborious, it’s easier to control and has less tumor generation effects. In the non-viral method,

there are several important steps that need to be taken care of separately, such as endocytosis,



endosome escape, entry into the nucleus, transcription, and translation.’® In each step, we can
improve the gene delivery efficiency by adding different chemicals or nanoparticles. In the
following chapter, we emphasize on the nanotechnologies in non-viral reprogramming method,

which contributes to improvements .

1.2.1 Viral vectors for cell reprogramming

Viral particles consist of two important parts: capsid proteins and nucleic acid. For the
infectious viruses, it may also contain an envelop structure, which includes lipids and
glycoproteins from the host cells. The advantage of viral vectors is that they usually have a strong
promoter which can maximize the transgene expression in the host cells. The disadvantage of viral
vectors is it may damage the host cells. Thus, in the viral gene editing system, the viral genes are
partially deleted to control the toxicity on the host cells.?® A few example of the common viral

vectors are described below.

Retrovirus

Retrovirus is one of the most widely used integrative viral vectors in cell reprogramming.
Yamanaka’s group used it to deliver the four reprogramming genes (OCT4, SOX2, KLF4, and c-
Myc) into somatic cells and successfully generated iPSCs.® Retrovirus vector can be used to deliver
large inserts with high efficiency. The inserted reprogramming genes are usually been naturally

silenced by the generated iPSCs later.?! However, there are cases showing that the c-Myc gene



was re-activated after the silencing which caused tumor formation in the iPSC derivation process?

and it can only infect the dividing cells.?>%

Lentivirus

Lentivirus can infect both dividing cells and non-dividing cells, which benefits a larger
group of somatic cells for reprogramming. The insertion site for lentivirus is random. This may
affect the gene integration on the host cell chromosome and has a potential risk in activating the
oncogenes. It has been reported that the lentivirus method has a lower tumor genesis rate,? but

sacrificed the reprogramming efficiency compared to retroviral method. 2

Adenovirus

Adenovirus vector involved gene delivery is a non-integrating gene delivery method. The
advantages for using adenoviruses are that they can infect both dividing and non-dividing cells,
don’t interupt the host genome and can stay in the episomal format after infection.? 24 27 On the
other hand, adenovirus can initiate strong immune responses in human body,?” and has a lower
reprogramming efficiency compared to the integrating virus vectors.?® Adenovirus would be better

used in in vitro model rather than in vivo model for gene delivery.

Sendai Virus



Sendai virus is also a non-integrating virus, which exists in the cytoplasm for the whole
life circle. It has a high infection rate and a high exogenous gene expression level. Sendai virus is
originated from rodents. Therefore, they are less toxic to humans.?® Compared to adenovirus,
Sendai virus takes less time to infect the host cells and can quickly reach to a maximum gene
transduction level.?® However, the adjustment of exogenous gene expression after Sendai virus
transduction is not very easy and it might need multiple constructions to achieve the controllable

reprogramming.°

1.2.2 Non-viral vectors for cell reprogramming

The mostly used non-viral vectors are plasmids, RNAs and transposons. For these non-
viral vectors, some extra approaches (electroporation), carriers (liposome, cationic polymers, etc.)
or chemicals (polyethylene glycols, nuclear location sequence, etc. ) are needed to help the delivery
of nucleic acids. Electroporation is simply using electron shots to perforate the cell membrane and
let the exogenous genes enter the membrane.3! The function of the nanoparticle carriers are more
complicated. The exogenous genes need to be uptaken by cells, escape from endosome, enter the
nucleus, and be transcribed and translated to express the corresponding proteins.'® Each of these
steps can be manipulated by different nanoparticle carriers to enhance reprogramming efficiency.
In the first step, positively charged liposomes or cationic polymers are used to help endocytosis
due to the negative charge of cell membrane. PEI (polyethylenimine) -based nanoparticles are

usually used to buffer the acid environment in endosome and help endosomal escape in the second



step.32 After the exogenous nucleic acids escape from endosome, the DNase in cytoplasm can also
be a threaten. Polyethylene glycols (PEGs) are one of the chemical protectors that can condense
the DNA to reduce contact with DNase and its hydrophobic tail can further protect the genes from
digestion.®® For nuclear translocation, nuclear location sequence (NLS) is frequently used to
improve the transfection rate.3* The last transcription and translation steps depend on the vectors

themselves.

Episomal Plasmid

Episomal plasmid-based gene delivery is a non-integrating reprogramming method. Most
of the plasmids can’t replicate themselves after being transfected into the mammalian cells, but
episomal plasmids can replicate themselves once per cell cycle within the nucleus in the presence
of oriP/EBNAL1 (Epstein—Barr nuclear antigen-1).3® Episomal plasmids are easy to construct and
less expensive compared to the viral vectors.®® Thus, it would be a promising way for cell
reprogramming. However, the transfection efficiency of the episomal plasmid based-gene delivery
is very low. Thus, scientists usually use nanoparticles such as liposomes, polymersomes, magnetic

nanoparticles, etc. to improve the transfection and gene expression efficiencies.?*

RNA
There are mainly two types of RNAs involved in cell reprogramming and gene delivery
studies: MRNA and miRNA. RNA delivery can overcome transgene effects. The synthetic nRNA

manipulated cell reprogramming was first published by Warren et al.3” using Yamanaka factors



and shows the advantages of high transfection efficiency, completely transgene-free and can be
applyed on a wide varity of cells.®® The drawbacks of this mMRNA reprogramming methods are: 1.
It needs multiple times of delivery process which is labor intensive;*° 2. It initiates the immune
response;®! 3. It can only be used on specific sample types.® miRNA induced cell reprogramming
is different from mRNA induced reprogramming. It doesn’t require any of the reprogramming
factors, instead, there are some novel micro RNAs, such as mir-200c, mir-302s, and mir-369s
reported to successfully induce iPSCs derivation via viral vectors or non-viral vectors.®® Although
the reprogramming efficiency is low,* if there is a solid set of miRNAs that can reprogram the

somatic cells into iPSCs, it’s still a promising reprogramming method.

Transposon

Transposons-based reprogramming belongs to integrating reprogramming methods. The
transposons are genetic elements which move from one position to another position on the cell
genome in the presence of specific DNA sequences. PiggyBac is one of the transposons that is
commonly used in the reprogramming process. It is simple to construct and can transfect genes
into a wide range of cell lines. The PiggyBac has a higher reprogramming efficiency than plasmid
and RNAs and can be easily cleared from cell chromosomes.®® Despite those advantages,
transposons have off-target effects, which might still leave footprints on cell genome and not all
the transposons can be deleted completely as PiggyBac.?® The function of clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system is similar to

transposons. It can integrate exogenous genes into chromosome. Instead of jumping around,

10



CRISPR/CAS system would insert genes into a specific site in cell genome with the guidance of

gRNA. There will be more details about CRISPR/Cas system in Chapter 2.

1.3 Biophysical cues induced iPSCs neural differentiation

In order to treat neurogenic diseases, neural differentiation of iPSCs needs to be achieved.
The traditional way of iPSCs/ESCs neural differentiation is to add growth factors into the cell
culture medium to initiate the differentiation process by activating neural related signaling
pathways. However, this method took about a month to generate the mature neuron cells.*
Scientists are now seeking new methods to improve the neural differentiation percentage and
shorten the differentiation time. Nanomaterials are becoming more widely used in medical
applications and tissue engineering. Nanomaterials include a variety of structures. These structures
provide us diverse physical properties in mimicking stem cell niche. The nanomaterials can also

be surface modified, which is another advantage in the stem cell niche study.

Stem cell niche is the microenvironment in which stem cells grow. It contains extracellular
matrix (ECM), adjacent cells, proteins and chemicals in the surroundings. The growth and
differentiation of stem cells rely on the stem cell niche. The change of topography and components
of the stem cell niche can affect stem cell fate. In material related neural differentiation, we can
classify them into two categories: 1. Using the biophysical cue, such as topography and stiffness

to directly interfere with the differentiation of iPSCs. 2. Employing the biochemical cue, such as

11



chemical molecules or protein to induce the differentiation of iPSCs. Here, we mainly focus on
the biophysical cue induced neural differentiation.

Synthetic topography cues have a huge influence on stem cell fate. In some cases, cells
respond to the surface change of the material and stretch along the same direction as nanostructured
patterns on the substrate. There are two types of biophysical cues: 2D membrane substrates and

3D scaffolds. The following discussion is more focusing on the 2D membrane substrates.

Five parameters of membrane topography (shape, size, roughness, height, and stiffness)
have been studied in inducing stem cell differentiation. Micro- and nanolithography techniques
have been widely adopted to manipulate the surface topography of the 2D membrane substrates.
This includes both masked lithography, such as photolithography, soft lithography nanoimprint,
etc. and maskless lithography, such as electron beam lithography, ion beam lithography, scanning
probe lithography, etc.#? Multi-architectural chip built by nanolithography is one of the powerful
tools to study the effect of substrate morphology change on controlling stem cell behavior. Besides

lithography, reactive-ion etching has also been used in substrate fabrication.

Compared to other four characters discussed above, which can be adjusted through
fabrication, the stiffness of the substrates depend more on the inherit mechanical properties of the
materials, from which the substrates are made. Thus, stiffness can be manipulated through
selection of different materials. In some applications, tuning of stiffness is desired for the same

type of material, which is common in polymeric substrates. In these cases, stiffness control can be

12



achieved through controlling the degree of cross-linking as well as the concentration of the

polymer precursors.

Here, we will expand in details the impact of the 5 characters (shape, size, roughness,

height, and stiffness) of the 2D membrane substrate on the neural differentiation induction.

13



(B)

(5) Hierarchy 2

Figure 2. Different architectural patterns on the MARC (A) and PDMS substrate (B).** (From

“Microarray with micro- and nano-topographies enables identification of the optimal topography

14



for directing the differentiation of primary murine neural progenitor cells.” by Moe, A. A,
Suryana, M.; Marcy, G.; Lim, S. K.; Ankam, S.; Goh, J. Z.; Jin, J.; Teo, B. K.; Law, J. B,;
Low, H. Y.; Goh, E. L.; Sheetz, M. P.; Yim, E. K., 2012, Small, 8 (19), 3050-3061.Copyright by
2020 the John Wiley and Sons)

1.3.1 Shape

The shape of the topography can manipulate the stem cell behavior.** The mostly discussed
shapes in neural differentiation are anisotropic patterns (such as gratings and grooves) and
isotropic patterns (such as pillars and wells). Groove pattern was first found to improve the neurite
growth.**" This structure altered the number, length, and angle of neurites,*’ helped the axonal
extension,*® formed larger nerve bundles*® and reported to have different inducing functions in
different cells.*® % Compared to the non-patterned substrate, the groove structure guide cells to
grow aligned with the direction of grooves (within the angle of 20°).%° After co-culture with
astrocytes, the stem cells on the groove pattern showed a higher (35.3%) rate in Tujl expression
than non-pattern group.>® The grooved structure was even claimed to de-differentiate the glial cells
into radial glia-like cell progenitors.*® Besides the comparison between anisotropic patterns and
non-pattern groups, isotropically patterned substrates were also discussed. Multi-architectural chip
(MARC) was mostly used to study the shape effect on stem cell fate (Figure 2). The anisotropic

and isotropic patterns were found to have different effects on stem cell differentiation. Human
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ESCs trended to differentiate into neurons on anisotropic patterns, while the cells differentiated
into glial cells on isotropic patterns.** 1 Though most of the isotropic patterns were considered
to induce the glial differentiation, it doesn’t mean that they can’t induce neuron differentiation.
Pillars with 1 um diameter were also proved to have comparable neuronal induction effect on
mNPCs to the gratings.*® 54 The reason for higher neural differentiation on anisotropic pattern, but
not on isotropic pattern could be that the anisotropic structures, such as gratings, provided hPSCs
a stronger support in connecting with adjacent cells, promoted the neurite growth, and induced the
expression of cytoplasm Yes-associated protein (YAP), which is a key factor in neural
differentiation related pathway, and neuronal cell polarization.>® A combination of anisotropic and
isotropic pattern was also used in the stem cell neural differentiation study.>® The hierarchical
structure was found to induce the hNSCs to differentiate into only neurons, not astrocytes. The

possible mechanism involved the activation of FAK pathway and focal adhesion.

1.3.2 Size

The size of the matrix structure significantly influences stem cell growth. Most of the
studies reporting size induction are based on anisotropic patterns. When the heights of the gratings
are the same, the variables can be the size of the grating and spacing. In most studies, they used
the same sizes for grooves and ridges.>”® The reported neural induction size ranged between
hundreds (250-300) of nanometers to a few (2) micrometers.%: % 5% However, comparing to

microgratings, more studies showed that nanogratings seemed to have a higher induction rate in
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neuronal differentiation. 55"  For example, iPSCs on the 350 nm nanostructures showed a
stronger neuronal differentiation response (including higher neuronal marker expression) than 2
um and 5 pm.>” However, the test in another group showed that among the size of 250 nm, 2 pm,
and 10 um, the 2 um grating had the strongest neuronal differentiation induction.’® Besides, the
anisotropic patterns were also reported to shorten the hESCs neuronal differentiation duration into
5 days without inducers.*® Regarding the substrate size, another speculated way to control the stem
cell differentiation direction is dependent on the initial hiPSCS/ESCs cluster sizes. The larger EBs
cultured in 450 nm hydrogel microwells have higher activity in cardiogenesis, while the EBs in

150 nm size tend to differentiate towards endothelial cells.®®

1.3.3 Roughness

The roughness of the substrates was found to influence the stem cell morphology,
proliferation, adhesion and differentiation as well. hESCs seeded on a substrate with different root-
mean-square roughness (Rqg) from 1 nm to 150 nm, tended to adhere to smooth surfaces rather than
rough surfaces. Also, the substrate with higher Rq tended to induce the differentiation of hESCs
while the smooth surface maintained the highest pluripotency of the cells.®! Similar conclusions
were also proved by mESC culture on surface with varying roughness .62 Compared to the substrate
with roughness Rg= 1 nm, the pluripotency related gene expression of hPSCs dropped on
substrates with roughness of 100 nm and 200 nm.®® It indicated that the early neuroepithelial

formation and motor neuron differentiation were accelerated by glass surfaces with higher Rq.
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Two signaling pathway activities were involved in this process: TGF-/BMP/SMAD signaling
pathway and Hippo signaling pathway. The nanotopography directly affected the activity of Bl
integrin resulting in the inhibition of Smad1,5,8 in TGF-/BMP/SMAD signaling and it regulated
the TGF-B/BMP/SMAD signaling through Hippo pathway. YAP bound to phosphorylated Smads
and prevented them from entering into the nucleus. The downregulation of YAP and Smads

nuclear accumulation resulted in the lack of pluripotency and neural differentiation of hPSCs.%*

1.3.4 Height

The height of the nanotopography not only manipulate the proliferation of the stem cells,
but also influence the stem cell neural differentiation. The depth of the gratings controlled the
alignment, elongation, and differentiation of the stem cells.>> ® Cells on a shallower structure bent
their cell body and reached to the bottom of the structure, while cells on the structure with a larger
height more often chose to bridge over the structure to reach on the other side® %. The increasing
depth of the gratings can promote cell lateral elongation, alignment, differentiation rate and even
control the differentiation direction. However, when it’s too deep, it reduced the cell proliferation®®
and prevented perpendicular extension of the neurites.®® The possible mechanism for this is that
when cells grow on an anisotropic structure with a higher depth: width ratio, the bending angle for
the neurites to attach the bottom of the grooves become larger, which necessitates a higher energy
cost and more filopodia along the horizontal direction to fill the gap. In this case, instead of filling

the gap, neurites are more likely to bridge the gap.®> ¢ In another study, hPSCs were seeded on

18



the same linewidth nanograting with two different heights.®> The one with 560 nm height
experienced an increase of ~35-40% BIII-tubulin® cells when compared to the 150 nm height group
and has been shown to promote the cell attachment and alignment after seeding. This discovery
achieved a high neural induction efficiency (reached to ~60% BIII-tubulin® cells) with a short time
duration (~14 days). A similar study was done on pillars with different heights, which showed that
taller structures promoted neuronal differentiation of ES-derived precursors and initiated the

differentiation within 6 h.%®

There are two proposed explanations to this nanotopography controlled neural
differentiation behavior. The first assumption is that changing the height on the 2D topography
influences the expression of Matrix metalloproteinases (MMPs), which is essential in responding
to brain ECM remodeling and in brain development.>® The change of MMPs expression affects
the stem cell differentiation. Another explanation is that the YAP expressing location is
manipulated by nanotopography and its stiffness, height, and structures.*>% YAP is an important
factor in Hippo pathway. Giulio Abagnale et al.** claimed that when using the topography of
materials to induce iPSC differentiation, the TAZ, a paralog of YAP, is localized in filament of
the iIPSCs during differentiation process. The topography changes induced cell cytoskeleton
change while the TAZ responded to the actin protein. This indicated that TAZ is indirectly
manipulated by topography change. They also suggested that the location of YAP is related to
stem cell differentiation by interacting with BMP signaling pathway. The larger height group (560

nm) was detected with a higher cytoplasmic YAP expression comparing to the flat control and
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smaller height group (150 nm). The above facts show that stem cell fate can be changed by

nanotopography.

1.3.5 Stiffness

In our body, each organ has different mechanical properties, for example, brain elasticity
is about 0.1-1 kPa; muscle elasticity is about 8-17 kPa; and osteo elasticity is about 25-40 kPa.®’
Over the decades, scientists have tried to use the mechanical properties of various materials to
mimic the in vivo elasticity of different tissue microenvironment to modulate the stem cell behavior
and differentiation activities. It has been proved that materials with different stiffness could
modulate stem cells to achieve osteogenesis differentiation,®®  myoblasts formation,” neurite
growth,%” and neuronal differentiation.” 72 Although the actual stiffness of matrixes would be
varied, some basic finding is similar: softer substrates increase the neural lineage formation at an
early stage, while stiffer substrates enhance the later stage neuron formation. When mESCs were
seeded on to gelatin-based substrates with different stiffness, the cells tended to attach better to the
softer matrix with Young’s modulus similar to brain and spinal cord microenvironment than the
one with higher stiffness. The effect of stiffness on neuronal differentiation of the stem cells is also
related to the maturity of the cells. It had a higher impact on the late stage of differntiation
especially on phenotype changes.” A similar result has been found on hiPSCs and hiPSCs-derived
cells. The softer electrospun substrates initiated the early stage neural lineage development,

whereas the stiffer substrate promoted neuronal differentiation from hiPSC-derived neural
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progenitors and late stage motor neuron formation.” Stiff substrates were also proven to enhance
the synaptic connectivity and current transmission in mature neuron network.” Besides the above
function, neuronal, astrocyte and oligodendrocyte differentiation can also be manipulated by
stiffnesses of the matrix. Each differentiation direction falls in an optimal Young’s modulus range.
Neurons prefer soft matrix; oligodendrocytes prefer stiffer matrix and astrocytes lay in-between.”®
The neuronal differentiation of ESCs and ESCs-derived neural cells was increased on the softer
substrate with 2 kPa, while a decrease of astrocyte formation was found on the same substrate.”
NSCs on stiff graphene scaffold were more likely to differentiate towards astrocytes, and those
stiff matrix resulted in neuron suppression.”” The possible mechanism of stiffness induced neural
differentiation was studied by Samira et al. ® They found that the stiffness change of the substrate
material manipulated the YAP protein localization and phosphorylation, and then affected the
neuronal differentiation of hPSCs/hESCs. The hard hydrogel substrate (~10 kPa) increased the F-
actin amount in the cytoplasm and the YAP protein and its cofactor trended to go into the nucleus,
which promoted the self-renewal’® of hPSCs. While on a soft substrate (~0.7 kPa), F-actin
formation was decreased, which made enough room for YAP phosphorylation in the cytoplasm.

The phosphorylated Y AP blocked the Hippo pathway to improved the neuronal differentiation.
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Table 1. Stem cell differentiation based on substrate characters.

Manipulated Initial stem cell type Final differentiated cell | Induction

substrate type factors/me

characters dium
during
differentia
tion

iIPSCs | EBs | iPSC/ | NSCs | neuro | astroc | oligoden

/ESCs ESC- |/ n yte drocyte
derive | NPCs
d cells
Shape 51, 52,55 48 43, 50, | 43, 48, | 43,51-54, | 43,51,80 43, 48, 50-53,
52-54, 50-56, 80 55, 80, 81

56, 80, | 80,81

81
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Size 51, 57-59 57 54, 80 51, 54, | 51,54,80 | 51,80 51,57, 58, 80
57-59,
80
Roughness 61, 63,82 61, 63, 63, 82
82
Helght 55 66 65 55, 65, | 65 55, 65, 66
66
Stiffness 73,74,78, 73,74 76,77 73, T4, | 73,76,77 | 76 73,74,76,77
79 76-79

1.4 M13 filamentous bacteriophage

M13 phage is a type of filamentous bacteriophage. It’s a lysogenic phage, which doesn’t
kill host cells. M13 phage uses the plll coating protein to interact with F-pilus on E. coli to insert
the phage genome into the bacterial cells. Then, the phage genome works as a template and use
the supplements instead of bacteria to complete the DNA replication, transcription, translation and

virus packaging.%®

1.4.1 Structure of M13 phage

M13 phage is a human-safe nanofiber-like virus (~900 nm long and ~7 nm wide) that
specifically infects bacteria.®* Its cylindrical structure is composed of ~3000 copies of the major

coat protein (called pV111) surrounding a circular single-stranded (ss) DNA genome.® The ssDNA
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encodes the major coat protein (pVI11) and four other structural proteins (plll, pVI, pVII, and plX)
at two ends. Each of these tail proteins has about 5 copies. M13 phage can be genetically modified

to express foreign peptides on its surface and also can self-assemble into different structures.®

1.4.2 Phage display and phage library

Phage display was first developed by George Smith in 1985.8” He managed to genetically
modify the surface protein of the filamentous bacteriophages and let foreign peptides fuse onto the
N-terminus of the coat proteins. All five M13 coating proteins were proved to be able to display
the foreign peptides on their termini.#8°2 The most widely used display is on pVIII major protein
and PIII protein. A phagemid is usually used in the display process. The phagemid has the
characters of both plasmid and M13 virus components. It can replicate itself as plasmids and can
be packed into viral coat proteins as virus DNAs. Phagemid usually encodes only one type of
coating protein. It doesn’t have the ability to finish the whole life cycle of bacteriophages by itself.
Thus, helper phages are applied to provide the other coat proteins and help their package.®® The
external peptides are displayed on the termini of pVIII major protein as a mosaic display. The
phagemid produces pV 111 fusion protein, while the helper phage provides the wild type (WT) pVIlII
protein to ensure the normal phage packaging. The fusion pVIII protein and WT pVIII protein
are randomly packed into phage coating shell, thus, the fusion protein was decorated on the major

coats in a mosaic pattern. Instead of mosaic patterns, all the copies of the plll protein are fusion
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protein in the plll display. Because plll is a minor coat protein, modifications on this protein
wouldn’t disturb the packaging.

Phage libraries are built based on the phage display technique to present random peptides
or different antibodies on the phage particles. These libraries can be used to biopan against various
targets, such as cells, proteins, animal organs or even nanoparticles, to select the target-specific
peptides or antibodies.** They are powerful tools for both basic research and biomedical

applications.®®

1.4.3 Potential applications

Phages have applications in multiple fields including chemistry, materials, and medicine
(Figure 3).% They can self-assemble into different 2D films to induce the differentiation of stem
cells and can be used to study the biophysical and biochemical effects on stem cells.®’-*° Besides,
phages could also act as templates to direct the assembly and growth of various nano-
/micromaterials, such as gold nanoparticles,'® silica fibers,'® and hydroxyapatite (HAP)
crystals.’®? Phages also serve as powerful tools enabling early disease diagnosis by capturing

biomarkers'® and in disease treatments by providing gene delivery methods.%
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Figure 3. Potential applications of filamentous phages.®® (From “Phage as a Genetically
Modifiable Supramacromolecule in Chemistry, Materials and Medicine.” by Cao, B. R.; Yang,
M. Y.; Mao, C. B., 2016, Acc. Chem. Res., , 49 (6), 1111-1120. Copyright by 2020 the ACS
publications)
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Chapter 2. Highly Efficient Reprogramming of Human Fibroblasts

into HiIPSCs by Cell-targeting Nanoparticles

2.1 Abstract

Human induced pluripotent stem cells (hiPSCs) have the ability to differentiate into any type of
cells, which have a huge potential in stem cell therapy and tissue regeneration applications.
HiPSCs are reprogrammed from mature cells, such as human dermal fibroblasts (HDFs), coming
from the patient. It avoids the immune rejection and also overpasses the ethical issues that other
human stem cells have. Thus, there is a huge need of hiPSCs. However, the reprograming
efficiency is low. Here, we selected a 12-mer HDF-internalizing peptide (AHNHTPIKQKYL)
from phage library via biopanning, which has a strong binding affinity and specificity to the HDFs.
Later, we will use this peptide decorated lipid-based nanoparticles to achieve enhanced delivery

of four reprogramming genes (Oct4, Sox2, KIf4, and c-Myc) into HDFs.

2.2 Introduction

Human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs)
are powerful tools in disease modeling and cell therapy.'® They have the potential to differentiate
into any other cell types in human body.1% %7 The patient-specific hiPSCs can be derived and

differentiated into different cell types with the same genetic information as the donor patient28-110
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which is called “disease in a dish” model. Disorders affecting neurons, blood, liver, heart, lung,
and immunosystem as well as cancer have been studied using these hiPSCs disease models.11114
They benefit scientists to study the pathogenesis of human diseases,!t113 115 116 agpecially
neurological disorders with the high complexity of neuronal system and challenges in culturing
neurons in vitro.1®® Stem cell-based therapy can also serve as an alternative way of tissue
transplantation.**” The differentiation potential of hiPSCs and hESCs sheds light on the treatments
of damaged organs, which is otherwise relying on donor organs.® 118120 hESCs have been used in
rebuilding the retinal pigment epithelial (RPE) cells to treat macular degeneration (MD).108 119 120
hiPSCs have the similar function as hESCs but bypass the ethical issues of hESCs. Thus, it’s a

better cell source for the stem cell-based therapy.

HiPSCs are derived from somatic cells through a reprogramming process. Oct4, Sox2, Klf4,
and c-Myc are four reprogramming genes first reported by Yamanaka et. al. that can efficiently
reprogram somatic cells into hiPSCs.1° Oct4, Sox2, KIf4, and c-Myc genes have different functions
in the reprogramming process. c-Myc is a protooncogene, which enhances cell proliferation and
involves activating chromatin environment during the early stage of reprogramming.?! 122 KIf4
together with c-Myc increases the efficiency and kinetics of reprogramming process, contributing
to the opening of chromatin, which is essential for the reactivation of pluripotency.??> Oct4 and
Sox2 function together to activate the Oct-Sox enhancer and initiate the expression of downstream
pluripotent-related genes, including Nanog, Fgf4 and themselves.!?® These two factors work in

auto-regulatory positive feedback loops to reinforce the stem cell pluripotency.
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Figure 4. Delivery of the reprogramming genes into human fibroblasts to convert them into human
iPSCs. Lipid-based nanoparticle (LBN) is composed of two lipid layers decorated with fibroblast-
targeting peptides on the surface. Cas9 plasmid and donor plasmid (containing Oct4, Sox2, Kif4,
and c-Myc) is encapsulated in the LBN. The Cas9 plasmid will produce Cas9 endonuclease and

gRNA for gene cutting, while the donor plasmid will serve as a template in homologous
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recombination. The peptide-modified non-viral LBNs carrying both Cas9 plasmid and donor
plasmid will be delivered into human fibroblasts for reprogramming fibroblasts into hiPSCs.

Many commercial reprogramming Kits are built upon these four genes. In a typical
reprogramming process, Oct4, Sox2, KlIf4, and c-Myc are sent into the somatic cells, either non-
integrating or integrating into the chromosomes. Then, the corresponding reprogramming proteins
are translated and function in the somatic cells to initiate the expression of pluripotent genes.
Finally, the reprogramed cells were confirmed to be hiPSCs with pluripotency.*?! 24 There are
also other ways of reprogramming, for example, by using microRNA?® or small molecules.!?
However, the efficiency of these methods is usually lower than that of using the four
reprogramming factors (Oct4, Sox2, KlIf4, and c-Myc) method. It has been reported that using five
reprogramming genes (Oct4, Sox2, KIf4, c-Myc, and Lin28) can reach a higher efficiency
compared to four genes (Oct4, Sox2, KIf4, and c-Myc)®” method. However, the five-gene method
requires much more time and effort in the plasmid construction step. In this work, we chose the
reliable approach of using the four reprogramming genes (Oct4, Sox2, KIf4, and c-Myc) to achieve

the hiPSCs derivation (Figure 4).
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Several types of cells have been used in the reprogramming process, for example, human
dermal fibroblasts (HDFs), blood cells, human adipose stromal cells, human foreskin fibroblasts,
and human mesenchymal stem cells.® Because of the easy access, we chose HDFs as our primary

cell source to achieve this reprogramming process.

As was mentioned above, many approachess have been applied to achieve the derivation
of hiPSCs. In the current status, both viral and non-viral methods suffer from a low reprogramming
rate (usually 0.1-1%) and a long duration (usually from 15 days to one month).3® The viral method
of overexpressing specific transcription factors in somatic cells'® 27128 stjll has biosafety concerns.
Compared to the viral method, non-viral is safer. A new non-viral genome editing approach called
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas)
system (CRISPR/Cas system) has been used as a powerful gene editing tool in building stable
expression cell lines with simple manipulation and high specificity, especially type Il CRISPR/Cas
9 system. This typell CRISPR/CAS9 system is derived from Streptococcus pyogenes bacterial
immune defense. It works based on RNA-DNA binding, which only needs a design of 20 nts of
RNA-DNA base pairing to achieve precise cleavage. CRISPR/Cas9 system contains 2 important
parts: Cas9 protein and single-guide RNA (sgRNA). Cas9 protein is an RNA-guided nuclease,
which has two functional cleavage domains: HNH and RuvC. They function as scissors to cleave
the targeting sequence on the chromosome.*?® sgRNA also has 2 components: CRISPR—derived
RNA (crRNA) and trans-activating RNA (tracrRNA). CrRNA includes a specific sequence, which
is complementary to targeting sequence on the chromosome. TracrRNA, base-pairs with part of

the crRNA, which then recruits Cas9 protein to form a sgRNA-Cas9 protein complex. The
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targeting sequence on the chromosome is composed of protospacer (complementary to crRNA)
and protospacer adjacent motif (PAM). A five-prime NGG PAM is needed immediately flanking
the protospacer. Thus, the whole targeting sequence is coded as GN2oGG, pairing with sgRNA-
Cas9 protein complex. Eventually, the sgRNA-Cas9 protein complex cuts the targeting sequence,
resulting in double-stranded breaks (DSBs).*?* 30 A donor plasmid including reprogramming
genes (Oct4, Sox2, KlIf4, and c-Myc) will be served as a template during the process of homology-
direct repair (HDR), forming a stable hiPS cell line. However, the drawback of the non-viral

method is that it has a very low delivery efficiency and has limitations in in vivo gene delivery.'®
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Figure 5. The targeting peptide decorated LBNSs deliver reprogramming genes into fibroblast cells
and the cells are reprogramed with the help of CRISPR/Cas9 system. The CRISPR/Cas9 system
(including Cas9 plasmid and donor plasmid) is encapsulated inside the targeting peptide decorated
LBNs and delivered into the fibroblast cells. Then, the Cas9 plasmid and donor plasmid go into
the nucleus to reprogram the cells. The Cas9 plasmid is transcribed and translated into SgRNA-
Cas9 complex, which binds to the specific site on the chromosome and perform the double-

stranded break (DSB). The donor plasmid serves as a template for the DSB region in homology-
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direct repair (HDR) process. The reprogramming genes are integrated on to the chromosome and
then translated into proteins to initiate reprogramming.

Hence, we proposed to develop a new non-viral targeting-peptide decorated lipid-based
nanoparticles (LBNs) to deliver the reprogramming genes and CRISPR/CAS9 system with a
higher reprogramming efficiency as well as to shorten the duration (Figure 5). Nanoparticles have
been serving as powerful carriers in gene delivery system. It has been reported that the LBNs can
achieve reprogramming in less than 8 days.!® Targeting peptides has been found to improve the
gene delivery efficiency.’®* 134 Biopanning selection, which has been proven to successfully
identify cell-specific peptides,*>*° was used to select specific internalizing peptides to decorate
on the LBNs. A combinatorial Ph.D.™-12 Phage Display Peptide Library of 12 random
dodecapeptides on plll minor coat protein was used as the selection library in biopanning process
(Figure 6). Thesel2-mer displayed peptides are exposed on the N-terminal of the plll protein to
interact with cells. After 4 rounds of biopanning, we successfully selected 3 promising targeting
peptides with the highest HDF internalizing efficiency and identified the strongest one for gene

delivery use.
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4 minor proteins (PVI, PIII, PIX and PVII). b) Ph.D.™-12 phage display library (plll display)
was added as first round input into HDFs. The HDF-targeting peptides were collected and
amplified, while the unbound phages were washed out. The output of the previous round served
as an input in the next round. This process was repeated for 3 more times.

2.3 Materials and Methods

2.3.1 Cell culture

Cryopreserved adult human dermal fibroblasts (HDFs) (Cell Application Inc.) were
defreezed in 37 °C water bath. Cells were centrifuged and resuspended in basal medium with adult
HDFs growth factor (Cell Applications.). The full medium was changed every other day for HDF

growth,

2.3.2 Phage biopanning

HDFs were seeded on a 60 mm well plate until they reached 80-90% confluency. The basal
cell culture medium was used to incubate with HDFs for 1 hour at 37°C before incubating with
phage library. To remove the phages that bound to the container, blocking buffer (0.5%(w/v)
bovine serum albumin (BSA) in basal medium) with primary phage library (NEB) was added to
an empty 60 mm dish, which was incubated at room temperature for 1 hour. The depleted phage
library was then transferred directly to the HDFs and incubated at room temperature for 1 hour

with gentle agitation every 5-10 min.

36



After the 1-hour incubation, the blocking buffer with unbound phage was removed from
the HDFs. The cells were washed carefully with 4 ml of cold washing buffer (0.5%(w/v) BSA and
0.1%(v/v) Tween 20 in basal medium) for 7 times to remove the non-specific binding phages.
Then, the cells were incubated on ice for 10 min with 1 ml elution buffer. The eluate containing
HDF-membrane-binding phages was neutralized with 187.5 pl of 1 M Tris-Cl (pH 9.1) and
removed from the cell culture dish. After that, the cells were washed 2 times and treated with lysis
buffer to release the HDF-internalizing phages. The lysate was transferred into 20 ml LB medium
with 200 pl overnight-incubated E. coli K12 ER2738 (NEB). The above mixture was incubated at

37°C with vigorous shaking for 4.5-6 hours to allow the selected phage amplification.

After the incubation, the mixture was centrifuged to separate phages from bacteria. The
supernatant containing phages was transferred into a fresh tube and 1/6 volume of 16.7%
Polyethylene glycol (PEG)/ 3.3M NaCl solution was added to the supernatant at 4 °C overnight to
allow phage precipitation. After the overnight incubation, centrifugation was performed to collect
the precipitate. The precipitate was then resuspended in PBS solution. These precipitation,
centrifugation and resuspension steps were repeated for another time to purify the phages. A nano
photo thermometer was used to identify the concentration of this output phage solution, which
served as an input for the next round (1x10*° pfu/ml) biopanning selection. After 3-4 rounds of the
selection, the final output was tittered on IPTG-Xgal plates and sent for sequencing. RELIC

software was used to analyze the sequencing results.
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2.3.3 Internalizing peptides specificity and affinity test

The HDF-binding peptides selected by biopanning (Table 2) and one control peptide
(GLHTSATNLYLH) were synthesized with GGGGK linker and a FITC tag on their C terminus.
HDFs were seeded on to the laminin-coated culture plates to reach to a 90% confluency. Basal
medium was used to treat the cells at 37°C for 1 h. The peptides were added into blocking buffer
to reach two different concentrations 5 uM and 10 puM. Next, the HDFs were separately incubated
with these peptides at RT for 1h. After the incubation, the cells were washed with PBS for 3 times
to remove the unbound peptides and treated with CellMask™ Plasma Membrane Stains (Life
technology) at 37°C, 5% CO. for 8 min. The cells were then washed with PBS to remove the extra
stains and fixed with 4% Paraformaldehyde (PFA) at room temperature for 10 min.
VECTASHIELD® Hardset Antifade Mounting Medium with DAPI was used at the last step to
prepare microscope slides. The slides were characterized by a confocal microscope (Leica SP8).
The fluorescence image preparation steps were similar to microscope slide preparation. After
incubating cells with FITC labeled peptides, the cells were fixed with 4% PFA and penetrated with
0.3% Triton X-100. CytoPainter F-actin Staining Kit (Abcam) was used to stain the cytoskeleton
and DAPI was used to stain the cell nucleus. The stained cells were imaged by fluorescent

microscope (Nikon)
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2.3.4 Fluorescence intensity quantification analysis

ImageJ was used to quantify the mean fluorescent intensity of the HDFs. Two different
peptide fluorescent intensities (slide section intensity and single cell intensity) were characterized
and compared between experiment peptide groups, control peptide group and non-peptide group.
For slide section intensity quantification, 6 cells were randomly selected by square tool according
to their nucleus position in DAPI channel, then the mean fluorescent intensity of this area in the
peptide-FITC channel was measured by ImageJ (3-5 images were used for each group). For single
cell intensity quantification, the freedom tool was used to draw the cell shape based on the plasma
membrane channel and the mean fluorescent intensity of this cell in the peptide-FITC channel was
measured by ImageJ (4 images were used for each group). Background autofluorescent from

laminin was tested and subtracted in the measurement.

One-way ANOVA and Tukey’s test were applied to perform statistical analysis in
fluorescent intensity quantification experiment. Different groups were compared with a p-value

less than 0.05, or 0.01 considered significantly different.
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2.4 Results and discussion

2.4.1 Phage library Biopanning selected fibroblast-internalizing peptides

Biopanning was carried out using a Ph.D.-12 phage display peptide library to discover the
HDFs-internalizing peptides with the highest frequencies (Figure 6). Sixty random plaques on the
3" round IPTG-Xgal plate were sent for sequencing. Three promising peptides were found with
high frequencies in the sequencing result (Table 2). There are two reasons that could result in high
frequencies in sequencing: 1. high binding affinity to the target; 2. high growth advantages. Here,
RELIC software!*® was used to analyze the sequencing result based on the sequencing diversity
and amino acid frequency distribution. INFO program in RELIC mathematically measured the
chance of collecting a nonspecific binding peptide versus the chance of collecting a specific
binding peptide. This program can automatically subtract the noise from phage amplification life
cycle and provide us with the that result only due to the binding affinity. It can determine the
success of biopanning process in each round by rating the information content of the outputs. A
high information content of the output means the corresponding biopanning selection result in that
round is based on the affinity of the peptides rather than growth advantages. This indicates the
selection of the corresponding round is reliable. It can also rate each peptide sequence to determine

whether it’s selected based on affinity or growth advantage.
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Table 2. Frequency of HDF internalized peptides.

Peptide sequence Frequency (X out of 60 sequences)
SYPSNALSLHKY 5/60
AHNHTPIKQKYL 5/60
WSFGLPHSPQHL 3/60

The overall information content of the 3@ and 4" round output was compared to the starting
Ph.D.-12 phage library information content (Figure 7). The low information peptide sequences
were presented on the left of figure 2.4 and the ones with high information content were presented
on the right of the figure. The higher the information content is, the lower the growth advantage
the outputs have. Compared to the starting Ph.D.-12 phage library, 3 round output and 4" round
output have 2 peaks instead of 1 peak. The first peak in round 3 and 4 overlapped with the starting
library, which showed that the output kept some of the randomness as the starting library. The
second peak had a higher information content score than the starting library, which indicated the
outputs in these 2 rounds were selected on affinity binding rather than growth advantages.
Compared to the 3™ round, 4™ round had a higher occurrence in the second peak. This showed that
the resultant output from the 4" round is reliable. The output information hasn’t been affected by

growth advantages.
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Figure 7. Information content changing in each selection round. The blue line, yellow line, and
red line represent the starting Ph.D.-12 library input, 3 round selection output, and 4" round
selection output, respectively. The higher information content the output had, the higher specificity
and efficiency the output showed. The 4" round selection had a relatively higher information
content than 3" round selection and starting library. This indicated the output from 4™ round was
more reliable, and the selection was more based on the binding affinity rather than growth

advantages.

The INFO program was also used to calculate the information content for the selected 3
peptides. The INFO value of HDF-targeting peptides was compared to the average INFO value in

the round 4 selection (Table 3). The higher value indicated a lower random occurrence and less
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favored in viral growth, which also showed a greater chance of selection based on the binding
affinity. Compared to the average INFO value, the selected HDF-internalizing peptides all had a
greater information content value, which indicates that these peptides truly bound to the HDFs

with high affinity rather than phage amplification advantages.

Table 3. INFO value of each selected peptides.

Peptide sequence INFO value
SYPSNALSLHKY 34.272
AHNHTPIKQKYL 36.303
WSFGLPHSPQHL 36.706
Average INFO value 34.53

2.4.2 Verification of the affinity and specificity of the selected peptides

In order to find out the best HDF-binding peptide among the selected peptides, the FITC
labeled peptides were incubated with cells. SYP, AHN, and WSF were the beginning 3 amino acid
sequences for SYPSNALSLHKY, AHNHTPIKQKYL, and WSFGLPHSPQHL, which were used
to refer to those 3 different peptides in this project. We first tested the binding affinity of each
peptide under 2 different concentrations (Figure 8). The concentration of 5 uM and 10 uM of

FITC label peptides were incubated with HDFs. The results of these two conditions were consistent.
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Compared to the control peptide (GLHTSATNLYLH), which can be barely detected, the selected
HDF-targeting peptides showed good binding to the cells. Because the cell density in those images
was the same (Figure 8), the AHN and SYP groups had more target binding sites than the WSF
group under both 5 uM and 10 uM.  AHN among the 3 selected peptides has the highest
fluorescence intensity in the image, which indicated that the AHN had the most abundant binding
sites on the cells or it had the highest affinity among these peptides. Because the 10 uM images
had a better contrast and stronger signal, we chose 10 uM as the optimal concentration in the

following experiments.

SYP AHN WSF Control

10 pM

Figure 8. Peptide incubation test with different peptide concentrations (5 UM and 10 pM).

Compared to the control peptide group, all the selected peptides showed specific binding to the
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HDFs. ANH group had a higher fluorescence intensity than SYP and WSF groups under different
concentrations, which indicated a stronger binding. Scale bar: 100 pm.

The images in Figure 8 showed no obvious individual cells. To further confirm that the
selected peptides were bound to the cells, not the cell substrate, the cytoskeleton F-actin and
nucleus were co-stained after the peptide incubation (Figure 9). The F-actin staining did inform
some of the signal cell morphology, but not obvious with high cell density. Non-peptide group
was used to eliminate the autofluorescence of the cells. The WSF showed a very weak binding
affinity. The SYP and AHN groups had better binding compared to the WSF, control peptide and
non-peptide group. They also showed a comparable overlap with F-actin, which indicated that they
specifically bound to the cells. According to figure 9, we found that the F-actin existed both in
intracellular cytoskeleton and extracellular matrix. Fibroblasts are highly involved in the
extracellular matrix formation.*** Thus, it drew our curiosity that where those peptides bind to,

inside or outside of the cells?
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Peptide-FITC

F-actin

Figure 9. Fluorescent images of peptide incubation test. The SYP and AHN group had a stronger
binding affinity compared to the WSF and control peptide group. The Green fluorescence
overlapped with red fluorescence suggesting specific binding of these peptides. The non-peptide

group was a negative control. Scale bar: 100 pm.

To answer this question, confocal microscopy (Leica) was employed to observe the cell-
peptide binding location. CellMask™ Plasma Membrane Stains was applied to mark the cell
plasma location. The section images (multiple cells) of the HDFs (Figure 10) and the single cell
images (Figure 11) with a higher magnification were taken to qualify and quantify the binding

affinity of the peptides as well as to observe the cell-peptide binding sites. To minimize signal



interference from neighboring cells, a lower cell density was used during the incubation. The green
fluorescence was barely observed in the control peptide group, suggesting that the control peptide
did not bind the HDFs. The AHN peptide showed the highest fluorescence intensity among the 3
binding peptides. The SYP and WSF have almost the same fluorescence intensity and both are
weaker than the AHN group. When merged to cytoplasm staining, the AHN and SYP peptides
were present both inside and outside the cells, and they aligned into a fibrous shape. However, the
WSF group only showed an intracellular binding. According to the biopanning process, the phage
displayed peptides could bind to the surface of the cells and then enter the cells by endocytosis.
With the observed binding site differences on the cells, we believe that the targets for AHN and
SYP existed both inside and outside of the cells. They first bound to the same component in
extracellular matrix to land to the cells. Then, they were internalized into the cells and specifically
bound to their own targets. The WSF may not have extracellular target and could have been
randomly endocytosed by HDFs, so that it has lower intensity.

A fluorescence intensity quantification was performed to compare the affinity of HDF-
binding peptides based on the section images. The average fluorescence intensity from multiple
cells and the corresponding p-value were calculated by one-way ANOVA (Figure 12). The non-
peptide group served as a negative control. The fluorescence intensity of AHN group was more
than 2.5-fold higher than the SYP, WSF and control group, which were all higher than the non-
peptide group (Figure 12a). This quantitative result is consistent with the fluorescence image data

in Figure 10.
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Figure 10. Confocal section images of the HDF-binding peptides. The AHN had the strongest
fluorescence intensity among the 3 selected peptides. The SYP and WSF had a low binding affinity

to the HDFs. Control peptide group barely showed the fluorescence signal. Scale bar: 25 pm.
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Figure 11. Single cell images of the HDF-binding peptides. The AHN has the highest fluorescence
intensity among the 3 selected peptides. The fibrous structure appears at the cell junctions in the

AHN group. Scale bar: 10 pm.
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Figure 12. Fluorescence intensity of HDFs-targeting peptides. a) Fluorescence intensity on section
images with multiple cells. The square tool was used to define the measured areas, where 6 cells
were randomly selected based on their nucleus positions. Both intracellular and extracellular
fluorescence intensity were measured on section images. The AHN had the highest binding affinity
to the HDFs. The SYP and WSF didn’t have significant differences compared to the control group
and the non-peptide group. b) Fluorescence intensity on individual HDF cells based on single cell
confocal images. The fluorescence intensity of the AHN peptide was significantly higher than
other groups, which indicated a higher affinity in the target binding process. The results from both
section and single cell images all suggested that the AHN was the best HDF-binding peptides
among them all. **: p<0.01; *: p<0.05.

The section fluorescence intensity was measured based on the nucleus position of HDFs.
It contained the cell body intensity and the fluorescence signal in the extracellular matrix. The

final goal of this project was to use lipid-based nanoparticles (LBN) to deliver reprogramming
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genes into the HDFs. The cell-surface binding of the peptides may improve the chance of
endocytosis. However, the most important process of gene delivery was dependent on the
successful internalization of the targeting peptides into the cells. To further confirm that the AHN
peptide is the strongest internalizing peptide, the images of single HDF cells were taken and the

fluorescence intensity within the cells was measured.

In single cell level, AHN still had the best binding affinity to the HDFs both visually and
quantitatively (Figures 11, 12b). The fluorescence intensity of the AHN group was about 1.5-2
folds higher than other groups (Figure 12b). Besides, there was also a remarkable difference
between the SYP group and the non-peptide group, but the SYP failed to show distinctly higher
expression compared to the control peptide. In summary, AHN was the best HDF-binding peptides
among 3 selected binding peptides and had a significant affinity difference from the control group
and non-peptide group. Both AHN and SYP peptide were detected with extracellular binding at
the junction of two neighboring cells (Figure 11). To further confirm that the fibrous structure was
induced by specific binding between the HDFs and targeting peptides, rather than through peptide
self-assembly, a drop of AHN-FITC solution was dropped on the glass slide and incubated for an
hour. No fibrous structure was observed under the fluorescent microscope. This indicates that the
AHN peptide couldn’t self-assemble. The extracellular fibrous structures in AHN and SYP group
appeared near the cell-cell junctions and the cell pseudopodia (Figure 10). The fibrous structure
became more condensed in the areas where cells were contacting each other or trying to reach the
adjacent cells with their pseudopodia. These junctions have been reported in the extracellular

connection. 142
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In order to get a better understanding of the HDF-AHN extracellular and intracellular
binding sites, the confocal images were used to generate a 3D image (Figure 13). It can be clearly
seen that the peptide bound to a fibrous structure that existed both inside and outside of the cell.
The fibrous structure went through the cell plasma and stretched along the long axis of the cell,
which overlaps with the location of the cytoskeleton. It also grew along the edges of the cell body
and connected to the adjacent cells. In Figure 13, it seems that some of the fiber has gone through
the nucleus. To further observe the AHN binding sites around the nucleus, a video was made with
multiple layered confocal images (Video 1). In the video, from the side view, the green fibrous
structure didn’t go through the nucleus, instead, it was on the surface of the nucleus and existed in
cell plasma. Because the HDF cell was very thin (about 5 um thick) under the confocal microscope,
it looked like the AHN binding site was in the nucleus, however, it was very close to nucleus but

still in cell plasma.
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Figure 13. 3D confocal image showing HDF-AHN binding. Green fluorescence was FITC labeled
AHN peptide. Red fluorescence was cell plasma membrane. DAPI was in blue. The fibrous shaped
structure went through the cell body and parallel to the long axis of the cell. It existed inside the

cell, along the cell membrane and connected two adjacent cells. Scale bar: 8 pum.
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Video 1. Video showing the ANH peptide binding sites on HDFs. Please double click on the

picture to play the video.

The specificity of the AHN peptide was also tested with multiple cell lines. MCF-7 cancer
cell was used as a control cell to identify the binding specificity of AHN. The same amount of the
AHN peptide was incubated with HDF and MCF-7 using the same protocol. In the control MCF-

7 group, we didn’t see any of the non-specific binding signals (Figure 14), which proved that the
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biopanning selection process enabled screening for a highly specific binding process. These figures
also proved that the AHN peptide didn’t self assembly into filament structures. They bound to the

proteins that secreated by HDFs.

DAPI AHN Membrane Merge

HDF

MCF-7

Figure 14. AHN peptide specificity test. The AHN peptide was strongly bound to HDFs and barely
bound to MCF-7 cells, which indicated a high specificity of the HDF-targeting biopanning process.
the Scale bar: 10 pum.

2.5 Conclusion

In summary, we discovered 3 HDF-internalizing peptides (SYPSNALSLHKY,
AHNHTPIKQKYL, WSFGLPHSPQHL) via biopanning, tested whether these peptides were

selected based on affinity or amplification advantages by RELIC, and then, identified the binding
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affinity and specificity of these peptides via fluorescent images. The best targeting peptide we
identified is AHNHTPIKQKYL. It has the highest affinity to HDFs among these 3 selected
peptides and can only specifically target to HDFs.

In the future, 1 will chemically conjugate the AHNHTPIKQKYL peptide to the surface of
a lipid-based nanoparticle. This peptide labeled nanoparticle will work as a carrier to deliver the

CRISPR/Cas9 gene editing system and reprogram the HDFs into hiPSCs.
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Chapter 3. Nanoridge-In-Microridge: A New Hierarchical Ordered
Structure Assembled from Phage Nanofibers for Inducing

Bidirectional Neural Differentiation of Stem Cells

3.1 Abstract

Hierarchically assembled nanomaterials can find a variety of applications in medicine,
energy, and electronics. Here, an automatically controlled dip-pulling method is developed and
optimized to generate an unprecedented ordered nano-to-micro hierarchical nanoridge-in-
microridge (NiM) structure from a bacteria-specific human-safe virus, the filamentous phage with
or without genetically displaying a foreign peptide. The NiM structure is pictured as a window
blind with each lath (the microridge) made of parallel phage bundles (the nanoridges). It is
independent of the substrate materials supporting it. Surprisingly, it can induce the bidirectional
differentiation of stem cells into neurons and astrocytes within a short time frame (only 8 d) not
seen before, which is highly desired because both neurons and astrocytes are needed

simultaneously in treating neurodegenerative diseases. Since phages can direct tissue regeneration,
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template materials formation, sense molecules, and build electrodes, the NiM structures displaying

different peptides and on varying materials hold promise in many technologically important fields.
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Figure 15. HiPSC-derived NPCs differentiated on NiM phage film structure. A dip-pulling
method is developed to form a highly ordered hierarchical phage film with an unprecedented
nanoridge-in-microridge structure on the substrate. This phage structure is found to induce the stem

cells to differentiate into neurons and astrocytes without additional inducers.
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3.2 Introduction

Hierarchically assembled nanomaterials can find a variety of applications in medicine,
energy and electronics. Here an automatically-controlled dip-pulling method was developed and
optimized to generate an unprecedented ordered nano-to-micro hierarchical nanoridge-in-
microridge (NiM) structure from a bacteria-specific human-safe virus, the filamentous phage with
or without genetically displaying a foreign peptide. The NiM structure is pictured as a window
blind with each lath (the microridge) made of parallel phage bundles (the nanoridges). It was
independent of the substrate materials supporting it. Surprisingly, it could induce the bidirectional
differentiation of stem cells into neurons and astrocytes within a short timeframe (only 8 days) not
seen before, which is highly desired because both neurons and astrocytes are needed
simultaneously in treating neurodegenerative diseases. Since phages can direct tissue regeneration,
template materials formation, sense molecules, and build electrodes, the NiM structures displaying
different peptides and on varying materials hold promise in many technologically important fields.

Hierarchical structures, either natural or artificial, can find potential applications in
medicine, energy and electronics.*® Nature has produced biological materials with nano-to-micro
hierarchical structures such as diatoms and bone.'** However, it is still a daunting challenge to
fabricate nano-to-micro hierarchical structures in the laboratory. Hence, we aimed to develop an
unprecedented hierarchical structure and demonstrated one of its applications in serving as a matrix
to induce the bidirectional neural differentiation of stem cells. The bidirectional neural

differentiation of stem cells into neurons and astrocytes is desired because both neurons and
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astrocytes are the building blocks of the human brain and thus are needed simultaneously in
treating neurodegenerative diseases (NDDs) such as Parkinson's disease (PD) and Alzheimer's

disease (AD).

Hence, there is a pressing need to simultaneously regenerate both neurons and astrocytes
to advance the NDD treatment!#* and to generate a coculture model for studying the interactions
between both cells.245-147 Computational digital implementation modeling'*® and neuron-astrocyte
coculture* 147 were used to study the neuron-astrocyte interactions. So far, there have been very
limited studies on the use of nanomaterials to generate a neuron-astrocyte coculture model. 4 150
Moreover, these studies used rodent cells to generate the neuron-astrocyte co-culture. Though the
rodent cells functioned similar to human cells, human cells should be more reliable when it comes
to developing seed cells for treating the NDDs. There are some coculture methods involved in
rodent astrocytes and human neuronal cells.'®® However, those cells are from different sources'®!
and may cause incompatibility. Thus, generating neurons and astrocytes from the same human cell

source will facilitate the development of NDD treatment strategies.

Stem cells have the ability to differentiate into many types of cells. They can be used to
solve the problem associated with the species difference in the traditional coculture method®®: 2
and are a new promising cell source to cure NDD.™3 1>* Stem cells such as neural stem cells
(NSCs) or neural progenitor cells (NPCs) are the direct source for neural differentiation, but the
only tissue source for NSCs or NPCs is human fetal brain tissue. Thus using the tissue source to

generate neurons and astrocytes presented ethical issue.'® Human induced pluripotent stem cells
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(hiPSCs) or NPCs derived from them are the new cell sources for tissue regeneration.'t 153 They
can differentiate into all types of cells and thus used to develop patient-specific stem cell therapy
while bypassing the ethical issues. Nowadays, hiPSCs based stem cell therapy has become one of
the most promising NDD treatments. The behaviors of hiPSCs, especially their differentiation,®’
were strongly influenced by their microenvironment.’®® A material can serve as a matrix for
providing a microenvironment to modulate their differentiation. However, so far, a material has
only been used to generate either neurons'®’ or astrocytes!®® from a single cell source. To the best
of our knowledge, almost no study has been dedicated to the use of a material to achieve the
regeneration of both neurons and astrocytes from a human cell source such as NPCs derived from

hiPSCs although both cells are needed for treating NDDs,*°°: 160
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Figure 16. Self-assembly of phages into hierarchical nanoridge-in-microridge (NiM) structures by
a dip-pulling method. a) Schematic illustration of the dip-pulling method. In this method, a
substrate (e.g., glass slide) coated with positively charged polylysine was dipped into a phage
solution and then vertically pulled out of the solution at a certain speed by a syringe pump. Under
certain conditions (phage solution concentrations, pulling speeds, evaporation rates, pH values,
and salt concentrations), this method generated a phage film with a nanoridge-in-microridge (NiM)
structure. In the NiM, phages were parallel to the pulling force direction and became ordered into
the parallel-aligned nanoridges that were further hierarchically assembled into the parallel
microridges. The nanoridges (with a length of d1) were separated by nanogrooves (with a width

of d2) and as wide as the length of phages (=1.2 um for wild-type phage and =550 nm for
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engineered phage). b) Front view and c) side view of the NiM phage film structure by AFM
imaging. The side view (c) of the NiM shows the presence of a microvalley in between microridges
with the microvalley made of phage layers of decreasing thickness. d) Schematic of the NiM
structures by dip-pulling method and high magnification of the nanoridge and nanogroove
structure by AFM image. D1 and D2 are the width of microridges and microvalleys, respectively.
d1 and w1 are the length and width of the nanoridges, respectively. d2 and w2 are the size of the
nanogrooves between the nanoridges along and perpendicular to the pulling direction, respectively.
The nanoridges were organized into microridges separated by the microvalleys. Each nanoridge is
just a bundle formed by parallel-aligned phages, and thus d1 should be theoretically the length of
a phage nanofiber. e) schematic of a single phage. Red arrows denoted the pulling force direction.
The AFM images show that the NiM film was assembled from wild-type phages with a
concentration of 1 x 10* pfu/ml by the dip-pulling method at pulling speeds of 1.5 um/s (c) and
0.5 pm/s (b,d).

Hence, we proposed to develop a nano-to-micro hierarchical structure (termed nanoridge-
in-microridge, NiM, Figure 16b-d) from filamentous M13 phage, by a novel method termed dip-
pulling (Figure 16a), and then employed the NiM structures to induce the bidirectional
differentiation of hiPSC-derived NPCs into both neurons and astrocytes (Figure 16). It should be
noted that hiPSCs didn’t adhere to the phage films (probably due to the formation of suspended
cell clusters called embryonic bodies during their differentiation into NPCs). However, the NPCs
derived from them did not form the suspended clusters but adhered well to the phage films. Thus,
the NPCs were first derived from hiPSCs (Figure 17) and then cultured on the NIM structures to

achieve the bidirectional differentiation of NPCs in the absence of additional differentiation

63



inducers, because the NIM structures presented unique nanotopography. Moreover, we found that

the NiM structures could be formed virtually on any type of material.

SSEA4 Nestin PAX6

Figure 17. Confirmation of conversion of hiPSCs into NPCs. After 21 days of culture in Neural
induction medium (Stemcell Tech.), hiPSCs were successfully differentiated into NPCs. SSEA4

is a pluripotent marker, and Nestin and PAX6 are NPC markers. Scale bar: 50 um.
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3.3 Materials and Methods

3.3.1 Phage amplification and purification

The E. coli K12 ER2738 (NEB) strain and its engineered strain were used to produce both
WT-phage and RGD-phage, respectively. The bacteria were incubated at 37°C with overnight
shaking. The M13KO7 helper phage (NEB) was added into the overnight bacteria solution and
incubated for 1 h. Then the mixture of phage and bacteria was transferred into a small flask and
shaken for 3 h to allow phage to infect bacteria. Chloramphenicol antibiotics (50 ug/ml) was used
to select the RGD-phage in this step. The product was subsequently transferred into 1 L LB broth
and shaken for 24 h at 37°C. Kanamycin (70 pg/ml) was used to select the phage infected bacteria
and IPTG was used to induce RGD phagemid expression. The resultant RGD-phage or WT-phage
was separated from bacteria by centrifugation. The PEG-NaCl solution (16.7% PEG/3.3 M NaCl)
was added to the supernatant to induce phage precipitation at 4°C overnight. Water was added to
resuspend the precipitated phages. The above precipitation and suspension steps were repeated one
more time for phage purification. The final phage solution was dialyzed against ddH20 overnight

for further use. A nanophotometer was used to detect the phage concentration.

3.3.2 Phage film fabrication by dip-pulling

The polylysine coated glass slides or coverslips were dipped into dialyzed phage solution
and pulled from the solution at different speeds, which was controlled by a syringe pump

(Stoelting). In evaporation change experiment, the normal evaporation rate was under room
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temperature and the fast evaporation rate was applied in the chemical fume hood. Salt
concentrations of the phage solutions were adjusted by adding NaCl solution. The pH values of
the phage solutions were controlled by using buffers of different pH values (Table 4). The surface
structures of the resultant phage films were confirmed by an Atomic Force Microscope (Bruker)

and Optical Microscope (Nikon).

Table 4. Buffers used for achieving different pH values.

pH value Buffer

5.0 HAc-NaAc

6.0 Na:HPO3-NaH2POs3
9.0 Na.COs3-NaHCOs
10.0 Na,CO3-NaHCOs3
11.0 Na.COs

3.3.3 Polylysine treatment on different substrates

Flat substrates of gold, titanium and stainless steel were dipped in polylysine solution

(0.01%) for 10 min at room temperature (RT), whereas polycarbonate plastic slide and silicon were
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incubated in 0.01% polylysine solution overnight at RT to form polylysine coatings. Phage film

fabrication steps were the same as glass slides.

3.3.4 Cell culture

HiPSCs (ALSTEM, Inc.) were cultured using a reported feeder-free protocol.'®? Firstly,
Matrigel (corning) was used to prepare a feeder layer. Matrigel was diluted into 10 mg/ml in
knockout-DMEM/F12 medium (Thermo fisher) and the diluted solution was added to the cell
culture plates to form feeder layer, which were incubated at 37 °C for 1 h. The hiPSCs were seeded
on the plates or films and the mTeSR1 medium (Stemcell tech) was changed daily to maintain
their pluripotency. They were differentiated into NPCs according to the company’s (Stemcell Tech)
monolayer culture protocol. Briefly, the hiPSCs were dissociated into single cells, seeded on
Matrigel-coated plates with a density of 1 x10° cells/mL and incubated at 37 °C with 5% CO,. The
STEMdiff™ Neural Induction Medium (Stemcell Tech) was changed daily to differentiate hiPSCs
into NPCs. After 3 passages, the NPCs were maintained in the STEMdiff™ Neural Progenitor

Medium (Stemcell Tech) for further use.

3.3.5 Cell culture on phage films

Phage films were exposed to UV light for 4-6 h for sterilization. The sterilized phage films
were pre-treated with laminin at 37 °C for 1 h to form laminin coating. The hiPSCs-derived NPCs
were seeded on the laminin coated-phage films and cultured in the STEMdiff™ Neural Progenitor

medium. The medium was changed on the daily basis.
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3.3.6 RT-gPCR

The NPCs on the phage films were harvested at different time points (10 coverslips for
each group). They were digested by accutase and then resuspended in cold PBS. Cells (10° cells)
were counted as a separate bio-repeat. The Power SYBR Green Cells-to-Ct Kit (Thermo fisher)
was used to perform the RT-qPCR. Briefly, the harvested cells were lysed by lysis solution for 5
min at RT first. The lysate was then used for reverse transcription in the thermal cycler according
to Table 5. The reverse transcript cDNAs were use as templates in the real-time PCR step. In real-
time quantitative PCR, 5 genes were tested: Nestin, TBB3, MAP2, GFAP and Olig2. However,
there is no obvious expression in Olig2. Primers for each gene were listed in Table 6. 3-4 bio-
repeats were used at different time points for cells cultured on the WT-phage films, RGD-phage

films and control substrate (no phage).

Table 5. Steps for reverse transcription

Step Temperature Time
Reverse transcription 37 °C 60 min
Enzyme inactivation 95 °C 5 min
Hold 4°C forever
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Table 6. Primers for RT-qPCR.

Gene Primer sequence

Nestin Forward: 5>-GCTCCAAGACTTCCCTCAGC-3’
Reverse: 5’-TGGCACAGGTGTCTCAAGG-3’
TBB3 Forward: 5>-TGGAGAACACGGATGAGACC-3’
Reverse: 5’-GGCATGAAGAAGTGCAGGC-3’
MAP2 Forward: 5’-CTGACAGAGAAACAGCAGAGG-3’
Reverse: 5’-ACAGTCTGTTCTGAGGCAGG-3’
GFAP Forward: 5°>-CTGGAACAGCAAAACAAGG-3’
Reverse: 5>-GATTGTCCCTCTCAACCTCC-3°
Olig2 Forward: 5°- CAAGCTTTCCAAGATCGCC-3’

Reverse: 5’-GATTGTCCCTCTCAACCTCC-3’

3.3.7 Immunofluorescent staining and intensity analysis

Paraformaldehyde (4%) was used to fix the cells for 20 min at RT after PBS washing (3
times) steps. The cells were treated with Triton X-100 (0.3%) at RT for 5 min to allow for the

penetration of the cell membrane. After penetration, BSA (10%) was used for blocking for 1 h at
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RT. Then, the cells were incubated with the primary antibody specific for Nestin (1:200 dilution),
MAP2 (1:500 dilution), GFAP (1:5000 dilution) (Abcam) and PBIII-Tubulin (1:500 dilution)
(Thermofisher) overnight in BSA (3%) solution. The secondary antibodies (Goat Anti-Mouse 19G
H&L, Goat Anti-Chicken IgY H&L, Goat Anti-Rabbit 1lgG H&L) were labeled with Alexa Fluor®
488 and Alexa Fluor® 555 (Abcam). DAPI was incubated with the cells to stain the nucleus for
15 min at RT. The stained cells were fluorescently imaged. The average immunofluorescent
intensity of the cells was analyzed by Image J, which was based on randomly selected ten cells in

about 5 images.

3.3.8 Statistical analysis

One-way ANOVA and Tukey’s test were adopted to perform statistical analysis. Different
substrate groups were compared with a p value less than 0.05, 0.01, 0.001, or 0.0001 considered

significantly different.

3.4 Results and discussion

Filamentous M13 phage is a human-safe bacteria-specific viral nanofiber (Figure 16e) that
is made of a sheath of coat proteins encapsulating a circular ssSDNA.%2 The side wall of the
nanofiber is assembled from ~3000 copies of a major coat protein (termed p8). We used two types
of M13 phage in this work, one is the wild-type phage (termed WT-phage) and another is the

engineered phage (termed RGD-phage) with the side wall displaying RGD (through fusion of RGD
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to N-terminal of p8 by genetic means reported by us previously).*®? Both WT-phage and RGD-

phage are nanofibers (~7 nm wide) with a negatively charged protein shell.

3.4.1 Discovering nanoridge-in-microridge (NiM) phage film structures

To establish and optimize the dip-pulling method, we employed WT-phage simply because
WT-phage could be amplified by infecting bacteria more efficiently than RGD-phage and both
phages do not show difference in phage assembly in the dip-pulling. It should be noted that WT-
phage (~1.2 um long) is longer than RGD-phage (~550 nm long). It is known that displaying a
peptide on the side wall of M13 phage shortens the phage.'® Our dip-pulling method was designed
as a one-step operation (one dipping & one pulling) under automatic control to avoid the
irreproducibility commonly seen in manual or multi-step operation. Namely, a glass slide pre-
coated with positively charged poly-lysine was dipped into a monodisperse phage solution, and
then vertically pulled out of the solution at a stable speed controlled by a syringe pump (and thus

avoiding manual operation).

During the dip-pulling process, the positively charged poly-lysine coated glass slide
attracted negatively charged phages to its surface and the phages were parallelly aligned into a
unique hierarchical NiM structure along the pulling direction (Figure 16b-d). Such NiM structure
has never been reported before and is significantly different from reported alignment of
bionanofibers.®” 141" The nanoridged pattern in the hierarchical structure looked like a window
blind with each lath (the microridge) made of nanoridges (assembled from parallel-aligned phages).

The NiM showed a periodic pattern at both nano- and micro- structure. At the microscale,
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microridges were parallel to each other with microvalleys in between the neighboring ones. The
microvalleys were made of phage bundles with decreasing thickness along the pulling direction
(Figure 16c¢). At the nanoscale, each microridge is made of many parallel nanoridges separated by
nanogrooves (Figure 16d). Each nanoridge is assembled from parallel phages and is as wide as the
length of an individual phage. In such structure, phage nanofibers are always aligned along the
pulling force direction, probably because they have the smallest hydrodynamic interactions with
fluid in the shear force direction.®® We found that the NiM structure was only formed under certain
conditions after we carried out a series of experiments optimizing these conditions, including the
pulling speeds, phage concentrations, salt concentrations and pH values. Although we have not
fully understood the NiM formation mechanism, we believe that it is related to the solvent
evaporation at the meniscus of air-fluid-solid interface moving along the pulling force. It is very
likely that the phage solution reaches a concentration higher than the critical concentration (4 x

10% pfu/ml) for forming a smectic liquid crystal phase at the meniscus.*5°
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Figure 18. Surface morphologies of ordered phage films assembled from a phage solution (1 x

10 pfu/ml) at different pulling speeds by the dip-pulling method. The surface morphologies were
observed by a bright field optical microscopy imaging at a low magnification and by AFM imaging
at a high magnification (shown as insets). a—d) The optical imaging of the film structures at
different pulling speeds: a) 10 um/s; b) 4 um/s; ¢) 1.5 pm/s; d) 0.5 um/s). The red bar on the images
indicated the average width (D1) of the microridges at different speeds. As the speed decreased,

the width (D1) of the microridges became smaller.
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Figure 19. AFM images of a NiM structure at different magnifications showing the
microridges/microvalleys and nanoridges/nanogrooves (schematically shown in Figure 3.2d). The
red arrow denotes the pulling force direction.
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Figure 20. Relationship between the pulling speed and the six size parameters of the NiM (D1,
D2, wl, w2, d1, d2). The length of d1 didn’t change with the speeds because it reflects the phage

length, while the other five factors showed an increase (D1, d2) or a decrease (D2, w1, w2).
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3.4.2 NiM structure under different conditions

NiM structures were consistently formed at different pulling speeds (10 pm/s, 4 um/s, 1.5
um/s, and 0.5 um/s, with 1 x 10 pfu/ml phage solution), as confirmed by AFM (Figure 18 & 19).
However, some size parameters of the nanoridges/microridges and the nanogrooves/microvalleys
are different. To better understand the effect of pulling speeds on these size parameters, we define
six size parameters as shown in Scheme 1, which were determined by a combination of 3 AFM
images for each speed. D1 and D are the width of the microridges and microvalleys, respectively.
d: and w; are the length and width of the nanoridges, respectively. d2 and w; are the size of the
nanogrooves between the nanoridges along and perpendicular to the pulling direction, respectively
(Figure 16d). Because each nanoridge is actually just a bundle formed by lateral aggregation of
parallel-aligned phages, di should be the length of a phage nanofiber. This is confirmed by our
finding that d1 was nearly constant and independent from the pulling speed change (Figure 20b).
However, with the increase in the pulling speed, D1 and d> were increasing whereas D2, w1 and w»
were decreasing (Figure 20). The effect of periodic pulling speeds (10 um/s and 0.5 um/s) on the
phage film formation was also studied (Figure 21). We found that d;, w1, and w2 were nearly not
affected by the periodic speed change. However, D1 and d; still followed our predictied trend in
Figure 3-6 under both speeds; their values on the higher speed side are larger than those on the
lower speed side (Figure 21). On the speed bundary line, we can see a sudden change on the

nanostructures when a speed was changed to another one (Figure 21c). On the fast speed side (10
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pm/s), the nanoridges tended to become bent along the pulling direction, while on the slow speed

side (0.5 um/s), the nanoridges appeared to be straighter.
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Figure 21. Optical and SEM image of RGD-phage film formation under periodic pulling speeds.
(a) Optical image of the film formed when a polylysine treated glass slide was vertically pulled
out of the phage solution under periodic pulling speeds (10 um/s and 0.5 pm/s). (b) SEM image of
the highlighted area in the rectangle in (a). (c) SEM image of the highlighted area in the rectangle
in (b). Both (a) and (b) showed that the width of the microridges (D1) and nanogrooves (d2)
increased with the speed increase while other size parameters were nearly unaffected by the speed
changes. It should be noted that in some areas of the low speed side, d2 (the nanogroove size)
became very small, making two neighboring nanoridges seem to be nearly linked. Blue lines
indicated the speed boundaries. Red arrow indicated the pulling direction (Phage concentration, 1
x 10 pfu/ml).

We then investigated the effect of evaporation rates on the phage film formation. We found
that the best evaporation condition for NiM structure formation was the normal room condition at

the room temperature. When the dip-pulling was operated inside a chemical fume hood to
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accelerate the evaporation, we found that the NiM structure was disturbed at the microscales
(Figure 22). Comparing to the normal room evaporation, the distribution of the microridges and
microgrooves was not uniform under the fast evaporation. Moreover, under the fast evaporation,
microridge width D; significantly decreased. However, the nanoridge structures stayed the same

under different evaporation conditions.

d Fast-evaporation * :

Figure 22. Surface morphologies of phage films assembled from wild-type phages at different

evaporation rates by the dip-pulling method. (a) Phage film structure formed under the fast evaporation

77



rate in a chemical fume hood. (b) Phage film structure formed under the normal room condition. Red
arrows indicated the microridge width D1. (Phage concentration, 1 x 10 pfu/ml; pulling speed, 1.5

pm/s).
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Figure 23. Surface morphologies of wild-type phage films assembled from wild-type phages at
different phage concentrations by the dip-pulling method. Phage concentration manipulates the

phage film formation. The phages were assembled into similar ordered nanoridged patterns when
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their concentration was higher than 3.5 x 10 pfu/mL, below which such patterns were not formed.

Pulling speed, 1.5 um/s.

We then studied the effect of the phage concentrations on the NiM structure formation.
Different concentrations of phage solutions, ranging from 1 x 103 pfu/ml to 2 x 10** pfu/ml, were
proved to affect the phage film structures at a pulling speed of 1.5 um/s. The concentration changes
of the phage solutions didn’t disturb the NiM structure and the six sizes parameters (D1, D2, Wi,
Wz, d1, d2) when their concentration was higher than 3.5 x 102 pfu/ml (Figure 23a-d). When the
phage concentrations were below 3.5 x 102 pfu/ml, the NiM structure could not be formed (Figure
23e-f). These data suggest that the formation of NiM only occurred when the phage concentration
was above a critical concentration, further indicating that the NiM structure was probably driven
by the aforementioned liquid crystal phase formation at the moving meniscus of air-fluid-solid

interface when the glass slide was being pulled.

To understand the effect of ionic strengths on the formation of NiM structures, we studied
the NiM structure formation under different NaCl concentrations in the phage solution with a
certain phage concentration (7 x 10* pfu/ml) and pulling speed (1.5 pm/s). We found that the
NaCl concentrations significantly affected the NiM structure formation and generally lower NaCl
concentrations benefited the formation of the NiM structures (Figure 24). When NaCl
concentrations were higher than 0.01 M, phages could not be assembled into NiM structures, but

only formed non-parallel, crossed patterns. When the NaCl concentrations were increased from
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0.02 to 0.05 M, the crossed patterns became more disordered. When the NaCl concentrations
reached 0.1 M, the phages were assembled into a completely disordered structure. Thus, overall a

higher NaCl concentration tended to result in a more disordered phage film.
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Figure 24. Self-assembly of wild-type phages at different salt (NaCl) concentrations into films by
the dip-pulling method. The salt concentrations were found to tremendously influence the structure

of the phage assemblies. When the salt concentration was higher than 0.01 M, the phages were
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assembled into a cross-linking pattern instead of the parallel-aligned nanoridge pattern. (Phage

concentration, 7 x 10%® pfu/ml; pulling speed, 1.5 pm/s).

Finally, we investigated the effect of pH values of the phage solutions on the NiM structure
formation when the salt concentration was 0.01 M, the phage concentration was 5 x 10 pfu/ml
and the pulling speed was 1.5 um/s. The isoelectric point (pl) of M13 phage is 4.5.1° The pH of
phage solutions was 7-8. Phages could stay in pH 3-11 for 20 min without losing their
infectivity.*’* Thus, we studied the effect of pH values when the pH values of the phage solutions
were buffered from pH 3 to 11 (Table 4). When the pH value was between 6 to 11, the NiM
structures were still formed. When the pH value was higher than 11 or lower than 6, the NiM

structures could not be formed (Figure 25a-f).
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pH values

Figure 25. Surface morphologies of wild-type phage films assembled from wild-type phages at
different pH values by the dip-pulling method. a—f) pH value of the phage solution manipulates
the phage film formation. When the pH was between 6 and 11, the parallel-aligned nanoridged
pattern could be seen under the AFM. When the pH was out of this range, such pattern was not

formed. (Phage concentration, 5 x 10** pfu/mL; pulling speed, 1.5 pm/s).
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Our method can be extended to the formation of ordered phage structures on a variety of
substrates including amorphous materials (e.g., glass and silicon oxide on a silicon wafer),
crystalline inorganic materials (e.g., gold, titanium, stainless steel), and organic materials (e.g.,
polycarbonate plastics) (Figure 26). The key is that these substrates should be pre-treated by being
dipped into a polylysine solution to form a polylysine coating. We found that phages could be
assembled into NiM structures once these substrates were pre-treated with polylysine. However,
such structures were usually not formed on the non-treated substrates (Figure 26). For example,
less organized phage structures were formed on the non-treated glass and gold substrates, and
phages could not be assembled on the non-coated substrates of titanium, silicon, plastic and
stainless steel. Namely, only after the polylysine pre-treatment, could phages be assembled into
highly ordered NiM structures on all of substrates with inherently different compositions and
crystallinities. It should be noted that surface treatment by only polylysine did not lead to the

formation of NiM structures (Figure 27).
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Figure 26. Phage structures on a variety of substrates before and after polylysine treatment. Before
polylysine treatment, M13 phages are assembled into nanoridges and nanogrooves on glass and
gold substrate with less organized structure, whereas no phage patterns were found on titanium,
silicon, plastic, and stainless steel substrate. After the polylysine pretreatment, phages formed

highly ordered NiM structures on all of substrates. Red arrow indicated the pulling direction.
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Figure 27. AFM imaging of a variety of substrates before and after polylysine treatment. Different
substrates were coated with 0.01% polylysine before the formation of the phage films. None of the

pre-treated substrates showed the NiM structure.

3.4.3 Neural differentiation on NiM strucuture

We used the optimized conditions (phage concentration, 1 x 10* pfu/ml; NaCl
concentration, 0 M; pH, 7; pulling speed, 1.5 um/s) to prepare phage films with the NiM structures
of WT-phage or RGD-phage. Thus, we had three substrate groups, WT-phage, RGD-phage (Figure

28) and control (the polylysine-coated glass slide without phage), in testing the bidirectional
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differentiation of iPSC-derived NPCs into neurons and astrocytes in the absence of differentiation
inducers in the culture medium. hiPSC-derived NPCs were seeded on the three substrates in a non-
differentiation medium. We observed obvious differences in cell morphology on different
substrates. Starting from Day 2 after cell seeding, the cells on the phage films showed an elongated
morphology but those on the control substrate were not elongated (Figure 29). The elongated cells
on the WT-phage film trended to form clusters without preferential orientation, whereas those on
the RGD-phage film, either isolated or clustered, were preferentially aligned along the length
direction of microridges (Figure 29b & 30a). Surprisingly, we found that the NiM structures of
both WT-phage and RGD-phage could induce the bidirectional differentiation of NPCs into

neurons and astrocytes (Figure 30).
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Figure 28. AFM imaging of individual RGD-phage nanofibers and the films assembled from them
by the dip-pulling method (Phage concentration, 1 x 10* pfu/ml; pulling speed, 1.5 um/s.). An
RGD-engineered phage is about 550 nm in length. The size di (along the pulling direction,
highlighted as a red arrow) of the parallel-aligned nanoridge pattern of the RGD-phage film equals
to the length of the RGD-phage.
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Figure 29. Morphologies of the cells on the different phage substrates formed under the same
conditions (Phage concentration, 1 x 10* pfu/ml; pulling speed, 1.5 pm/s.). HiPSC-derived NPCs
were seeded onto different substrates, including WT-phage films, RGD-phage films and bare
control substrate (CTR, the polylysine-coated glass slides) without phages. Optical images of the
cells on different substrates on Day 5. Compared to the control group (c), the cells grew on the
phage films (a-b) showed different morphologies on Day 5. The NPCs were grown into clusters
on WT phage films (a), but were aligned parallel to the microridge length direction on the RGD-

phage films (b). Red arrows denoted the microridge length direction.
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Figure 30. Bidirectional differentiation of the cells on the different phage substrates formed under
the same conditions (Phage concentration, 1 x 10 pfu/ml; pulling speed, 1.5 um/s.). The NPCs
on RGD-phage film (a) and WT phage film (b) were bidirectionally differentiated into neurons
and astrocytes by phage films only on Day 8. TBB3 is a neuron marker (red) and GFAP is an

astrocyte marker (green).

In order to verify that the phage films induced the intended bidirectional differentiation,
we tested the possible neural differentiation of NPCs into neurons, astrocytes or oligodendrocytes
by detecting their corresponding cellular markers (Figure 30-33). The mRNA and protein
expression levels of different markers were tested by RT-gPCR (Figure 31) and
immunofluorescence (Figure 32), respectively, on the cells cultured on the phage groups at two
time points (Day 4 and 8) (Figure 31-34). It should be noted that Nestin is an NPC marker, BIII-
Tubulin (also known as TBB3) and MAP2 are an early and late stage neuron marker, GFAP as

astrocyte marker, and Olig2 as an oligodendrocyte marker. The results from the phage film groups
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were normalized to those of the control group. We could detect NPC markers for all groups.
However, compared to the control group, we could detect a significantly high level of the markers
for both neurons and astrocytes, but could not detect the markers for oligodendrocytes, indicating
that the phage films could only induce hiPSC-derived NPCs to differentiate into both neurons and
astrocytes, but not oligodendrocytes. Moreover, at the two time points, the cells on the WT-phage
films showed a higher expression level of the early stage (TBB3) and late stage (MAP2) neuron
markers than those on the RGD-phage films at the both mRNA (Figure 31) and protein level
(Figure 32-34). On the other hand, at both time points, the cells on the RGD-phage films presented
a higher expression level of astrocyte marker (GFAP) than those on the WT-phage films. Therefore,
although both WT-phage and RGD-phage films induced the bidirectional differentiation of NPCs
into both neurons and astrocytes, the former and latter more favored the differentiation into

neurons and astrocytes, respectively (Figure 31-34).
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Figure 31. RT-gPCR results on neural differentiation of NPCs on phage films prepared by the dip-
pulling method under the same conditions (Phage concentration, 1 x 10'* pfu/mL; pulling speed,

1.5 um/s.). mMRNA expression on markers for NPCs, neurons and astrocytes on: a) Day 4 and b)
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Day 8. These results indicate that WT-phage and RGD-phage films more efficiently induced the
differentiation of NPCs into neurons and astrocytes, respectively. (* or #, P < 0.05; ** or ##, P <
0.01; *** or ###, P < 0.001; **** or ####, P < 0.0001. * indicates the significant difference
between WT/RGD and CTR, # indicates the significant difference between WT and RGD).
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Figure 32. Immunofluorescent intensity fold change on neural differentiation of NPCs on phage
films prepared by the dip-pulling method under the same conditions (Phage concentration, 1 x 10
pfu/mL; pulling speed, 1.5 um/s.). Protein expression on markers for NPCs, neurons and astrocytes
on: a) Day 4 and b) Day 8. Generated by analysis of multiple immunofluorescence images for each
marker using image J. The immuno-fluorescent intensity level of each marker in CTR (honphage
control group) were set to 1. The black columns indicate WT/CTR fluorescent intensity ratio and
the red columns indicate RGD/CTR fluorescent intensity ratio. These results indicate that WT-
phage and RGD-phage films more efficiently induced the differentiation of NPCs into neurons and
astrocytes, respectively. (* or #, P < 0.05; ** or ##, P < 0.01; *** or ###, P < 0.001; **** or ####,
P < 0.0001. * indicates the significant difference between WT/RGD and CTR, # indicates the
significant difference between WT and RGD).
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Figure 33. Immunofluorescence imaging results of the markers for the neural differentiation of

the NPCs on Day 4. Nestin is an NPC marker. TBB3 and MAP2 are early and late stage neuron
markers, respectively. GFAP is an astrocyte marker. The NPCs on the WT-phage films showed
higher expression levels of TBB3 and MAP2 marker, while the cells on the RGD-phage films
showed a higher expression level of GFAP. Cells on the WT-phage films had a higher expression
level of TBB3 marker, while those on the RGD-phage films showed a higher expression level of

GFAP marker. Scale bar: 100 pm.

On Day 4, the expression level of the NPC marker (Nestin) was similar in each group, but
the expression level of TBB3 and GFAP was significantly increased in both WT-phage and RGD-
phage film groups compared to the control group. Compared to the control group, the cells on the

WT-phage film expressed a 3.2-fold and 1.9-fold higher fluorescent intensity of TBB3 and GFAP,
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respectively, while those on the RGD-phage film showed a 2-fold and 2.5-fold fluorescent
intensity increase in TBB3 and GFAP, respectively (Figure 32). On Day 4, the cells on the WT-
phage films showed 5-fold higher mMRNA expression of TBB3 than the control group (Figure 31
a). These results collectively indicated that the unique phage film structure could induce

bidirectional differentiation of hiPSC-derived NPCs within 4 days.

From Day 4 to Day 8, the level of TBB3 expression dropped, but the level of MAP2
expression increased, indicating that the neurons were mature within 8 days (Figure 31 & 32). It
usually took more than 2 weeks for NPCs to become mature neurons.*>? However, our phage films
achieved the differentiation of NPCs into mature neurons in 8 days, suggesting that our phage
films could guide and accelerate the neuron maturation of the hiPSC-derived NPCs due to their

unique nanotopographies.
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Figure 34. Immunofluorescent images of hiPSC-derived NPCs on different substrates on Day 8.
Cells on the WT-phage films had a higher expression level of TBB3 and MAP2 marker, while
those on the RGD-phage films showed a higher expression level of GFAP marker. The CTR
showed a higher expression level of Nestin marker. Compared to the CTR (without phage) group,
the NPCs showed a neural differentiation tendency on the phage films with the WT-phage and
RGD-phage film presenting a better induction capability towards neurons and astrocytes,

respectively. Scale bar, 50 um.

Synthetic topography cues greatly influenced the stem cell fate.>> > Anisotropic patterns
(such as gratings and grooves) and isotropic patterns (such as pillars and wells) of the substrates
were reported to favor neuronal and glial differentiation, respectively.®>* Grating structures were

considered to provide stem cells with a stronger support in connecting adjacent cells and promote
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the neurite growth and neuronal cell polarization.>® In comparison to the non-patterned group,
gratings were reported to enhance bidirectional differntiation in stem cell culture.>!>* The grating
size proved to induce neural differentiation ranged from hundreds of nanometers to a few
micrometers.>! > 575% Thus, we believe that microridges and microgrooves would have a stronger
effect on neural differentiation of the hiPSC-derived NPCs than the nanoridges and nanorgrooves
in our NiM structures. On the other hand, nanofibers were reported to induce astrocyte
differentiation’’? and manipulate the astrocyte activation.”® Nanofibrous polymers are one of the
mostly used materials to induce the bidirectional differentiation.*® % 16 They can be arranged
into nanogratings by nano-imprinting*® or form nanofibers by electrospinning®°. Our phage films
exhibited the topographical features of both anisotropic grating and nanofibers. Hence, such
unique topographies induced the bidirectional differentiation of NPCs into neurons and astrocytes
without neural differentiation inducers in the culture medium. On the basis of the unique
morphology of phages, the peptides displayed on them are the secondary factor that can fine tune
the bidirectional differentiation. For instance, in this work we found that both WT-phage and
RGD-phage could induce the differentiation of stem cells into both neurons and astrocytes but
with a different target cell ratio. Therefore, this work, along with our earlier studies where phages
were only assembled into nanoridges, collectively showed that the unique morphology of
filamentous phages endowed them to bear the ability to direct stem cell differentiation, although
their different self-assembly patterns led to different target cells.®” %

Indeed, we found that in a very short duration (within 8 days) the WT-phage films highly

induced the hiPSC-derived NPCs to express neuron markers whereas the RGD-phage films had a
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higher induction in astrocyte formation. Generation of neurons through neuronal differentiation
from NPCs using neuronal induction media usually need more than 2 weeks.'®* 1 Generation of
astrocytes from NPCs or NSCs by using astrocyte induction medium usually needs more than 30
days.!”® Thus, the unique NiM structure of the phage films largely shortened the neural
differentiation duration and provided us a way to study the relationship between neurons and

astrocytes in tissue regeneration in the future.

In this work, a simple pretreatment of different substrates by polylysine consistently led to
the formation of same NiM structures. This suggests that our dip-pulling method is a universal one
for the formation of NiM structures on a variety of different substrates. This also further confirms
that the electrostatic interaction between phages and the polylysine is one of the driving forces for
the assembly of phages into NiM structures on the substrates. Since phages can be used to direct
tissue regeneration,®” template functional materials formation,’® sense molecules,*®® and build
battery materials,'’’ the capability of forming NiM phage structures on different materials holds
promise in finding versatile applications in many technologically important fields such medicine,

energy and electronics.

Although we have not fully understood the mechanism of NiM structure formation, we
hypothesize that different experimental parameters affect the structure formation by influencing
the liquid crystal behavior of M13 phage at the liquid-air-solid interface. M13 phage becomes
highly concentrated to favor liquid crystal formation on the newly exposed solid substrate area that

just leaves the liquid phase at the interface during the dip-pulling. The concentration and speed
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changes directly affect the critical concentration for liquid crystal formation at the liquid-air-solid
interface, and liquid crystal phase change might occur at different critical concentrations.'®® A
change in the salt concentration and pH values can alter the surface charge of single phages, which
in turn changes the electrostatic interaction in the phage solution.1’® In addition, it is known that
electrostatic interaction is the main factor for directing liquid crystal phase transitions'’®. These
known influences on the liquid crystal formation by the parameters (concentrations, puling speeds,
salt concentration and pH value) shed light into the possible mechanisms by which these
parameters control the structure formation of phage films observed in our study and indicate an

optimal combination of these parameters leads to the formation of NiM structures.

3.5 Conclusion

In summary, we developed a new dip-pulling method for the assembly of both WT-phage
and RGD-phage into a unique unprecedented NiM structure. This method could be extended to
the other substrates by a simple polylysine pretreatment before the dip-pulling process. We also
identified the best conditions for forming the NiM structure. The key conditions included the
pulling speeds, the phage concentrations, the NaCl concentrations, and the pH values. We also
found that the resultant NiM structures could induce the bidirectional differentiation of hiPSC-
derived NPCs into both neurons and astrocytes in the absence of any differentiation inducer in the
culture medium. The NiM structures could induce the bidirectional differentiation within 8 days
and thus are significantly faster than the reported methods (more than 2 weeks).®2 174 175 \When

RGD peptide was displayed on the WT-phage to form RGD-phage, the resultant NiM structures
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could lead to the formation of more astrocytes in the bidirectional differentiation. Both neurons
and astrocytes are building blocks in a healthy CNS. Hence, the neurons and astrocytes generated
by our NiM structures can not only be used for treating NDDs but also establish a neuron-astrocyte

coculture model for studying their interactions to gain insights for treating NDDs.
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Conclusion

In this thesis, we discussed the potential application of hiPSCs in disease treatment and
tissue regeneration. We are trying to solve the 2 major questions in hiPSCs derivation and
differentiation using bacteriophage-based biomaterials. To improve the efficiency of HDF
reprogramming into hiPSCs, we selected an HDF-targeting peptide using a phage display library.
This peptide has been proved to bind both outside and inside of the HDFs, which will help with
the endocytosis process. To control the differentiation direction of hiPSC-derived NPCs, we used
bacteriophage to fabricate a novel 2D nanoridge-in-microridge (NiM) structure. This structure
contains grooves and ridges patterns that have been reported to induce the neural differentiation of
stem cells, especially have advantages in neuron formation. The hiPSC-derived NPCs were seeded
on to this NiM structure and differentiated towards both neurons and astrocytes. With an RGD
peptide surface decoration on the NiM structure, we found that the ratio of neurons: astrocytes
changed. The RGD NiM structure benefited the astrocyte formation, while non-peptide decorated
NiM structure benefited the neuron formation. It’s a good model to study the interaction between
neurons and astrocytes. We also explore the formation condition of this NiM structure and found

that this structure can be applied to multiple materials with a simple polylysine pre-treatment.

In the future, we will continue to study the approaches of cell reprogramming, that can
maximize the HDF-targeting peptide function and study the signaling pathway changes in the

materials induced neural differentiation.
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