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Abstract

Layer-by-layer (LbL) self-assembly is a rapidly developing biomaterial technique for
fabricating multilayered structure on substrates. In this project, we report the
encapsulation of single neural stem cells (NSCs) using the LbL self-assembly
technique with polyelectrolytes gelatin and alginate. The encapsulation did not affect
the viability, proliferation and differentiation of the encapsulated NSCs. When
insulin-like growth factor-1 (IGF-1) was loaded on the coating material alginate, its
release from alginate into the medium presented in a time- and pH-dependent way. As
expected, the released IGF-1 significantly enhanced the proliferation of the
encapsulated NSCs, demonstrating a drug-carrier function of the LbL single-cell
nanocoating.

Permeability of the LbL encapsulation is critically important for its versatile
applications. It was determined on PC12 cells encapsulated with gelatin and
hyaluronic acid (HA). Under optimal conditions, permeability of LbL membrane
against FITC-dextran (FD) increased along with the decrement of the molecular
weight of FD. Higher concentrations of the coating materials and higher numbers of
coating layers would yield decreased permeability to FD. In addition, maintaining a
physiological pH was also important to keep the integrity of the LbL encapsulation
system. Encapsulation with 0.5% of the materials for 8-layer was proven to
effectively inhibit the interaction of tumor necrosis factor-a (TNF-a) with its receptor

in the first 3 days and robustly alleviated cell apoptosis induced by TNF-a.



Since the encapsulation structure creates a favorable microenvironment for cells to
survive and function, it holds significant potential for cell transplantation therapies for

neurologic disorders such as stroke, and spinal cord injury.
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Chapter 1. Introduction

1.1 LbL Single-cell Encapsulation
1.1.1 An Overview of Encapsulation Strategies on Cells

Cell encapsulation, which establishes material films on cells, belongs to cell surface
engineering. According to the number of cells encapsulated, there are cell mass
encapsulation and single-cell encapsulation. In cell mass encapsulation, the coating
procedure is performed on cell groups. As such, effects on single cells are often
difficult to be investigated[1, 2]. Therefore, single-cell encapsulation has attracted
more and more attention since it was introduced because the influence on each cells
can be homogenized|3, 4].

Single-cell encapsulation was introduced early in 2000 and is developing rapidly in
recent years[5]. Scattered and modifiable 3D models on bacteria, fungi and
mammalian cells with different materials have been reported for various
purposes[6-8]. Furthermore, novel applications such as cell therapy, cell biosensor
and biocatalyst have been realized in the past decade[4, 9-11]. The single-cell
encapsulation combines technologies in biomaterial, physics, chemistry and biology,

exerting broad potentials in the future.

1.1.2 History of LbL Single-cell Encapsulation
In 1992, Decher et al. introduced the method of LbL self-assembly, which is based

on the electrostatic adsorption of polycations and polyanions[12]. Since then, this



technique has been rapidly developed in fields such as material science, chemistry and
biomedicine[13-16].

The first cell encapsulation was reported by Mdhwald et al. in 2000. Since the
surface of cells is negatively charged, they applied poly (allylamine hydrochloride)
(PAH) as the polycation and poly (styrene sulfonate) sodium salt (PSS) as the
polyanion to encapsulate the fixed human erythrocytes[17]. Other materials were also
applied in encapsulating fixed Escherichia coli (E. coli). These encapsulation models
were characterized in multiple ways, proving the feasibility of the methodology[6].
The single-cell encapsulation technique was soon applied on live cells. For example,
Mirkin and colleagues encapsulated live fungi such as Aspergillus niger (A. niger)
with gold nanoparticles (AuNPs)[18]. However in these studies, cells are just
regarded as the core to accomplish the encapsulation model, of which the emphasis is
on material features instead of the cellular functions[19, 20]. Also, some of the
materials are toxic to the relatively fragile mammalian cells.

Lvov et al. began to focus on functional status of cells after encapsulation and
completed the first encapsulation work on mammalian cells. They coated platelet with
poly (dimethyl diallylammonium chloride) (PDDA) and PSS. Aggregation and
secretion are found to be influenced when conditions of coating changed[8]. The same
method was applied on Bacillus subtilis (B. subtilis), showing the roughness and
viscidity on the surface[21]. Furthermore, Diaspro et al. noticed that encapsulation
with PAH and PSS can be tuned to influence the growth of Saccharomyces cerevisiae

(S. cerevisiae)[22]. These pioneering studies indicate that the LbL single-cell



encapsulation is able to maintain the normal functions of encapsulated cells such as
viability and proliferation, establishing the foundation of current applications.
Versatile applications of LbL encapsulation appeared in 2009 when Tabrizian and
Winnik enabled human erythrocytes to be exempted from immune attack by coating
cells with protective layer and camouflage layer[23]. This technique was further
applied to determine the Kkinetics of germination in B. subtilis, and to observe the
influence on the uptake of nutrients in the extracellular matrix[24]. Techniques such
as bio-inspired silica coating was applied in LbL single-cell encapsulation as well[25].
Lin and Li et al. applied the materials as the reservoirs for regulators, enhancing
multiple functions of neural stem cells (NSCs) and dermal papilla cells (DPCs)[26,
27]. Mooney et al. managed to transplant marrow stromal cells which were
encapsulated by tunable gel into mice and facilitated the insensitivity of cells towards
exogenous cytokines[28]. Notably, some of the methods and materials are not
biocompatible to mammalian cells. Compared to bacteria and fungi, polycations used
in LbL technique are usually synthetic polymers, causing toxicity to most mammalian
cells due to the easily-generated pores on the cell membrane[29]. Therefore,

biocompatibility of the applications is a priority in studies on mammalian cells.

1.1.3 Biomaterials Applied in LbL Single-cell Encapsulation
Polyelectrolytes, including polycations and polyanions, are the fundamental
constitutes in the LbL research. Polyanions have been utilized in many fields such as

drug delivery and peptide synthesis[30, 31]. Polycations can combine with negatively



charged protein and nucleic acid through the electrostatic adsorption. They are also
reputed for the characteristics like anti-inflammation, anti-tumor and
anti-oxidation[32, 33]. The differences among the various types of polyelectrolytes
reside in their side chains, hydrogen bonds, electrostatic adsorption, potential, amine
groups and nucleophilicity. According to different degrees of their biocompatibility,
some of them are used mostly in non-mammalian cells encapsulating and some in
mammalian cells encapsulating.

1.1.3.1 Polycations Applied in Non-mammalian Cells Encapsulating

Cytotoxicity of the biomaterials is largely caused by polycations which devastate
cell membrane. Therefore some polycations, especially the synthetic polycations, are
more appropriate for non-mammalian cells which have protective cell wall.
Application of synthetic polymers is supposed to be homogenous since their
manufacturing is strictly standardized and the polymer products are extremely
consistent. Therefore, the reaction with functional groups of biomolecules will be
more controllable and predictable[34].
1.1.3.1.1 Polyethylenimine (PEI)

PEI is the most extensively used synthetic polycation. There are primary, secondary
and tertiary amino groups inside the molecular structure. Its structure can be either
linear or branched with diverse molecular weight. Linear PEI is obtained through the
hydrolysis of 2-ethyl-2-oxazoline polymerization and it is solid at room temperature.
Oppositely, branched PEI which is fabricated by polymerization of aziridine in acidic

condition is viscous under room temperature. Owing to the plenty of active amine



groups PEI contains, it can be modified feasibly to obtain diverse functions. In the
transfection research, PEI with higher molecular weight and higher degree of
branching forms steady co-polymers with DNA. Linear PEI with the same molecular
weight is not able to bind efficiently. Nonetheless, considerable cytotoxicity and
non-degradability of PEI tremendously hinder its application in medicine[35].

The cytotoxicity of PEI can be effectively lowered by amine modification. For
example, cystamine derivatives with disulphide bond were crosslinked with primary
amine on PEI[36]. Additionally, acylation and acetylation of PEI also lead to
alleviated cytotoxicity[37]. However, these procedures are technically challenging. It
is easier to modify primary amines with optimum amount of trimethylene carbonate.
Toxicity of PEIl can be significantly reduced by conjugation of merely one
trimethylene carbonate molecule[38].

Unmodified PEI is also known to be nondegradable. Reportedly, adding short
cleavable chains of PEI to the long chains will produce cleavable PEI derivatives that
are degradable and less toxic. There is also a report showing the modification with
disulfide bond crosslinked on PEI backbone[36]. Another attempt is to apply reactive
ester bond in order to endow PEI with degradability[39].

Due to the potent cationic feature, PEI was rarely applied in cell encapsulation,
even for non-mammalian cells. Kozlovskaya et al. encapsulated yeast cells with PEI
as the first layer. To lower the positive charges, they diluted PEI in the buffer with the
pH of 7.0 so that cellular functions were not significantly affected. They addressed

that the encapsulation structure was able to be stabilized on cell surface for 6 days and



the permeability of multilayers allowed nutrients to get access[40].

1.1.3.1.2 PAH

PAH is obtained via the reaction of hydrochloric acid with poly(allylamine
phosphate), which is produced from the polymerization of allylamine phosphate at the
presence of 2,2’-azo-bis-2-amidinopropane dihydrochloride. PAH molecules
containing plenty of hydrogen bonds are highly hydrophilic, but not soluble in organic
solutions[41].

The favorable solubility and the weak positive charges enable PAH to be applied in
cell encapsulation. For example, in 2005, PAH was applied to encapsulate yeasts,
demonstrating the protective effect against shear force and ability of cutoff based on
molecular weight[42]. Further, PAH and PSS layers were found to be deposited on the
yeast cell surface together with nanotubes to stabilize the encapsulation structure[43].

1.1.3.1.3 PDDA

PDDA is the homopolymer of diallyl dimethyl ammonium chloride which is
synthesized from reaction of allyl chloride and dimethylamine. Polymerization is
processed under the catalysis by peroxide and its molecular weight varies[44]. It
possesses high cationic density which makes it a potent polyelectrolyte in cell
encapsulation. Encapsulation of Allochromatium vinosum was performed using PDDA
and PSS. They verified that the encapsulation would not inhibit bacteria’s
metabolism[45]. However, like most synthetic polycations, it exhibits distinct

cytotoxicity to mammalian cells.



1.1.3.2 Polycations Applied in Mammalian Cells Encapsulating

Since the very beginning of encapsulation on mammalian cells, biocompatibility
has become a priority of choosing polycations. Owing to the biocompatibility,
biodegradability, and low immunogenicity, natural polycations and a few synthetic
polycations are viewed as adequate materials for encapsulation on mammalian
cells[46, 47]. Further, most of them also have reactive sites which enable different
types of chemical modifications[48]. Without doubt, most of these mammalian
cell-favored materials can also be applied on non-mammalian cells.
1.1.3.2.1 Gelatin

Gelatin which is derived from collagen belongs to natural polyelectrolytes. Due to
its ideal biodegradability and biocompatibility, it is widely used in medicine and
pharmacology. Gelatin is constituted by 18 amino acids with varied charges. Lysine
and arginine residuals in the structure endow gelatin with positive charges. There are
two types of gelatin according to the ways of extraction. Type A gelatin is produced
by acidic degradation, having an isoelectric point (IEP) at 7.0-9.0. Oppositely, type B
gelatin is obtained by basic degradation with an IEP at 4.7-5.4, because the amino
groups in asparagine and glutamine are hydrolyzed into negatively charged carboxyl
groups thus lowering the IEP. Therefore, these two treatments yield gelatin with
opposite characteristics. US Food and Drug Administration (FDA) has already
confirmed its safety in food additive so that it is able to be extensively studied in
material science[49, 50]. In most occasions, type A gelatin is more frequently studied

due to its ability to react with negatively charged substances, including the cell



membrane. NSCs and DPCs have been reported to be encapsulated with gelatin, with
no apparent adverse effects observed[26, 27]. It is confirmed to be an inert and safe
polycation, adequate for mammalian cell encapsulation.

Since gelatin is a weak polycation, cationization is sometimes needed. It can be
achieved via two processes. When pH of environment is lower than IEP, the amine
groups of gelatin become protonated. The other way is to crosslink ethylenediamine
(EDA) and spermine with the mediation of EDC on gelatin to increase its composition
of amine groups. As such, the modified gelatin will gain more positive charges which
are required in some applications[50, 51].

1.1.3.2.2 Cationic Cellulose

This special natural polycation has been used for therapeutic purposes since its
derivatives are acknowledged to be hydrophilic, biodegradable and anti-bacteria. It
contains a linear structure composed of -1, 4-D-glucan molecules existing widely in
the nature[52].

Cationic cellulose could be achieved via etherification of glycidyl ammonium or
alkylene epoxides. Although there are many studies involving cationic cellulose,
production of stable derivatives is still a challenge. The main reason is the insolubility
in aqueous and organic solutions, resulted from the strong hydrogen bonds within
their molecules[53]. Some people esterified cellulose under the alkaline environment
to endow it with amphiphilicity[54]. This new derivative is considered as an ideal
carrier for insoluble drugs.

Aside from cationic cellulose, cellulose can also be modified with hydroxypropyl



or hydroxyethyl. Hydroxypropyl cellulose is a biocompatible material that has
received FDA approval. It is added with poly(2-dimethylamino ethylmethacrylate)
(PDMAEMA) chains to generate comb-shaped polymers, which exhibit outstanding
features for carrying gene products[55]. Polyethylene glycol (PEG) substitution is
performed to produce cationic polyquaternium  derivatives, such as
polyquaternium-4-cellulose, belonging to hydroxyethyl cellulose which also improve
the gene transportation[56].

Cellulose has already been utilized in the encapsulation of epithelial cells for cell
therapies. It is addressed to inhibit the immune response on the grafted cells by the
host[57]. However, the safety of its application is still under debate. Some studies
found that only mere influence was observed on the proliferation of encapsulated
cells[58]. Some groups verified that strong inflammation will be elicited after the
encapsulated cells are transplanted[59]. Clinical practice will be better performed only
when the basic features of the cellulose are thoroughly clarified.
1.1.3.2.3 Poly(amido amine) (PAMAM)

Among various types of synthetic polycations, PAMAM is a peculiar one with ideal
characteristics—it is degradable, biocompatible and of low cytotoxicity. Its synthesis
is achieved by Michael-type polyaddition of amino groups with bis-acrylamides and
amino groups arranged alongside the backbone. PAMAM itself is a highly
functionalized polymer of which the side chains can be flexibly substituted. Generally,
linear form is a powerful gene deliverer owing to its naturally high capacity in binding

DNA[60].



In some occasions, PAMAM can be modified to be more reductive for improving
the drug delivery. These derivatives comprise acetals or ketals alongside the backbone
and they will be hydrolyzed under acidic condition[61]. The hydrolyzed oligoamine
groups can be coupled with cystamine bisacrylamide that contains disulfide bonds via
Michael-type reaction[62]. Even the primary amine monomer is reacted with
cystamine bisacrylamide to synthesize PAMAM derivatives. Taking advantages of
these disulfide bonds, PAMAM can be modified to be more biocompatible, stronger
in buffering and efficient in transfection[63, 64].

Besides the potency in DNA binding, PAMAM has been well-recognized to be used
in mammalian cell encapsulation. Islets are coated with phosphine-modified PAMAM
in a covalent way, without interruption of cellular functions since the decreased
cations further mitigate the cytotoxicity of the material[65]. This encapsulation
complex is also suggested to endow immunoprotection for the grafts.
1.1.3.2.4 Chitosan

As a natural polycation, chitosan has randomly distributed N-acetylglucosamine
and D-glucosamine which are varied in ratio, alignment and chain length. It is also
known as a polybase with a pKa from 6.0-6.5, which endows chitosan with pH
reactivity. Since this pKa approximates to be weak acidity or neutrality, it
demonstrated great potential in the biological research[66].

In the conditions of which the pH is lower than pKa, chitosan will obtain high
charge density, exerting the feature to be cationic. When pH is neutral, charge density

on chitosan will be lower, decreasing its cytotoxicity. However, chitosan becomes
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unstable and tends to aggregate because of the lower solubility under the neutral pH.
On the other hand, acetylation and molecular weight can be altered to influence the
charge density, affecting the transfection efficiency[67]. Chitosan is able to interact
with polyanions due to these features, so that it is often used to combine with
negatively charged biomacromolecules and even cell membrane. One of the main
obstacles of chitosan in the bio-therapy area is from the low solubility in neutral
conditions. Another is that the drug will be released rapidly from the chitosan
substrate since chitosan swells to a high degree in water[68].

To overcome these disadvantages, chitosan has been modified chemically. Each
glucoside in chitosan molecule has one amine group and two hydroxyl groups to be
reacted. Modification of the cation can be processed by alkalinization of the amino
group, or by adding side chains to the backbone. All those modifications will not yield
to changes of the major characteristics, but introduce new features, such as protecting
amine groups to improve the transfection[69]. Chitosan alkalinization leads to
controllable cation features and will not affect the dependence of pH at the same time.
Additionally, its solubility in agueous solution with wider pH fluctuations can also be
improved. The adhesiveness of chitosan changes along with the degree of
alkalinization, making the derivatives suitable for delivering gene products. Reaction
between chitosan and methyiiodide under alkaline condition is a direct way of
alkalinization[70]. Among different forms of alkalinized chitosan, N, N, N-trimethyl
chitosan chloride is a broadly used one[71]. Other types of modification are also

widely reported. For example, Jia et al. synthesized the quaternary ammonium salts of
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chitosan which are anti-bacteria[72]. Crosslinking with folic acid enables chitosan to
transport 5-aminolevulinic acid to human colorectal cancer cells. This crosslinking
can be catalyzed with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) with
varying starting ratios[73]. Another chitosan derivative is from the modification by
octadecyl-quaternized lysine, which is applied to produce lipidosomes for carrying
paclitaxel that is originally insoluble. N-((2-Hydroxy-3-trimethylammonium) propyl)
chitosan chloride (HTCC) is fabricated via reaction with
glycidyl-trimethyl-ammonium chloride[74]. The good solubility and permeability
promote their efficiency in neutral conditions. Permeability is realized by the reaction
of negatively charged site on tight junctions with the positively charged HTCC; the
junctions will open to facilitate drug transportation. By adding poly-L-lysine (PLL) to
chitosan, the latter will possess higher density of cations. This derivative has stronger
affinity to negatively charged biomolecules with lower cytotoxicity and higher
transfection efficiency than PEI does[75].

Chitosan is often used in the encapsulation of diverse types of cells such as MSCs
and PC12 cells[76, 77]. Although it is soluble only under acidic conditions and not
stable mechanically, chitosan and alginate are proven to encapsulate islets for
transplantation into diabetic animal models[78]. Some studies apply N-acetylated
chitosan to enhance its solubility and stability in the cell encapsulation, however, the
biocompatibility becomes an obstacle[79]. Therefore, utilization of chitosan and its

derivatives needs cautiousness.
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1.1.3.2.5 Poly-L-lysine (PLL)

As a cationic polycation, PLL composed of homopolymer contains vast primary
amine groups. They can conveniently combine with negatively charged biomolecules
following protonation, by the force of electrostatic adsorption. During the fabrication,
one lysine monomer is protected by a primary amine group, and then it is converted
into a cyclic lysine anhydride. After the ring-open reaction of this cyclic anhydride by
the initiator, PLL is produced. In this context, molecular weight of PLL can be easily
manipulated by adjusting the ratio of lysine monomer and initiator[80].

PLL has always been applied in polyelectrolyte complex formation since it is
fabricated. Under the neutral conditions, primary amino groups on PLL are partially
protonated. This gives PLL the ability to buffer from pH 5.7 to pH 7.7. PLL with a
high molecular weight is supposed to be cytotoxic and it has the tendency of forming
aggregations. With the reduction of molecular weight, the complex with PLL becomes
unsteady[81]. The fact indicates that the amount of primary amino groups counts in
the polyplexes production.

To overcome the limitations, branched derivatives have been developed. PEG was
added to PLL to establish co-polymer with advanced buffering capacity and decrease
the deposition[82]. Bioactive peptide can be conjugated with the PEG-PLL polymer.
One example is that the artery wall binding peptide (AWBP) is linked with PEG-PLL
through the reaction of cysteine on AWBP with the vinyl sulfone groups on the
co-polymer. The efficiency in transfection becomes significantly enhanced compared

with the efficiency of PLL or even PEG-PLL[83]. Biological tissue-targeting delivery
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of drugs can be achieved via the modification of PLL polymers. For example, lactic
acid conjugation exerts the ability of hepatic tissue targeting. Doxorubicin is able to
be delivered and released by this modified co-polymer. Leukemia cells can also be
targeted via the reaction of JL1 antigen on the co-polymer[84-86].

An advantage of the application of PLL dendrimer is the relatively lower
cytotoxicity. Denkewalter et al. designs the bidirectional asymmetric core that is
coupled by I-lysine monomer and benzhydrylamine[87]. Followed by acid-induced
deprotonation, the activated lysine derivative will form the PLL dendrimer which is of
the early generation. Thereafter, almost all the PLL dendrimers are synthesized on this
basis. For example, induction of lysine, succinimyldipropyldiamine and arginine into
PLL yields derivatives to be less toxic as well as higher positive charges[88, 89].

PLL is acknowledged as a powerful polycation for mammalian cell encapsulation.
Veerabadran et al. performed single-cell encapsulation on MSCs with PLL and HA.
They address that the thickness of the multilayers can be 6.0-9.0 nm and the
morphology and cell survival are maintained for 7 days[90]. Wilson et al. modified
PLL with PEG to further reduce its cytotoxicity. The PEG-PLL copolymer is
demonstrated to encapsulate the islets of which the functions are not interfered. The
encapsulated grafts exhibit significant therapeutic benefits for the murine model[91].
1.1.3.3 Polyanions Applied in Cells Encapsulating

Compared to polycations, most polyanions are much less cytotoxic so that people
have a broader scope for selection. The commonly used polyanions are described in

below.
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1.1.3.3.1 Alginate

Alginate is extracted from algae. It is constituted by 1,4’-linked B-D-mannuronic
acid and a-L-guluronic acid residues in varied sequences as the structure of linear
polysaccharide[92]. Different composition of the residues is determined by the source
of algae. High ratio of guluronic residues leads to more solid structure since they have
higher affinity to bivalent cations. On the contrary, a high ratio of D-mannuronic
residue results in soft gels[93]. Therefore, with a wide range of selection, they can
meet different requirements.

In order to fabricate capsules, bivalent ions like Ca?* and Ba?* should be added to
the alginate solution to crosslink into hydrogel. Other metal ions such as Cu?*, Pb?
and Co?" are not appropriate for cells due to their cytotoxicity[94]. The rigidity of the
gel increases when the affinity of ions with alginate becomes higher[95].

One limitation of alginate hydrogel is the widely existing pores, thus immune
signaling cannot be effectively blocked[96]. For example, pore size of Ba?*-alginate
hydrogel can only protect allogeneic graft from immune recognition, but not the
xenogeneic graft[97]. To ameliorate the immune response, synthetic polycations like
PLL and poly-L-ornithine should be used to coat with alginate[98, 99]. Besides,
glutaraldehyde, PEG, cellulose, etc. can also be applied as crosslinkers[100-102].

It is noted that even if the coupling materials are suggested to diminish the pore
size of encapsulation with alginate, normal metabolism of the encapsulated cells
should not be influenced by the material barrier, which otherwise may hinder

substance transportation. In the study of islet cells encapsulation with PLL and
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alginate, reactivity of islet cells to glucose is directly interfered. The degree of
influence by PLL thickness even exceeds that of the islet size and capsule diameter.
To minimize the impact, thickness of PLL layers should be less than 4.0um,
concentration should be lower than 0.1% and incubation time should be shorter than
10 minutes[103]. Otherwise the permeability may be decreased, leaving hazardous
substances inside cells to cause damage.

Applications using other coating materials with alginate can also augment the
rigidity of alginate encapsulation and reduce the permeability. PEG can be coated on
capsules to increase the stability and prevent cells from overgrowth[104]. Even the
low concentration of glutaraldehyde is capable of stabilizing the microcapsules[101].

Covalent crosslinking is another way to establish stable alginate gels. Photoactive
crosslinking is the most preferred technique[105]. However, photoactive crosslinker
solution will release a surge of free radicals in the process of bond formation, leading
to cytotoxicity[106]. An alternative approach is to introduce aldehyde or hydroxyl
groups to alginate. In this case, permeability is partly reserved and structure
stabilized[107, 108]. Phenol may be applied together with horseradish peroxidase as a
biological crosslinker, but the esterification would consume a plethora of carboxyl
groups so that the capsules become unstable[107].

The purity of alginate is regarded as a potential factor affecting the immune
response. Most natural polymers such as alginate contain immunogenic molecules
including proteins and endotoxins. These substances can induce intensive adverse

responses after diffusing out of the capsules[109]. Researchers assume that impure
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alginate probably contains pathogen-associated molecular pattern molecules (PAMPS)
which exist either in pathogens or in nature extensively with a highly conserved motif.
These PAMPs are potent activator of immune system and can result in strong
inflammation[110].

Complement system triggering is another procedure that strengthens the immune
activation. The activated complement will lead to the generation of cytokines which
penetrate into the capsules to cause damage[111]. However, the complement complex
is usually too huge to cross the alginate coating. This effect is more prominent in
encapsulation using alginate with high ratio of guluronic residue[112].
1.1.3.3.2HA

HA is polysaccharide of high molecular weight, derived from connective tissues
and fibroblasts. HA exists extensively in the organism, such as in cartilage and
vitreum, to reserve water and keep lubrication. Therefore it is critical for synovium of
joints. On the other hand, HA exhibits importance in cell-cell interaction as a structure
supporter. For degradation, HA will enter the plasma and then get degraded by hepatic
endothelial cells or directly by hyaluronidase[113].

HA has a highly conserved structure composed of 1,3-b-D-glucuronicacid and
1,4-b-N-acetyl-D-glucosamine. In the animal body, HA can be circulated and
immobilized on glycosaminoglycans, receptors and proteins by electrostatic
adsorption. Membrane receptors of HA have been identified into several categories
that include intercellular adhesion molecule-1 (ICAM-1), hyaluronan mediated

motility receptor (HMMR) and CD44. It is noted that expression of CD44 is
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widespread in tumor cells, so that it becomes an ideal material for drug delivery
targeting tumors. In general, HA is a component of ECM endowed with
biocompatibility and biodegradability, thus suitable for most applications in tissue
engineering and pharmacy[114].

HA can be modified to be functional with different techniques. Among them,
chemical modification is the most used one. Carboxyl group, hydroxyl group and
N-acetyl are the active sites for reaction. Therefore carbodiimide can mediate the
esterification and amidation of carboxyl group. Etherification, esterification and
crosslinking with divinyl sulfone are common methods for modifying hydroxyl
groups[113]. The HA derivatives are divided into two types which include
terminal-modified and partial-modified[115]. The terminal-modified HA will undergo
different biological procedure and not be able to form bond. Conversely,
partial-modified HA is still modifiable to form covalent bond after being applied in
biological researches. In this context, partial-modified derivatives of HA are preferred
in most occasions, but it should be aware that the biocompatibility is required when
performing the chemical modification and the by-products have minimal toxicity.

In cell encapsulation, HA is especially favorable for cells of which the ECM
contains a vast of glycosaminoglycans or HA. In the research of cartilage engineering,
HA encapsulation was demonstrated to boost the chondrogenesis of mesenchymal
stem cells (MSCs) and the establishment of supportive matrices[116]. It is also ideal
in tissue engineering of nervous system. The improvement of neural regeneration and

astrocyte activation has been verified in the application of artificial ECM fabrication

18



following nervous system disorders[117].

Modification of HA will be advantageous in many respects. Since HA is inheritably
not adhesive to cells, adhesive motifs such as RGD can be coupled to increase the
ability of adhesion[118]. Photoreactive HA polymer was synthesized by treatment of
methacrylic anhydride. It is found that the mechanical properties of the polymer
resemble that of neural tissues[117].
1.1.3.3.3 PSS

PSS is a polymer with thermoplasticity and featured by outstanding hydrophilicity.
It has been extensively applied in encapsulation of tissues and cells, such as
erythrocyte and pancreatic tissues[119]. Although PSS is able to interact with
polycations such as poly PAH via the electrostatic adsorption to endow cells with a
shield against immune recognition, the mechanical stability is a major concern for
application of PSS[120]. Encapsulation with PAH and PSS is shown to be damaged
by the shear force after transplantation[121]. Furthermore, PSS will provoke the
activation of complement system so that the survival of encapsulated cells is impaired,
especially for the mammalian cells[122].
1.1.3.4 Other Materials

Aside from natural and synthetic polymers, nanoparticles are applied in single-cell
encapsulation. In 2009, Fakhrullin et al. encapsulated spores of S. cerevisiae and
Trichoderma asperellum (T. asperellum) using Au and Ag nanoparticles together with
PAH, bovine serum albumin (BSA) and PSS. However, they found that these different

cells exert converse morphological changes and biological behaviors[123]. Some
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applied multiwalled carbon nanotubes (MWNTS) in encapsulatin S. cerevisiae for
investigating the electrochemical characteristics[124]. Graphite oxide is also proved
to be suitable for encapsulation, with great biocompatibility[125].

Additionally, magnetic nanoparticles (MNPs) as a special type of nanoparticle,
have attracted great attention in many fields such as biocatalysts, bioreactors and
biosensors. MNPs provide the possibility of manipulating cells that are coated with
MNPs in the 3D space via the external magnetic field. Either dead cells or living fungi
were reported to be encapsulated[126]. The magnetizing encapsulation does not
influence the enzyme activity within cells since the encapsulated cells still function as
the biocatalyst[127]. Nevertheless, it is inevitable for MNPs to affect the viability of
cells, especially when they are directly attached to the cell surface. Fakhrullin and
colleagues probed into strategies of encapsulation with MNPs, indicating that
adsorption of PAH with MNPs is a feasible and effective way to preserve the viability
and functions of cells. Encapsulated fungi were easily performed with toxicity test
and isolating[128]. Follicle epithelial cells and fibroblasts can be manipulated to form
bilayered cellular structure in the magnetic field[129]. Additionally, it is
acknowledged that encapsulation of HelLa cell line with PAH/MNPs is of
enlightenment for cell research. Mammalian cells lack the cell wall, so that the fragile
cell membrane is exposed to the toxic nanoparticles[130]. By applying PAH with
MNPs, these nanoparticles will be immobilized outside the cell membrane to decrease

the cytotoxicity.
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1.1.4 The Interaction within LbL Self-assembly

LbL self-assembled multilayers are able to adsorb to interfaces firmly and alter
their surface characteristics simultaneously. On the other hand, changes in the
interacting force also mold the features of multilayers. As such, the premise of
application of LbL is a comprehensive understanding of the interactions between
polyelectrolytes and the encapsulated objects.

There have been studies about the feature variations led by coupling of
polyelectrolytes with interfaces nowadays. These interfaces are divided into planar
surface and colloidal particle. The interacting force on the surface was investigated
via atomic force microscope (AFM), surface forces apparatus and totalinternal
reflection microscope[131-133]. The assembly of the colloidal particles can be
observed by means of turbidity measurement, time-resolved light scattering, and
rheological technique[134-136].

Structures of LbL polyelectrolytes are either linear or branched. Strong
polyelectrolytes such as PSS and branched PEI will possess charges almost
permanently. On the contrary, charges of weak polyelectrolytes which include gelatin,
chitosan, PLL and linear PEI are determined by variation of solution pH and ion
strength. The degree of ionization can be measured with titration or patterned with
electronic field[137].
1.1.4.1 Characteristics of Material Adsorption

The affinity of the polyelectrolytes with the oppositely-charged interfaces is

resulted from force of electrostatic adsorption. Since the backbone of polyelectrolytes
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is usually hydrophobic, van der Waals force and hydration force are playing important
roles[13].
1.1.4.1.1 Interaction of Polyelectrolytes with Planar Interfaces

Visual techniques enable people to detect the interaction between materials and
surfaces. For example, in the research of PDDA/SIO2 combination, pH of
polyelectrolyte solution was adjusted to be acidic and then it was incubated with SiO2
substrate[138]. Initially, the mass of attached polyelectrolyte increased in a
time-dependent manner, indicating the ongoing adsorbing procedure. Afterwards, the
binding would not continue due to the saturation, although there were still materials in
the solution. The surface was then rinsed but no detachment was found, suggesting
that the material binding was hard to reverse[139]. Under some occasions using
polyelectrolytes with low molecular weight, partial detachment will probably occur
especially when solution composition changes or there are other materials in
presence[140].

It was confirmed in these studies that the adsorption rate was proportional to the
material concentration. This was also verified by mathematic model in a PDDA
adsorption study[131]. The discrepancy was only a mere and might be resulted from
the influence of hydrodynamics[141]. The adsorption rate on the plateau will be
increased with the higher concentration of polyelectrolytes. This phenomena was
explained by the finite relaxation of the material structure that when the concentration
IS increased, the lateral relaxation of the bound material will be inhibited by the rapid

adsorption of adjacent polymers. The mechanism extensively exists in research of
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protein adsorption[142].
1.1.4.1.2 Interaction of Polyelectrolytes with Colloidal Particles

Polyelectrolytes can attach to the surface of colloidal particles when they are mixed.
When there are excessive polyelectrolytes, they will adsorb to the particles until the
plateau reached; if the polyelectrolytes are insufficient, they will get attached without
free polymers in the mixture. In this context, materials applied should be excessive to
keep them homogenously distributed on particles[143].The adsorption was also
verified to be irreversible and quantifiable in the experiment with PAA and sulfate
particles, monitored by AFM[144]. Adsorbed materials on each unit of particle
surface could be identified as mg/m?, which was further confirmed via electrophoresis.
However, heterogeneity of the mechanism above may occur due to the kinetics during
the binding process[145].
1.1.4.2 Characteristics of the Polyelectrolyte Layers
1.1.4.2.1 Amount of Material Adsorption

As calculated under the condition of 50 mM salt solution, the saturated adsorption
mass of PDDA on SiO2 was about 0.3 mg/m? which was at small scale. The reason is
that the innate ability of adsorption for a single layer of atoms is 1.0-2.0 mg/m?. The
mathematic model demonstrates the adsorption amount to be 0.01-1.00 mg/m? when
the polymer coupling is saturated[146].

Adsorption amount of polyelectrolytes is directly associated with factors such as
polymers’ inherit features and solution composition. Among them, molecular weight,

ion concentration and charge density of substrate are critical. For example, the amount
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is weakly related to the molecular weight of linear polyelectrolytes, however, it is
proportional to molecular weight of branched polyelectrolytes[147]. In addition, it is
also dependent on the concentration of monovalent electrolytes. This has been
verified in variant polymer-substrate mixtures and can be reversed only under
extremely weak polymers or high concentration of salt solution[148].

Charge density of polymers is of significant discrepancy and their hydrophility
changes accordingly. The charge density can be tuned by utilizing weak ion groups or
adjusting pH. However, it may be different between bound complex and unbound
complex since ionization happens during the binding. Generally speaking, when
charge density of substrate increases and that of polymer decreases, the attached
amount will increase, reaching maximum when charge density of polymer is at a
minimal level[149].
1.1.4.2.2 Morphology of the Polyelectrolyte Layers

It has been verified that polymers are bound on the interfaces in a layer-by-layer
way. Since the space in between is generated by the repulsion force from existing
chains, the polymer films are heterogeneous laterally. Additionally, chains of
polymers are flatten due to the robust electrostatic force with the interfaces. For weak
polyelectrolytes under the condition of high salt density, they form films with
homogeneity[137].

Thickness of the polyelectrolyte layers can be measured with different methods, for
example, dynamic light scattering and quartz crystal microbalance

measurements[150]. These indicate that the polymer films have the thickness of a few

24



nanometers. Since the diameter of polyelectrolytes is around 20-100 nm, it is
acknowledged that these polymer chains are pressed to great extent when adsorbed.
According to the thickness, water content of the pressed films is supposed to be only
20%-60%. However, under the condition of high salt concentration, films would be
swollen and highly porous. Some researchers found that with the increase of salt
content, mole mass, and the decrease of charge density, polymer films became
thicker[151].

Even though dynamic light scattering exhibits a similar result, the figure could be
higher than measured by surface technique, which could reflect the process of the film
swelling. Application of substrates might underlie the deviation, but it was
presumably caused by sub-layers within a single polymer structure. Thickness of
these sub-layers varies with the concentration of salt solution alteration, leading to
discrepancy of these methods. It is also noted that since the films are extremely thin
and influenced by environmental factors, systematic errors are inevitable[152].

Lateral heterogeneity of coupled polymers have been confirmed with AFM
technique. This feature is predominant for polyelectrolytes with high charges and
condition with low salt. Popa et al. observed the dried branched PAA after adsorption.
They observed that although there was still space among the polymer molecules, the
adsorption had already reached saturation[153]. This was led by the potent repelling
force from the branched macromolecules.

Various techniques have been applied to verify the lateral heterogeneity of attached

polymers, however quantification is rare. As an exception, branched PAA-formed
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films can be quantified at the single-molecule scale by AFM[154]. The attached single
linear polymer and nucleic acid could be characterized statistically, but detailed
description for structure of saturated layer of adsorbed linear polymers is still
unavailable[155, 156]. Direct force measurement was used to prove that attached PAA
and linear PSS were heterogeneous[157]. These findings indicated that linear
polymers tended to generate films with high homogeneity. Hydrophobic
polyelectrolytes with weak charges would construct films with higher homogeneity, in
similarity to the cluttered lamellar phase[158].
1.1.4.3 Charge Balance of Polyelectrolyte Layers
1.1.4.3.1 Charge Reversal

A pronounced feature in the process of polymer-substrate adsorption is the charge
reversal caused by excessive coating. It is acknowledged that combined
polyelectrolytes and substrate are oppositely charged (except for some weak
polyelectrolytes). A common sense is that when they have the same charge, polymers
will be detached from the substrate. However, since the attached polymers are lateral
heterogeneous, characteristics of the interface are critical only when it is adjacent to
the polymers. Therefore, the polymer molecule would adsorb to the vacant binding
site which is decided by local environment instead of the charge of substrate[159].
Moreover, other types of adsorption force which are not affected by charges of
interfaces also exist, such as hydrophobic force and van der Waals force[160, 161].

Electrokinetic methods can be applied for detecting the charge of polyelectrolyte

films. A good approach measuring capsules is electrophoresis. Electrophoretic kinetic
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during the process can be converted into surface potential via mathematic model.
Streaming potential or current techniques are commonly applied in measuring planner
interfaces. Surface potential of both capsules and substrates can be monitored with
direct force detection, by which the relative value is obtained[162].

Surface potential of amidine latex particles is an indicator to show a discrepancy in
charge density between untreated and encapsulated particles[163]. In spite of it, the
other characteristics may not be altered significantly since the polymer films are super
thin. As a matter of fact, positive charges of non-encapsulated particles would be
reversed by attached polyelectrolytes, exhibiting negative charges. These facts are
confirmed by both surface potential and direct force techniques, with the exception of
substrates with charge heterogeneity. In the process of coating, particles would remain
positive when polyelectrolytes are at low concentration. When reaching a certain
concentration threshold, the surface charges could be neutralized without additional
adsorption[143]. Therefore, if polyelectrolytes are added continuously, negative
charges on particles would aggregate till saturation with excessive polymers in the
mixture.
1.1.4.3.2 Charge Distribution within the Multilayer Structure

Studies showed the pattern of charge density and surface potential. For substrate
with positive charges, local layer characterization showed that aggregation of negative
charges and depletion of positive charges could compensate the positive charges in the
local charged group. However, the surface charges of saturated layer of polyanion can

be over-compensated so that they can be neutralized by following addition of
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polycations[164].

This procedure of compensation is slow, indicating that the net charge on the
surface was decreased. The actual variation of charge distribution in the multi-layer
films can be detected. It is because at the critical point of charge reversal, it is neutral
on the interface so that chemical titration could be used to detect the charges by ion
compensation. The counterions are important for charge balance in highly-branched
polymers and substrates with low charges. For example, in the LbL assembly using
branched PEI and PAA, the counterions are capable to compensate over 90% of the
charges from bound polymers[165]. Even in layer of saturation, surface charges
compensated by free polymers only accounts for a small proportion. Moreover, lateral
heterogeneity-induced lateral deviation in the dissociated layer may underlie the
discrepancy between adsorption amount and net charges.

Deviation of charge reversal point is explained by stoichiometry that depicts the
necessity of high demand for weak polyelectrolytes in charge compensation[166].
Similarly, compensation of a few surface charges relies on the low amount of
polyelectrolytes[167]. Also, it is acknowledged that weak polyelectrolytes are
depended on solution pH[167]. For example, polycations will possess more charges
with the decrease of environment pH. For the substrate with fixed charge distribution
on the interface, the critical point for reversal tends to shift to high pH with promoted
coupling of polymers simultaneously[168]. This phenomenon occurrs in the
interaction of surface containing weak acidic or amphiprotic groups with strong

polycations. It also applies under the opposite condition that weak polyanion attached
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to positively-charged surface or strong polyanion attached to surface comprising weak
alkaline and amphiprotic groups[169]. However, it is not applicable for
polyelectrolytes and substrates which are pH-sensitive.

Deviation of the critical point of charge reversal is associated with molecular
weight changes, explained by similar way either. For example, in the coupling with
PAA which is densely structured, more charges will be compensated by the
counterions when its molecular weight increased. In this context, the increase of net
charges is slower than that of molecular weight, leading to the deviation of critical
point towards high doses of polymers. Yet this has not been found in linear
polyelectrolytes since they will interact in a flattened conformation, so that

stoichiometrical changes are not in accordance with molecular weight variation[170].

1.1.5 Single-cell Encapsulation with Other Techniques

Aside from LbL self-assembly, other techniques such as metal reduction and
mineralization have been used in the single-cell encapsulation. Gold ions can be
reduced as nanoparticles to form a shell on E. coli cells, which could preserve the
viability[171]. Afterwards, the toxicity to mammalian cells is alleviated and the gold
particles can be utilized for photothermal therapy. Some thermophiles and
archimycetes can aggregate gold ions to form protecting films, although the
mechanism has not been fully unveiled[172].

Mineralization is another approach to induce shells at the micrometer-scale.

Calcium carbonate was applied by Fakhrullin to encapsulate cells and these cells
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stayed viable for months[173]. Mineralization of calcium phosphate, lanthanum
phosphate and calcium carbonate could be used in combination with LbL technique
on cells like S. cerevisiae and E. coli, with a survival rate of up to 40%[174, 175].

Bio-inspired silicification was recently introduced into cell encapsulation by Choi.
They firstly encapsulated spores of S. cerevisiae with PDDA and PSS, and then put
them into silicic acid so that nanoshell of SiO2 was fabricated[25]. Although scattered
single-cell encapsulation model was not achieved, this was a breakthrough for
establishing the SiO2 shell via genetic engineering. The engineered cells are able to
produce lysozyme and silicatein that can be transported to cell wall. These
components will react with precursor of SiO2 to form deposition on the cell wall for
protection[176].

Since these inorganic nanoshells can be manipulated for functional regulation, they
hold significant potential. For example, the nanofilms can be functionalized to permit
the permeability of certain substances[177]. There is a study that people conjugated
SiO2 precursor containing thiol groups on the SiOz2 shell to encapsulate S. cerevisiae.
These cells are capable of capturing maleimide groups[178]. Thus, various types of
functionalized shells can be designed on the basis of cellular biological features and

material characteristics.

1.1.6 Functional Regulation of Encapsulated Cells
Manipulation of cellular functions by cell encapsulation has drawn attention

increasingly, in the fields such as cell survival, dividing, differentiation and disguise.
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There are studies demonstrating the cell protection against physical, chemical and
biological factors by the encapsulation[174, 179]. Chemical modifications of
materials also enable the functional regulation in multiple ways[180]. Naturally, the
priority of the regulation relies on the stable encapsulation structure for required
duration.

Under some circumstances, cell growth will be hindered by inappropriate
encapsulation. SiO2 layers with a thickness of 50 nm inhibit yeast cells from
proliferation and it can be intervened by thickness reduction[43]. Although it is
obscure how the encapsulation impairs the proliferation, it is generally believed that
the proliferation is inhibited by the block of nutrients transportation due to the coating
layers. Previous studies have found that the proliferation is prohibited mostly by
mechanical features of the material layers such as rigidity and ductility[181]. When
the outer layers are compromised, proliferation can be revived, as shown by Ishihara
et al. who established cell encapsulation via droplet on HelLa cells and verified that
cell proliferation will be hindered to a higher degree with the increasing rigidity of
capsules[182].

Initial studies of cell protection suggest that cells can be protected from physical
factors such as osmotic pressure and centrifugal force. Choi et al. encapsulated S.
cerevisiae with silica films and these cells can still stay viable in pure water for one
month[179]. As Maheshwari proved, Ca?*-Au nanoparticles-modified graphene is
able to keep encapsulated S. cerevisiae alive for 7 days in water[183]. It is even

achievable for mammalian cells. HepG2 cells were coated with fibronectin and gelatin
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and then performed in high-speed centrifuge. Surprisingly, more than 80% of
encapsulated cells survived and less than 10% of untreated cells did[184].

Some studies investigated the heat-resistance endowed by the encapsulation.
Chlorella was encapsulated with TiO2/SiO2 and exposed to 45 degrees Celsius for 2
hours, with no obvious viability impairment[185]. SiO2 nanoparticles were also
assembled on surface of yeast cells, and cells exerted higher survival rate than
untreated cells did after the exposure to high temperature. These may be explained by
the moisture-reserving feature of SiO2 nanoparticles[186].

Biological insults can be diminished either. Resistance to lytic enzyme was
obtained when S. cerevisiae were encapsulated[187]. Yeast cells are protected from
lysosomal enzyme with the encapsulation using PAH and PSS, by the means of
decreasing permeability of LbL films to the enzyme[7].

Besides the protection, drug-modification is achieved for functional regulation via
the cell surface engineering. Li et al. applied gelatin and IGF-1 loaded alginate in
encapsulating NSCs. Viability of NSCs is retained and IGF-1 can be released in a
pH-sensitive manner to promote proliferation[26]. DPCs were encapsulated with basic
fibroblast growth factor-2 (bFGF) loaded materials. The neurotrophic regulator is
found being released to enhance the regeneration of hair[27]. These reports indicated
versatile ways modifying LbL encapsulation on mammalian cells, so that this

technique has the potential of adjusting grafted cells in cell therapy in the future.
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1.1.7 Other Applications of Cell Encapsulation

Cell encapsulation has been becoming a powerful tool in research fields of
biomaterial and cell biology since it was introduced by Decher et al. Thanks to the
increasingly unveiled property of cell encapsulation and the utilization of versatile
techniques and materials in the past decade, different applications of cell
encapsulation begin to be achieved apart from functional regulation described above.
1.1.7.1 Drug Delivery

A controllable drug delivery is desired in the treatments for many diseases,
especially those progressive disorders such as Parkinson’s Disease (PD). The diseases
are long-lasting, such that traditional therapies cannot provide sustained beneficial.
Cell encapsulation provides a hope to develop novel treatment by endowing with
controlled, lasting and widely distributed release of drugs. It takes advantages of the
cell-secreting regulators with the capsule, which resembles to a movable apparatus.
Encapsulation structure allows the diffusion of oxygen and trophic substances for
cells’ metabolism, and facilitates the transportation of the waste to outside of
cells[188]. Further, the encapsulation layers provide cell protection by isolating
immune and other detrimental factors from the cell surface[189].

Recent years have witnessed the application of cell encapsulation in drug delivery.
Islet tissue has been the first to be encapsulated and applied in clinical trials. The
purpose is to provide protective shell to islet cells which are from xenogeneic donors,
genetically engineered or differentiated from stem cells. In 1994, islets were

encapsulated and grafted intraperitoneally in human, showing effective glucose
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control for 9 months[190]. There is a report on islets transplanted subcutaneously by
means of the encapsulation with poly(acrylonitrile-co-vinyl chloride). Nearly no
immune attack was detected by this approach[191]. Poly-L-ornithine was reported to
encapsulate islet tissues together with alginate, and these grafts in patients’
peritoneum exhibit promoted C-peptide level, declined insulin requirement and lack
of side effects[192]. However in a study in which islet tissues were encapsulated in
metal ion-crosslinked beads in 2013, the grafts were finally found aggregated in
peritoneal cavity 3 months later. Even though the cells still function, the
biocompatibility of the method remains questionable[193].As summarized, both
potentials and obstacles exist in islet encapsulation. One problem is the responses of
the organisms against encapsulating structures. Some materials will inevitably bring
foreign factors to the recipients, resulting in inflammations which may cause necrosis
of the encapsulated cells[194]. The second concern is whether the capsules are
mechanically robust or not. Since the materials used in encapsulation are versatile,
they possess different strength and elasticity which determine different extent of
stability when transplanted[195]. Besides, interaction of the interfaces and condition
of charges that are difficult to manipulate also influence the therapeutic efficiency
after the transplantation[196].

Cell encapsulation is also practiced for drug delivery into nervous system. Because
of the blood-brain barrier, drug transportation from vessels to the parenchyma is
always a challenge. Additionally, the delivery requires both quality and quantity of the

drugs during the transportation. To overcome these obstacles, cell encapsulation is
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introduced and shows remarkable prospective. There are animal studies carried out
implanting encapsulated cells in amyotrophic lateral sclerosis (ALS) and Huntington’s
Disease (HD) models, addressing satisfied cell survival and functional
enhancement[197, 198]. Unfortunately, results are diverse in Phase I clinical studies.
Some studies applied engineered fibroblasts encapsulated with polyethersulfone for
providing nerve growth factor (NGF). Since these cells are extremely proliferative,
the overgrowth will cause aggregated necrotic components. Therefore the
permeability of the microcapsules decreases, inhibiting the cellular functions such as
trophic factor-secretion in the end and the distribution of bioactive regulators with
higher molecular weight[199]. In the studies involving ARPE-19 cells which are
arising retinal pigment epithelial cells from human, clinical benefits are observed.
These cells survive rigorous environments where there is a lack of nutrients. It was
illustrated that encapsulated ARPE-19 cells can remain viable in brain and eyes for
over 1 and 2 years[188, 200]. During the process, well-designed encapsulating
materials play a pivotal role in maintaining the functions of cells and isolating the
coated cells against inflammatory cytokines. Apart from NGF, secretion of glial
cell-derived neurotrophic factor (GDNF) is also achieved by genomic engineering on
ARPE-19 cells. The cells were encapsulated and transplanted to supply a considerable
amount of GDNF for PD patients[201].
1.1.7.2 High-throughput Screen

This technique takes advantage of the microfluidic systems for performing

single-cell assay and cell sorting. Uniformly dispersed mono-droplets are generated
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from the channels and each of them works as an individual capsule[202]. Therefore it
becomes a powerful tool for different applications such as cell encapsulation, since it
enable cells to be encapsulated in the microfluidics droplets at single-cell scale[203].

One distinct feature of cell encapsulation by this method is the linkage of genotype
with phenotype[204]. Cells and the secreted molecules will be compartmentalized
within the droplets during the procedures of sorting[205, 206]. Due to the confined
volume, the produced molecules in the droplets will be able to reach the measurable
concentration easily[207]. As such, it remarkably facilitates the detection of the
targeting molecules. Moreover, lysis and assays of biomolecules inside cells can be
performed on the encapsulated cells. Different types of biological processes have been
analyzed, since there are DNA and RNA amplifications ongoing in droplets[208, 209].
Therefore the high-throughput analysis is broadly extended, not just for the cell
surface markers measured by fluorescence-activated cell sorting (FACS)[210]. Even
though this encapsulation-based sorting system has a lower efficiency than FACS
does, it still holds great potentials due to the versatility[211].

Microfluidic system which includes nano-scale microwells has already been
applied for investigation into proliferation of cells and screening of
antibody-generated cells[212, 213]. In most occasions of using conventional
microwell analysis for cell sorting, the targeting cells ought to be harvested from the
device manually, making it inconvenient for conducting high-throughput cell sorting.
On the contrary, the microfluidic system applying cell encapsulation is capable of

processing vast amount of encapsulated cells in a single trial with hyper speed and
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readily harvest of capsules containing cells[214, 215].

However, high-throughput cell-encapsulation analysis system is not compatible for
some purposes. For instance, washing is needed in some biological experiments so
that the reagents have to be discarded and refilled, making it tough to endow on the
cells compartmentalized. By means of capsule fusion and aqua injection, contents
inside the droplets are able to be manipulated without the exchanges of buffers[216,
217]. Besides, the readout scope in encapsulation-based microfluidic techniques is
much more rigid than that in traditional analysis[3].

People have developed the methodology for high-throughput screening of
molecule-secreting cells from non-secreting cells on the basis of microfluidic cell
encapsulation. The rapid procedure of assay and the satisfied viability of encapsulated
cells manage to screen the targeting cells without the cell immortalization[3].
Furthermore, since the technique is compatible for fluorescence-based measurement,
it can be utilized in detection of fluorescence-bound ligands. Additionally, the
fluorescence-based assay can also be applied in sorting antibodies and anti-enzyme
factors[215]. In short, the microfluidic screening system based on cell encapsulation
enables multiple high-throughput analysis on diverse cell types such as bacteria, fungi
and mammalian cells with the help of the proteins that are secreted, surface-bound or
inside cells[214, 218, 219].
1.1.7.3 Decoding the Composition of Stem Cell Niches

In adult organism, stem cells locate in niches in different parts of the body. Niche is

a critical milieu complex constituted of neighboring cells, supporting matrix and
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trophic factors. Stem cells are nourished and maintained inside these delicate
microenvironments. The complicated natural niche makes it tough to reestablish the
structure in the in vitro environment. As such, clarification of specific factors which
are the most influencing for stem cell functions is largely demanded[220-222]. It will
be of great significance for any research aspects of stem cells which are either basic or
translational. In this context, the controllable cell encapsulation synthesis can be used
for bottom up establishment of niches.

Researchers took advantage of cell encapsulation with hydrogel on MSCs to
identify the influences of chemical groups on the differentiation[223]. Following the
cell encapsulation, MSCs were compartmentalized in mono-dispersed 3D
microcapsules with the highly homogenous morphology. They would be cultured in
basic culture medium without the addition of differentiating factors, and then the
molecules of interest were supplemented individually to demonstrate their direct
effect on the cell differentiation. In the conventional cellular assays in 2D culture, the
effects of ECM on cells are hard to be deciphered[220]. However in the cell
encapsulation by which cells are trapped in 3D structure, spreading of cells is
confined due to the limited capsule size[224]. The cell-ECM interaction will be better
unveiled under this circumstances, for example, adipogenesis is promoted in spherical
capsules[225]. Furthermore, phosphate-modified encapsulation is verified to lead to
osteogenesis and t-butyl to adipogenesis[226]. Besides the influences from ECM and
chemical groups, other soluble factors can also be investigated with the help of

encapsulation[227].
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1.1.8 Expectations

Single-cell encapsulation has drawn tremendous attention in the past decade. It can
be categorized as biotemplate, nano-encapsulation and artificial spores. These
techniques not only combine biomaterials with cell biology technically, but also
investigate the interaction of them functionally.

As the biotemplate, cells are not required to stay ideally viable since they are
treated as tools. However, the biocompatibility of techniques and materials is
becoming critical for the future applications like cell transplantation, cell sensors and
cell catalysts which demand cell viability[4, 9, 10].

The established ultrathin, stubborn and functionalized films on the surface of
mammalian cells resemble the cell wall of the plant cells. Due to the protective effects
against physical, chemical and biological factors, the encapsulation is potentially
applicable as the protective shield in cell transplantation therapy. Further,
modification of the coating materials will endow cells with versatile functions
including permeability adjustment, rigidity regulation and stimulation-responsibility.
These expand the applications for basic and translational studies in the future.

The study of single-cell encapsulation is still at a preliminary stage. Obstacles such
as how to design biocompatible, adjustable responsive materials and how to regulate
cellular functions delicately should be overcome. In the near future, this technique is
supposed to convert cells into manipulable individuals, boosting creative

advancement in different fields.
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1.2 Stem Cell Therapy in Neurodegenerative Diseases
1.2.1 An Overview of Stem Cells

Stem cells which exist in almost all the organisms are able to divide continuously
and differentiate into discrepant sub-lineages of cells. Based on the sources, stem cells
could be classified into embryonic stem cells and adult stem cells. The former one
comes from blastocysts, while the latter one is derived from different adult tissues. As
for potency, stem cells contain totipotent, pluripotent, multipotent, oligopotent and
unipotent stem cells. For example, the zygotes are able to differentiate into a complete
organism. However, multipotent stem cells such as NSCs and MSCs will differentiate
into closely related family of cells[228]. Due to their extraordinary characteristics,
stem cells are regarded as ideal candidates for cell transplantation therapy in diseases
and trauma. Adult NSCs and induced-pluripotent stem cells (iPSCs) will be
illuminated in the following parts since they have shown great potential in treating
neurodegenerative diseases.
1.2.1.1 Adult NSCs

Although NSCs were observed in the adult brain over one century ago, they were
only identified with immunostaining and isolated for two decades by researchers such
as Palmer, Reynolds and Weiss[229, 230]. They isolated dividing cells from
subventricular zone (SVZ) and subgranular zone (SGZ), and proliferated them into
neurospheres. It was later found that the dividing of multipotent cells and

neurogenesis could be modulated under diverse conditions such as exercise,
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environment enrichment, learning, stress, and aging[231-233]. Meanwhile, the
development of immunohistology, microscopy and stereological devices allowed
researchers to better verify the proliferation and differentiation of NSCs in central
nervous system(CNS)[232, 234-236].

With the development of experimental techniques, properties of NSCs have been
gradually unveiled in the 2000s. Noticeably, the concept of “niche” has been
suggested to be critical for NSCs. Niche refers to a microenvironment constituted by
astrocytes, microglia, endothelial cells and blood vessels[237]. Survival, proliferation,
migration and differentiation of NSCs require specific conditions in different niches.
For example, in most parts of adult brain, NSCs only differentiate into glia, but not
into neurons. However, when these cells are isolated and cultured under specific
situation, neurogenesis could happen[238]. Similarly, NSCs isolated from SVZ and
SGZ fail to differentiate into neurons when they are transplanted ectopically, but tend
to generate astrocytes and oligodendrocytes instead[239]. Additionally, NSCs from
non-neurogenic regions will regain the ability of neurogenesis after being transplanted
into SVZ and SGZ[240]. In general, niche is proved to provide appropriate
microenvironment for NSCs to support various functions.

Currently, NSCs have been identified in CNS including SVZ, SGZ and spinal cord.
SVZ of lateral ventricles is the first identified place where the adult mammalian NSCs
reside. In the niches along the SVZ in rodents, stem cells can be categorized into type
A, type B, type C and ependymal cells. These cells are functionally related with each

other: dividing type B cells with the phenotype of astrocyte are viewed as NSCs; type
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B cells divide asymmetrically to produce type C cells which are known to amplify
transiently; these transit-amplifying cells would subsequently give rise to type A cells
that are immature neuroblasts[241]. NSCs can be further verified with two
phenotypical characteristics: astrocyte-only CD15+ expression and CD24- expression.
A Dbetter understanding of features and behaviors of NSCs would require more
exclusive cell markers[242, 243]. In dentate gyrus of adult hippocampus, NSCs reside
in SGZ between hilus and granule layer. NSCs in SGZ extend their processes
vertically and exhibit astrocyte-like features, which are similar to that in SVZ.
Nevertheless, these cells would directly give rise to immature neuroblasts while in
SVZ, neuroblasts are derived from type A cells. Neuroblasts expressing
polysialylated-neural cell adhesion molecule and doublecortin are known as type D1
cells. They would migrate into granule layer and gradually undergo morphological
changes simultaneously to become type D2 and D3 cells, and finally differentiate into
mature granular cells[244]. The major differences between NSCs in SVZ and SGZ lie
in the in vivo behavioral patterns. NSCs from SVZ usually migrate long distance to
olfactory bulb (OB). On the contrary, NSCs from SGZ only need to migrate a short
distance to produce neurons. Additionally, NSCs in SVZ and SGZ exhibit different
responses to some physiological factors and pathological influences. Regulatory
factors for neuronal differentiation differ in these two niches as well[245]. Spinal cord
is also a region where NSCs reside. In 1996, Weiss and colleagues extracted NSCs
from spinal cord. Although stem cells in thoracic spinal cord account for only 0.1%

and in lumbar spinal cord for 0.6%, they could generate neurospheres capable of
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proliferation and differentiation[246]. Moreover, NSCs are identified in the central
canal, especially in the dorsal part, and in parenchyma with limited proliferative
capacity[247, 248]. Additionally, NSCs in spinal cord express glial fibrillary acidic
portein (GFAP), and co-express CD133 and CD15, which are known markers for
immature cells[249]. Neurospheres isolated from spinal cord illustrate heterogeneous
compositions including NSCs, neurons, astrocytes, oligodendrocytic cells and radial
glial cells[250]. Besides the neurogenic areas above, there are other controversial
regions harboring cells with differential potentials. Newly produced neurons are
found in cortex of adult monkey. These cells may be derived from SVZ and migrate
into cortex. These neurons only exist temporarily in the cortex and no obvious
neurogenesis can be detected in this area[251]. NSCs extracted from substantia nigra
(SN) show differential potentials in cell culture. These cells are able to generate
granule neurons after being grafted in hippocampus, however, there is a lack of
neurogenesis when they are transplanted back to SN[252]. Besides, neurogenesis has
been discovered in other noncanonical regions such as corpus callosum, piriform
cortex and amygdala, broadly extending the knowledge of neuronal fate
determination[253-255].

In stem cell niches, there are various types of regulators influencing the behaviors
of NSCs. They can be generally divided into intrinsic factors, extrinsic factors,
neurotransmitters and cell-related interactions. Intrinsic factors include transcriptional
factors, epigenetic modification and energy metabolism-induced genome changes that

alter the NSCs’ behaviors[256-261]. Growth factors, morphogens and cytokines are
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extrinsic factors which mediate versatile functions via their receptors[230, 262-264].
Further, the functions of NSCs can be influenced by neurotransmitters from
dopaminergic projections, serotonergic axons and cholineacetyl transferase-positive
axons[265-267]. In addition, cell-cell and cell-ECM interactions help shape NSCs
properties. Cell-cell interactions via adherence junctions and gap junctions can affect
proliferation of NSCs through the control of substance exchanges[268, 269]. The
ECM components, such as laminin, integrins and vascular cell adhesion molecule 1
(VCAM-1) are known to influence proliferation and differentiation of NSCs[270].
1.2.1.2iPSCs

IPSCs are genetically modified stem cells for achieving pluripotency. They are
obtained by infusion off our genes that encode transcription factors with genome in
adult cells. The four genes consist of Oct4,Sox2, cMyc and KIf4[271]. iPSCs are
promising since they are able to proliferate infinitely and differentiate into all the cell
types. As the manipulating process does not involve embryos, it will be more feasible
to apply iPSCs. Also, less immune response will be provoked when the host’s own
IPSCs are utilized[272].

There are challenges in iPSCs studies. To begin with, the efficiency of iPSCs
conversion is low, due to technical limitations. The conversion rates are around
0.01%-0.1%, although there are improvement recently with more precise genetic
modifications[273, 274]. In addition, iPSCs exhibit a high risk of genetic and
epigenetic aberrances, such as chromosomal abnormality, mutation and aberrant DNA

methylation, leading to tumor formation that is a major safety concern in the
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practice[275-277]. The reasons might be frequent derivation, viral integration,
oncogenes activation and culture adaptation[278-281].

Due to translational potentials, iIPSCs drew significant attention of researchers.
Onorati et al. cultured iPSCs in conditioned medium to obtain NSCs which were
proved to generate neurons, astrocytes and oligodendrocytes[282]. Chambers reported
a method to induce the differentiation of iPSCs into neurons with high efficiency[283].
It is well recognized that BMPs inhibitors are important neural inducers by blocking
small mothers against decapentaplegic (SMAD) signaling pathway. Based on this fact,
they found the combination of noggin and SB431542 for dual-inhibiting SMAD
pathway can effectively convert iPSCs to neural precursor cells and neurons.
Similarly, SMAD dual-inhibition together with retinoic acid is reported for induction
towards oligodendrocytes[284].

1.2.2 Stem Cell Transplantation Therapy
1.2.2.1 Cell Transplantation

Since stem cells such as NSCs and iPSCs have shown their biological versatility in
survival, proliferation, differentiation and integration, transplantation of these cells
can be an ideal strategy in treating neurodegenerative diseases. This method still faces
many obstacles, for instance the low expansion rate, graft tolerance and inefficient
integration. Preclinical and clinical studies have yielded complex effects. They exert
not only cell replacement effect, but also bystander effects regulating the

microenvironment and promoting function recovery[285].
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1.2.2.1.1 Cell Replacement Effect

Neurologic disorders are usually progressing with the deterioration of cells in
nervous system, leading to the damage of microenvironment structure and inability of
functional integrity[286, 287]. As such, transplantation of NSCs is promising since it
aids to compensate the cell loss in lesion sites and promote the integration of the
newborn cells[288]. So far, the general outcome of this method in CNS disorders
implies the possibility in therapeutic aim, but the efficiency is closely related with the
cells to be regenerated and the microenvironment in lesion areas.

In fact, for purpose of cell replacement by cell transplantation, there ought to be
limited or localized inability of intrinsic or extrinsic factors as the reasons for the
damage, for example the conditions in PD, SCI and stroke[289-291]. Conversely, if
the microenvironment of the nervous system disorders is extensively and persistently
impaired as in multiple sclerosis (MS), the cell replacement effect would become
rather restricted[292]. Structural complexity of the tissue to be restored is also an
important factor affecting the cell replacement. Functional integration of the
differentiated cells from transplantation appears to be better formed when there are
neural circuits retained[293].
1.2.2.1.2 Bystander Effects

Transplantation of NSCs was originally considered to serve for the lost cell
replacement. However, recent findings suggest that the transplanted NSCs exhibit
bystander effects such as prohibiting pathogenic processes, restoring damaged tissue

and modulating immune responses[294]. Therefore, transplantation of NSCs may play
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a pivot role in treating disorders which are caused by diffuse inflammation or
neurodegeneration following inflammation, for example, MS, PD and HD[295-297].
1.2.2.1.2.1 Immunomodulation

Upon the NSCs are transplanted in injured areas, the complicated interaction of
intrinsic and extrinsic regulations will start to determine whether immunomodulation
or cell replacement is more prominent. Even though there are many on-going human
trials applying NSCs, it seems that replacement of lost cells and functional recovery in
host has not yet been achieved. In fact, sufficient survival of NSCs and circuitry
integration are rarely observed in human trials of CNS disorders[298]. In a successful
transplantation therapy for a PD patient, mesencephalic tissue was applied and
resulted in abundant survived implant and integrated circuitry. The transplanted tissue
was found to activate immune cells for reconstruction and also negative effects[299].
Moreover, NSCs transplanted in intact mice brain lead to immune response either,
bringing about suppressed neurogenesis and promoted gliogenesis[300].

However in other disorders where inflammation prevails, undifferentiated NSCs
respond to the environment after being grafted by secreting chemokines, cytokines,
neurotrophins, etc. for immunomodulation and trophic effects[301]. For example, in
an EAE model, NSCs transplantation via intravenous (i.v.) or intracerebroventricular
(i.c.v.) routes increases apoptosis of T cells due to the production of death receptor
ligands, LIF, etc[302]. Similarly in postacute phase of stroke, activation of microglia
and infiltration of inflammatory cells are robustly inhibited by i.v. injection of

NSCs[303]. Ameliorated immune response is also detected in postacute phase of SCI
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by transplantation of NSCs through i.t. and i.p. administrations[304]. Strikingly, the
immune suppression outside CNS can be achieved by NSCs transplantation as well.
In animal models of EAE and stroke, inflammation alleviation in organs outside
nervous system such as spleen and lymph nodes, is detected following i.v.
transplantation of NSCs. It is believed to be the inhibition of phosphorylation of
signal transducer and activator of transcription 3 by LIF. Therefore Thl7 cell
differentiation may be inhibited[305].

1.2.2.1.2.2 Endogenous Repair

Apart from the immunomodulatory factors, transplanted NSCs also provide trophic
support. Prevention of cell damage and restoration of functional integration in the
involved CNS can be achieved via the secretion of regulating factors by
undifferentiated NSCs. In CNS disorders, endogenous NGF, BDNF, CNTF and
GDNF from NSCs protect cells from apoptosis and scar formation, and enhance the
neuron-glia interaction and remyelination[301, 306-308].

Meanwhile, transplanted NSCs secrete not only trophic regulators, but also
guidance molecules which are initially from developmental stage such as
thrombospondins. The combination of these factors contributes to the enhanced
dendritic arborization and axonal projections during the recovery of disorders[309].
Under specific situations such as in SCI model, transplanted NSCs are able to form
gap junctions with the survived neurons and thus help rescue the impaired

tissues[310].
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1.2.2.2 Transplantation Therapy in Neurodegenerative Diseases

Neurodegenerative diseases are featured by degeneration of neurons in CNS and
periphery nervous system (PNS). The structural and functional compromises of
neurons are pronounced. Abrupt insults such as stroke can lead to acute
neurodegeneration in the lesion site. Progressive deterioration of neurons occurs in
chronic neurodegenerative diseases such as PD, HD, Alzheimer’s disease (AD) and
ALS[311]. Even though many studies try to illustrate mechanisms and treatments,
fully understanding of the diseases and effective therapeutic strategies are still elusive,
especially for chronic neurodegeneration.

In cell therapy, tissues or cells are transplanted to the recipients. The main effects
include providing cells for substitution and improving the local microenvironment.
For cell replacement, different types of neurons should be used for different
neurodegenerative diseases so that they can synapse and reestablish the neuronal
network[287]. On the other hand, microenvironment in the focal area is always
involved. Diverse pathological factors such as free radicals, toxic protein components,
glutamate and inflammatory factors will accumulate in the injury site and may thus
hinder the reconstruction[312]. In this context, the neurotrophic factors depicted
above may be able to enhance the microenvironment to favor the proliferation,
differentiation and integration of the grafts. These effects are emphasized discrepantly
in different neurodegenerative disorders. In general, cell replacement is more
demanded for diseases in which specific types of neurons are impaired, such as PD;

bystander effects are more favored for diseases which cause pronounced environment
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deterioration such as MS[295].
1.2.2.2.1PD

PD is featured by the malfunction and death of dopaminergic neurons in substantia
nigra of midbrain in a progressive way. Patients suffering from PD develop the signs
like rigidity, tremor and difficulty in walking and posturing[313]. Current therapy
aims at the dopamine supplementing which is proved to be effective at the early phase
for relieving symptoms. These supplements include precursor of dopamine, agonist
and L-dopamine[314-316].

However, this therapy is only temporary due to the failure of targeting the cause of
disease, and most of the drugs have side effects. Therefore, researchers have been
focusing on the substitution of lost dopaminergic neurons. Tissues from midbrain
were grafted for providing dopaminergic neurons. Although results varied from trial
to trial, it appeared that tissue therapy will benefit PD patients to certain extent. The
obstacles involved in tissue transplantation are the shortage of available tissues and
ethical concerns[317]. Cell transplantation is obviously another strategy to avoid such
shortcomings. Neurons derived from stem cells like embryonic stem cells, NSCs and
IPSCs are abundant and verified to improve the functions in PD animal
models[318-320].

Aside from the cell replacement, bystander effects are also shown to improve the
functions of dopaminergic neurons. By means of injection or genome engineering,
neurotrophic factors have been utilized to protect the neurons and improve their

functions in animals[321, 322]. Therefore, both effects should be combined to achieve
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the therapeutic goals in PD treatment.
1.2.2.2.2 AD

As a chronic neurodegenerative disease, AD accounts for the major portion of
dementia. At the early phase, patients have the loss of short-term memory. With time
going on, they will progressively develop deficits in speech, executive function,
motivation and other behaviors. The main pathological features of AD are the
extensive neuronal destruction and impaired interaction in different brain parts, with
the exclusive hallmarks of AP plagues and neurofibrillary tangles[323, 324].

Clinical treatments for AD are limited. Improvement of cholinergic activity at early
stage is effective on improving behavioral and cognitive functions. Stem cell therapy
shows encouraging outcomes from animal studies. BDNF-expressing NSCs when
grafted show improved incorporation, synaptic building and functional recovery[325].
NGF is effective for AD when it was generated by genetically engineered somatic
cells. As such, transplantation of NSCs along with the expression of NGF are
supposed to be advantageous in treating AD[326].
1.2.2.2.3ALS

ALS usually occurs in adults with a gradual deterioration of motor neurons.
Therefore, patients often progressively lose motion coordination because of weakness
of muscle strength[327]. ALS involves diverse types of cells which are primarily
motor neurons, but the mechanism is largely elusive. Traditional therapy is not able to
deal with the multiple targets[328]. In this context, stem cell therapy showed

extraordinary potentials since they not only provide cell source, but also improve the
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microenvironment. In animal studies, NSCs and MSCs expressing multiple
neurotrophic factors such as GDNF and IGF-1 protect motor neurons and alleviate
their degeneration[329, 330]. Especially, GDNF supplement in distal axon proves to
effectively support neuromuscular junctions structurally and functionally.

There are ongoing clinical trials applying NSCs in ALS patients. The transplanted
NSCs in spinal cord are verified to integrate and interact with the local motor neurons.
The injection route has always been in optimization but delivery through
lumbar/cervical intraspinal approach appears to be safe[331, 332]. Notably, the aim of
these studies is to support the residual neurons, making the therapy appropriate for
patients at early stage.
1.2.2.2.4 HD

HD is a disease of dominant inheritance caused by a plethora of
cytosine-adenine-guanine (CAG) repetitions[333]. Pathologically, there is a loss of
medium spiny neurons within neostriatum. Initially, patients exhibit subtle
abnormalities in mood and mental activity. As it advances, inability of coordination
and steady gait occur. Eventually, patients develop involuntary body moments and
difficulty in speaking[334]. However, a thorough understanding of disease mechanism
remains unavailable.

Cell or tissue transplantation therapy is probably with the most potential for HD.
Transplantation of ganglionic eminence to provide medium spiny neurons shows the
transplanted cells are able to incorporate with local circuitry. The graft results in a

temporary enhancement and stabilization of motor functions. Ethical problems and
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tumorigenesis still restrain the application[335]. Stem cells have been demonstrated to
be potent in restoring loss of medium spiny neurons. After being transplanted, NSCs
have been shown to integrate and migrate as expected[336]. In some studies, NSCs
were engineered to over-express GDNF and thus showed robust neuroprotective
effects to enhance the recovery[337].

1.2.2.3 Expectations of Stem Cell Therapy and Cell Encapsulation

Neurodegenerative disorders have brought about huge burden on both the patients
and the society[311]. Stem cell transplantation is becoming a promising therapeutic
strategy for treating the diseases, as verified by abundant studies. On one hand, the
grafted stem cells can replace the lost cells to reestablish the neural circuits. On the
other hand, the microenvironment in injury sites can be improved by stem cell
secretion to alleviate the damage from toxic factors on local cells[338].

Although there are a plethora of successful studies on stem cell therapies for
neurodegenerative diseases across the world, effective treatments that meet clinical
criteria are still rare. The reasons are complicated. Biologically, risk of tumorigenicity
is a major hurdle that limits the application of stem cell transplantation in clinical
trials since there is a long-term expansion associated with the implants[339]. Tumor
growth has been detected in an ataxia telangiectasia patient receiving fetal NSCs
therapy[340]. Besides, neuronal differentiation and functional incorporation are also
critical issues. Cues for neurogenesis and directional guidance of axons are present
only in a narrow time window in normal animal, not to mention in the regions

affected in neurodegenerative disorders[285]. Also, studies show that NSCs isolated
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from different regions exhibit biased differentiation preference. For example when
grafted or cultured, NSCs from dorsal and ventral SVZ generate cell patterns which
resemble to that in their original sites. The region-specific information may be coded
in the transcription factors. In transplantation therapy, appropriate stem cells and
lineage induction methods should be considered[341]. In clinical trials, ethical issue is
still a concern in the utilization of fetal-derived cells and the vehicle injection in
control group[342]. Additionally, there are always insufficient patients enrolled in
trials due to the variant conditions in each individual, such as age, gender, heath
conditions and disease phase[343]. Further, for these neurodegenerative diseases, it
takes a long time to ascertain the efficacy of cell therapy in patients[291]. Because of
these complicated problems, significant benefits from stem cell therapy are rarely
acknowledged.

From the above, we have described the basic knowledge and applications of both
single-cell encapsulation and stem cell therapy. The involvement of single-cell
encapsulation into the cell transplantation is a promising approach to deal with the
obstacles in the cell therapy studies. Firstly, biological benefits will be obtained. LbL
single-cell encapsulation is supposed to provide a protective shell on cells. The
multilayers can also be tailored to adjust the permeability to various adverse factors
including apoptosis inducers, complements or inflammation cytokines, thus enhancing
the survival of the cells. For example, GDNF-expressing cells encapsulated in
alginate were transplanted into the PD model and sustained for 6 months[344].

Immune isolation was also exhibited to maintain the long-term survival of
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transplanted cells into ventricles in an in vivo study[345]. In this context, there will be
sufficient amount of stem cells that can differentiate to supply the lost cells and
secrete to nourish the local environment. Secondly, ethic concerns will be hopefully
avoided. Due to the heterogeneity of different diseases, the demand for appropriate
stem cells varies and thus rises the concerns about tissue collection from some sources.
With the application of cell encapsulation, functions of stem cells such as survival,
proliferation and differentiation can all be tailored. Potentially, it brings about the
reduced number in stem cells collection and narrows the scope of sources where the
eligible stem cells are extracted. Last but not the least, other applications including
stimulation reactivity, cell catalysts and live cell imaging are also able to be realized
in the cell therapy with the aid of cell encapsulation[346-348]. Eventually, cell
transplantation strategy will be improved from diverse aspects and boosted from

bench to bedside.
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Chapter 2. General Hypothesis and Objectives

2.1 General Hypothesis
LbL single-cell encapsulation enables regulator delivery and survival enhancement.
2.2 Specific Objectives and Rationales

2.2.1 Specific Objective #1:
The first part of the project is to

1) Establish an LbL single-cell encapsulation model on NSCs with gelatin and
alginate.

2) Verify the biosafety of encapsulation on NSCs.

3) Construct a pH-sensitive delivery system of loaded IGF-1 to regulate NSCs

functions.

Rationale of Specific Objective #1:

LbL technique has been proven to be a potent tool in every field including
single-cell encapsulation[12]. Most of the studies were performed on non-mammalian
cells, exhibiting diverse functions endowed from the encapsulation[349, 350].
However, the research about mammalian cells such as NSCs is rare.

The advantage of the LbL encapsulation is the establishment of a delicate
microenvironment for NSCs, leading to the functional regulation such as proliferation
and differentiation via the delivery of bioactive regulators[351]. The basis is the

abundant reactive groups on the biomaterials for coupling with different neurotrophic
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factors[352]. Construction of the microenvironment for cell regulation is of great
importance to therapeutic approach in nervous system diseases. As it is acknowledged,
following the onset of neurologic disorders and trauma, homeostasis of
microenvironment around neuronal cells is impaired by different pathological
processes such as apoptosis, oxidative stress and excitotoxicity[353]. As a result,
normal functions of neuronal cells will be seriously affected, especially the grafted
NSCs[354]. For example, Hu et al. found that spinal cord injury would result in the
acidification of the microenvironment, thus causing death of neurons by the activation
of the acid-sensing ion channels[355]. G-protein coupled estrogen receptor 1(GPER1)
and N-methyl-D-aspartate receptor (NMDAR) are crucial for promoting the cellular
functions through the microenvironment maintenance[356]. As such, LbL single-cell
encapsulation as an approach to tune cells’ microenvironment, is potentially capable
of enhancing the functions of transplanted cells for better therapeutic efficacy.

The pH sensitivity of the biomaterials should be taken into considerations in
treating nervous system diseases. In the focal areas of spinal cord injury and traumatic
brain injury, pH of the microenvironment is lowered to 6.5 due to the acidification,
which restricts the selection of materials[355]. According to literatures and in our
experience, type A gelatin and alginate are an ideal pair of polycation and polyanion.
Both are biodegradable with biocompatibility. Since the isoelectric point (IEP) of
gelatin is around 7 to 9 and alginate around 5.4, they exhibit opposite charges in
neutral solutions and interact firmly under pH 6.5[357, 358]. Based on this feature,

steady encapsulation and controlled release are achievable.
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2.2.2 Specific Objective #2:
The second part of the project is to:

1) Establish the LbL single-cell encapsulation on PC12 cells with gelatin and HA
under different parameters.

2) Detect the permeability of encapsulation layers under different circumstances.

3) Verify the improvement of cell survival via the cell encapsulation.

Rationale of Specific Objective #2:

Fabricating multi-layers on single cell via LbL technique has been proven to be
successful in cell surface engineering. Significant progress have been made in its
applications including cell therapy, cell regeneration and cell sensors, owing to
versatile features of biomaterials[359].

Nevertheless, permeability of the encapsulation layers is barely investigated. In the
early study using PAH and PSS, it was observed that substances with high molecular
weight might be blocked by the encapsulation[360]. In following investigations, shell
thickness, pH, temperature and modification were all suggested to influence the
permeability of molecules[361]. Recently, researchers applied advanced techniques to
control the permeability of encapsulation, for example high-gravity field and
bio-inspired mineralization[362, 363]. Unfortunately, these techniques and materials
are inappropriate for mammalian cells due to their incompatibility with the cell

membrane.
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Understanding the permeability of encapsulation on mammalian cells is
challenging but necessary. Apparently, the artificial “cell wall” generated from the
encapsulation is unnatural to cells although the technique is verified to be safe. The
main concern is the influence on substance exchange through the cell membrane.
Whether molecules can transport inward or outward is controversial based on the
existing studies[364].

[Mlustration of the permeability in LbL encapsulation structure is crucial.
Homeostasis of the microenvironment containing various regulators is a prerequisite
for NSCs’ normal functions such as proliferation and differentiation. For example,
Whnt activates a complex that involves T cell factor (TCF), lymphoid enhancer factor
and pB-catenin for improving neurogenesis[365]. Maintenance of proliferation and
inhibition of differentiation are regulated by bFGF and epidermal growth factor
(EGF)[366]. Estrogen secreted by glia cells protects neuronal cells via recognition of
G protein-coupled estrogen receptor[356]. These signaling pathways are initiated on
the cell membrane through ligand-receptor interaction. Therefore, the permeability of
encapsulation layers will likely affect biological functions of the regulators.
Meanwhile, functional regulation is mediated by multiple regulators through
complicated pathways. Evaluation of the influence by an individual factor is thus
often difficult, especially in the in vivo studies. As expected, selective permeability
could be achieved via the adjustment of encapsulation parameters and modification of
materials, for exploration of specific substances[367]. For nervous system diseases

and trauma, diverse pathological processes such as apoptosis, complement system and
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excitotoxicity are involved[368]. Most of these are initiated via the contact of adverse
factors with the cells, leading to downstream incidents. In this context, LbL single-cell
encapsulation could act as a protective mechanism for cells, which is especially
applicable in cell transplantation therapy.

Among the detrimental factors, TNF-a is an appropriate model. It belongs to the
extrinsic apoptotic factors and is expressed by immune cells in almost all the nervous
system disorders. TNF-a binds to tumor necrosis factor-receptor 1 (TNF-R1) to
recruit inhibitor of apoptosis proteins (IAPs), TNF receptor-associated factors
(TRAFs), receptor-interacting protein 1 (RIP1), and TNFR-associated death domain
protein (TRADD) for producing the complex called TRADD-dependent complex 1.
Next, complex Il a/death-domain-containing proteins (DISC) is formed and then leads
to thecaspase-3/8 cleavage which causes the apoptosis[369]. Single-cell encapsulation
layers are supposed to provide a barrier to prohibit the diffusion of TNF-a, thus the

activation of apoptotic pathway is decreased and cell survival is preserved.
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Chapter 3. Materials and Methods

3.1 Materials

bFGF (catalog no. 100—18B), EGF (catalog no. AF-100—15), Neurocult proliferation
medium(catalog no. 05771), neurobasal medium (catalog no. 21103049), andB27
supplement (catalog no. 17504-044) were obtained from Cedarlane, Ontario,
Canada.Gelatin (catalog no. G2625), alginate (catalog no. A2158), poly-D-lysine
(PDL; catalog no. P6407), PEI (catalog no. P3143), chitosan (catalog no. 50494),
fluorescein 5(6)-isothiocyanate(FITC; catalog no. F3651), rhodamine B (catalog no.
283924), ethanediamine(catalog no. 00589), EDC (catalog no. E6383), BSA (catalog
no. A2153), FITC-dextran (FD) (catalog no. 46944; FD20S, FD40 and FD250S),
proximity ligation assay (PLA) kit (catalog no. DU092101), Hoechst 33258 (catalog
no. 94403), propidiumiodide (PI; catalog no. P4170), bromodeoxyuridine (BrdU;
catalog no. B5002), and anti-BrdU (catalog no. B2531) were obtained from
Sigma-Aldrich, Ontario, Canada. HA was purchased from Freda Biopharm, China.
TNF-o (catalog no. 400-14) was obtained from Peprotech, New Jersey, U.S.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT; catalog no.
30006) and Phallodin CF488A (catalog no. 00042) were obtained from Biotium,
California, U.S. Bicinchoninic acid (BCA) kit (catalog no. 23225), cDNA synthesis
kit (catalog no. K1641) and SYBR Green quantitative real-time polymerase chain

reaction (qPCR) kit (catalog no. F-415) were obtained from Thermo Scientific,
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Massachusetts, U.S. Protein G magnetic beads (catalog no. 1614023) was obtained
from Bio-rad, Ontario, Canada. Anti-microtubule-associated protein-2 (anti-MAP-2;
catalog no. sc-20172), anti-p-tubulin 111 (catalog no. sc-51670), anti-glial fibrillary
acidic protein (anti-GFAP; catalog no. sc-6170), anti-nestin (catalog no. sc-33677),
anti-B-actin (catalog no. sc-69879), anti-TNFR1 (catalog no. sc-8436) and TNF-a
antagonist (catalog no. sc-358755) were obtained from Santa Cruz, Texas, U.S.
Anti-TNF-a (catalog no. ab6671) was from Abcam, Ontario, Canada. Secondary
antibodies for immunofluorescence staining and TRIzol reagent (catalog no.
15596-026) were obtained from Invitrogen, Massachusetts, U.S. Secondary
antibodies for Western blot and IGF-1enzyme-linked immunosorbent assay (ELISA)
kit (catalog no. MG100) were obtained from R&D Systems, Minnesota, U.S. IGF-1
protein (catalog no. 01-208) and IGF-1 antibody (catalog no. 05—172) were obtained
from Millipore, Ontario, Canada. Oligonucleotides for real-time PCR were
synthesized by Invitrogen, Massachusetts, U.S.
3.2 NSCs Isolation and Culture

NSCs were extracted from E15.5 embryos of pregnant mouse (provided by Animal
Center of University of Manitoba). Mouse was anesthetized with 5% isoflurane and
then euthanized. The mouse was placed on a pad and sprayed with 70% alcohol on the
abdominal skin. The skin was held with tweezers and the V-shaped incision was made
with scissors. The skin was then isolated apart and muscles were cut by sterilized
scissors. A chain of embryo sacs was exposed and extracted to be transported in a dish

with cold Hank’s balanced salt solution (HBSS). The brains of embryos were
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dissected out with another pair of sterile scissors and placed in a dish containing
HBSS. After careful removal of the midbrain, hindbrain and meninges, the cortices
and hippocampus were washed three times with cold HBSS, and then cut into small
pieces with a scalpel. They were collected in a 15 ml tube and added with 5 ml of
accutase. The tube was placed in the water bath at 37 <C for 5 min. The mixture was
then pipetted for 20 to 30 times to shatter the undigested blocks and filtered through a
70 pl filter. The filtered mixture containing NSCs was centrifuged at 1200 rpm for 7
min. The supernatant was discarded and the cells were seeded in plates with low
attachment, which were maintained in a 5% CO2/95% air incubator with 100%
humidity. The medium was replaced every 3 days.
3.3 LbL Single-cell Encapsulation

Cell suspension of 2x108 cells was put into a 15 ml centrifuge tube. The tube was
centrifuged and supernatant was discarded. Then 1 ml of 0.1% gelatin solution was
added to resuspend the cells. The tube was gently shaken for 10 min. The suspension
was next centrifuged at 2000 rpm for 5 min and the supernatant was aspirated. In the
next washing step, the cell pellet was gently disassociated with 5 ml of Dulbecco's
phosphate-buffered saline (DPBS), followed by another centrifuge and supernatant
discard. After washing the cells for three times, 1 ml of 0.1% alginate (or HA) was
added to the cell pellet for 10 min. The process was repeated for predetermined times
in each experiment by alternatively adding polycation and polyanion to achieve the

LbL single-cell encapsulation.
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3.4 Cell Viability Test with Hoechst/PI Staining

Firstly, 0.1% solutions of alginate, gelatin, chitosan, PEI, and PDL were prepared.
After the LbL assembly on NSCs was accomplished with alginate and different
polycations, these different groups of NSCs were rinsed with cold DPBS solution
thoroughly for three times. A fresh 1:1000 dilution of Hoechst 33258 stock in DPBS
(Final concentration was 0.12 pg/ml) was added. The solution was incubated in the
dark for 15 min at room temperature. After it was rinsed for three times with DPBS, a
1:1000 dilution of PI (final concentration was 2 ug/ml) was added. The solution was
again incubated in the dark for 3 min at room temperature, followed by DPBS rinsing
for about three times. Finally, the samples were observed on a fluorescence
microscope (TE2000-E, Nikon). Images taken from ten random fields were used for
analysis.
3.5 MTT Assay

NSCs and LbL-NSCs were seeded at the density of 1><10* per well in a 96-well
plate which was coated with 0.01% PDL. The medium was replaced every 3 days. At
time points 0, 1, 3, and 6 days, 10 ul of MTT was added to each well and the plate
was incubated in an incubator for 4 h. Then the solution was removed, followed by
the addition of 200 pl of dimethyl sulfoxide (DMSO) to each of the wells. Afterwards,
the plate was placed on a shaker to dissolve the precipitate gently and consistently for
10 min. The absorbance was examined at the wavelength of 570 nm with a multilabel

plate reader (Model No. 1420, Wallac).
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3.6 Preparation of Fluorescent Reagents with Gelatin and Alginate

To prepare the gelatin-FITC, 20 mg of gelatin was fully dissolved in 2 ml of 0.1 M
sodium bicarbonate buffer. 10 mg of FITC was dissolved in 1 ml of DMSO at the
same time. While magnetically stirring the gelatin solution, FITC solution in DMSO
was slowly added. The reaction was incubated overnight at room temperature with
continuous stirring. Then, the mixed solution was dialyzed against dialyzing buffer
which was changed every 4 h for 3 days and lyophilized. For the alginate-rhodamine
B, ethanediamine was used as a bridge for binding alginate and rhodamine B since
they lack reactive amino groups. 10 mg of alginate in 1 ml DPBS was activated by 10
mg of EDC for 30 min. Then 3 mg of ethanediamine was added and the mixture was
stirred overnight at room temperature. After the solution underwent dialysis and
lyophilization, alginate-ethanediamine powder was obtained. Then the powder was
put into 2 ml of rhodamine B solution (2.5 mg/ml in DPBS). The resultant solution
was stirred overnight at room temperature. Therefore the alginate-rhodamine B was
obtained after dialysis and lyophilization.
3.7 Fluorescence Intensity of LbL Encapsulation

2x10%° NSCs were taken and encapsulated with gelatin-FITC and unmodified

alginate according to the protocol described above. After the encapsulation,
LbL-NSCs with different number of layers and the uncoated NSCs were grafted in the
96-well plates with 1><10* in each well, and the cell suspension was then diluted to
100 pl with DPBS. Next, fluorescence intensity was examined using a multilabel

counter (1420, Wallac) at the excitation wavelength of 490 nm.
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3.8 Transmission Electron Microscopy (TEM)

Cells for TEM were processed as described previously[370]. Untreated cells and
cells encapsulated with different parameters were directly fixed in the solution of
2.5% glutaraldehyde that was diluted with 0.1 M Sorensen’s buffer for 1 h. Then the
samples were washed with 5% sucrose solution which was prepared in 0.1 M
Sorensen’s buffer, for 5 min>3 times and put into a refrigerator at 4 <C overnight.
Postfixation was processed by adding 1% OsOas to the cell samples for 2 h. After
being dehydrated with 30%, 50%, 75%, 90% and 100% ethanol and methanol for 10
min % two times, samples were embedded in epoxy resin, followed by drying in an
oven at 60 <C for 24 h. A microtome (Model No. 318423, Reichert Nr.) was used to
obtain the thin sections, which were further mounted on copper grids. Finally, 2%
uranyl acetate and 1% lead citrate were used to stain the samples for 2 h. These
prepared grids were analyzed with a TEM (CM-10, Philips) at 25 <C.

3.9 Zeta-Potential Assessment

NSCs at the density of 2x10° were nanocoated with gelatin and alginate, as
described above. The same amount of untreated NSCs, NSCs encapsulated with
gelatin, gelatin/alginate, and (gelatin)2/alginate was taken respectively and then the
zeta-potential was determined by the instrument (Brookhaven).

3.10 Scanning Electron Microscopy (SEM)

NSCs and LbL-NSCs at time points 1, 3, 5, and 7 days were fixed in 0.1 M

Sorensen’s buffer containing 2.5% glutaraldehyde for 2 h. Then the samples were

rinsed with 0.1 M Sorensen’s buffer which contained 5% sucrose for 5 min>3 times.
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Next, 1% OsO4 was added to the cell samples for 2 h at 4 <C, followed by three cycles
of washing. After being dehydrated with 30%, 50%, 75%, 90% and 100% ethanol and
drying, the samples were sprayed with gold prior to the observation with a SEM
(JEOL 5900).

3.11 Loading Efficiency of IGF-1 on Alginate

Different amount (10ng, 100ng and 1000ng) of IGF-1 was mixed with 1ml 0.1%
alginate for 24h and put in to a dialysis bag (for molecular weight 13,000D). Sample
from the dialysis bag was taken to test the IGF-1 with the IGF-1 ELISA kit every day
(three days in total). 100ng IGF-1 in 1ml of DPBS solution acted as the control. The
unbound IGF-1 would leak from the bag, so that the ELISA result would indicate the
amount of loaded IGF-1 on the material.

3.12 Atomic Force Microscopy (AFM)

Untreated cells and cells encapsulated with different parameters were seeded on
cover slides and were observed under the atomic force microscope (EasyScan 2,
NanoSurf). All samples were scanned under the “Phase contrast” mode with 2.5 s/
line and 512 points/ line. After obtaining the images at lower magnification, an area of
around 25 pm? on cell surface was focused to scan under a higher magnification.
Furthermore, average roughness value (indicated as Sa which was calculated by the
software) per 1 um?was obtained by selecting 10 spots randomly on each cell.

3.13 FITC-dextran (FD) Permeability Investigation
PC12 cells were encapsulated with gelatin and HA with different parameters. 0.5

ml of 1 mg/ml FD with different molecular weights were then incubated with cells in
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medium with varying pH for 30 min. After the incubation, cell samples were washed
with DPBS for three times. Samples were examined under the fluorescent microscope
(Axio Imager Z.2, Zeiss). Intensity of the fluorescence was detected by a plate reader
(Model No. 1420, Wallac) at the excitation wavelength of 490 nm by diluting 1x10*
cells to 100 pl in a 96-well plate as addressed above.

3.14 Proximity ligation assay (PLA)

TNF-a (20 ng/ml) was incubated with cells in control group and encapsulation
groups for 5 min. Fixation of cells was immediately performed by applying 4% PFA,
followed by DPBS washing for three times. Duolink blocking solution was used to
block samples for 30 min under 37 °C. Next, blocking buffer was discarded and
primary antibodies were added to incubate for 1 h at 37 °C. After washing, PLA
probes were added to samples for 1 h at 37 °C and subsequently, cells were incubated
with ligation solution for 30 min at 37 °C. Finally, samples were treated with
polymerase in amplification solution followed by Hoechst staining and mounted on
slides. Images were taken by the fluorescent microscope (Axio Imager Z.2, Zeiss), in
which the red dots represented for the direct interaction of TNF-a and TNF-R1.

3.15 Immunofluorescence

Cells grown on the coverglasses in the plate were taken and fixed in 4% PFA for 15
min at 4 <C. Then they were rinsed with DPBS for 5 min>3 times, and 0.25%
TritonX-100 in DPBS (TBST) was added to permeabilize the cells for 10 min. The
samples were incubated with 1% BSA in TBST for 30 min to block the unspecific

binding. Next, the cells were incubated with primary antibodies in DPBS containing
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1% BSA overnight at 4 <C. On the following day, after being rinsed three times with
DPBS (5 min each), the cells were incubated with secondary antibodies for 1 h in the
dark at room temperature. The mixture of the secondary antibody solution was
decanted, and the cells were rinsed with DPBS for 5 min>3 times in the dark. The
cells were stained with 0.12 pg/mL Hoechst 33258 in DPBS for 1 min in the dark and
rinsed with DPBS. Finally, the cells were mounted on coverslips with a drop of
mounting medium. The primary antibodies used were as follows: BrdU (mouse,
1:500), MAP-2 (rabbit, 1:1000), B-tubulin 1l (mouse, 1:500), GFAP (goat, 1:2000),
and nestin (mouse, 1:1000). Secondary antibodies were as follows: Alexa-488
conjugated chicken anti-mouse (catalog no. A21200, 1:1000), Alexa-488 conjugated
rabbit anti-goat (catalog no. A11028, 1:1000), Alexa-594 conjugated rabbit
anti-mouse (catalog no. A11062, 1:1000), Alexa-594 conjugated chicken anti-mouse
(catalog no. A21201, 1:1000), and Alexa-488 conjugated goat anti-rabbit (catalog no.
A11034, 1:1000). Images of 10 random fields were taken with a fluorescent
microscope (TE2000-E, Nikon), and positive cells were quantified systematically.
3.16 Real-Time PCR

The total RNA of NSCs and LbL-NSCs was extracted with the TRIzol kit. Then,
the reverse transcription was operated to synthesize cDNA. Quantitative real-time
PCR was processed for the amplification of cDNA target with the ABI 7500 qPCR
system (Applied Biosystems, Foster City, CA) following the manufacturer’s
recommendations. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA was

used for normalization. Sequences of primers are included in Table 1.
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3.17 Western Blot Analysis

NSCs and LbL-NSCs were grafted on 0.01% PDL coated 6-well plate at the density
of 3x10° per well. The cells were cultured in proliferation medium for 1 day, and the
medium was replaced with neurobasal medium containing B27 supplement for 3 and
6 days. The cells were treated with radio immunoprecipitationassay (RIPA) lysis
buffer containing protease inhibitor cocktail to extract the total protein. Protein
concentration was determined with a BCA kit. Then, the samples (20 pg of each) were
loaded per lane on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel (10% acrylamide) and subjected to immunoblotting. The primary
antibodies were as follows: MAP-2 (rabbit, 1:1000), nestin (mouse, 1:2000), B-actin
(mouse, 1:3000). Secondary antibodies used included: horseradish peroxidase
(HRP)-conjugated goat anti-rabbit (catalog no. HAF008, 1:3000), and
HRP-conjugated donkey anti-mouse (catalog no. HAF018, 1:3000). The results were
quantified using QuantityOne software (Bio-Rad).

3.18 Co-immunoprecipitation (Co-1P)

TNF-a (20 ng/ml) was added in control group and encapsulation groups. After 5
min of incubation, cells were washed with cold DPBS for three times, followed by
being lysed for 20 min in lysis buffer (150 mM of NaCl, 50 mM of pH 7.4 Tris-HCI, 5
mM of EDTA, 0.1% of NP-40, and protease inhibitor cocktail). After the magnetic
beads were rinsed with PBST containing 0.1% Tween 20 for three times, 2 pg of
antibodies of TNF-a and TNF-R1 were incubated with beads separately for 10 min.

Cell lysate was incubated with the antibody-loaded beads, with 100 ul for each. The
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mixture was rotated for 1 h at room temperature. The protein-loaded beads were then
magnetized and washed, followed by elution with 6>_aemmli buffer for 10 min at
70 <C. The eluent was moved to new tubes and ready for SDS-PAGE. Input samples
were extracted immediately after the lysis of cell samples and denatured for 5 min at
95 <C. Samples were loaded on SDS gel (12% acrylamide) and then performed
Western blot. The primary antibodies were: TNF-a (rabbit, 1:500), TNF-R1 (mouse,
1:300). Secondary antibodies used included: HRP-conjugated goat anti-rabbit (1:5000)
and HRP-conjugated donkey anti-mouse (1:5000). The results were quantified with
Image Studio software (LI1-COR Biosciences).
3.19 ELISA Assay

NSCs encapsulated with gelatin and IGF-1-loaded alginate were grafted in the
medium with pH 7.4 and 6.5 separately. At the time points 24, 48, 72, 96, 120, 144,
168, 192, 216, and 240 hours, 50 ul of each sample was taken to add to the ELISA
microplate, which was coated with anti-IGF-1. They were left for antigen-antibody
reaction for 2 h. After being washed with washing buffer for five times, the
conjugation solution was added to each well for 2 h. After the washing step, substrate
solution was pipetted into the plate for 30 min in the dark. Finally, immediately after
adding the stop solution, a multilabel counter (Model No. 1420, Wallac) was used to
determine the optical density at the wavelength of 450 nm. Therefore, the cumulative
release curve would then be obtained.
3.20 Statistical Analysis

Means plus or minus the standard error of the mean were used to express the values.
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The expression of the error bars was the standard error of the mean. Analysis of
variance (ANOVA) in the study was used to compare different groups with Tukey
HSD in post-hoc. Difference was considered to be significant when the P value was

less than 0.05.
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Chapter 4. Results (Specific Objective #1)

4.1 Safety of LbL Single-cell Encapsulation on NSCs

NSCs were encapsulated, as shown in Scheme 1. The polycation and polyanion
attached to each other in a layer-by-layer way due to the interaction of the opposite
charges. In the end, the NSCs had multiple layers of materials on the cell surface. The
polyelectrolytes we used in this research were gelatin and alginate. Gelatin, derived
from collagen, was a cell-compatible protein similar to native ECM and presented
polycation properties under appropriate conditions[371]. The polyanion alginate was
also biocompatible and widely used in tissue engineering, especially in the central
nervous system[372]. As such, gelatin and alginate are both biocompatible natural
polymers and ideal polyelectrolytes for LbL encapsulation. NSCs were encapsulated
in a polycation—polyanion—polycation way, marked as (polycation)2/polyanion. In the
viability test (Figure 1), Hoechst/PI staining was applied to show the viability of cells
in different groups because the Hoechst could permeate cell membrane to bind to
minor groove of DNA,; PI, as an impermeable fluorescent reagent, is known to only
bound to DNA in dead cells. It showed a viability of 10.4, 7.5, 13.7, 92.3, and 96.5%,
respectively, in PEI, PDL, chitosan, gelatin, and untreated group after counting the
percentage of live cells in 10 random fields of each group, indicating that gelatin was
anamicable polycation to NSCs, unlike other synthetic polycations which would
compromise the cell membrane[81, 373]. In Figure 2, the cytotoxicity of LbL

encapsulation with (gelatin)2/alginate was further confirmed by the MTT assay.
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LbL-NSCs and NSCs showed similar MTT absorbance on day 0, 3, and 6, revealing
that the LbL encapsulation would not influence the NSCs viability significantly in a

dynamic period. In short, gelatin and alginate are suitable for LbL encapsulation of

NSCs.

suspended in suspended in suspended in

Polyanion solution Polycation solution

—

Polycation solution

—

centrifuge and wash centrifuge and wash centrifuge and wash

NSCs coated with NSCs coated with NSCs coated with

Polycation Polycation/Polyanion (Polycation),/Polyanion

NSCs

Scheme 1. The scheme of LbL encapsulation. The objective of the LbL
encapsulation was to build a single-cell encapsulation model by coating nano
materials on the cell surface. Specifically, a natural cell (a) was converted to a
surface-modified cell (b) which was endowed with potential for further applications.
The illustration of the major steps involved in the LbL encapsulation was shown in (c).
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NSCs were firstly suspended in the polycation solution and then centrifuged and
washed. The polycation layer would attach to the cell surface. Next, the

polycation-coated NSCs were put in the polyanion solution to add a second layer. In

the end, the LbL encapsulation would be completed after several repeats.
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Figure 1. Cell viability of NSCs encapsulated with different polycations by
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Hoechst/Pl staining. a)-e) Hoechst/Pl staining of NSCs encapsulated with
(PEIl)2/alginate, (PDL)2/alginate, (chitosan)2/alginate, (gelatin)z/alginate and untreated
NSCs. Cells with dark blue were viable cells; cells with bright blue and red were
apoptotic and necrotic cells. Scale bar in (a)-(e): 50um. f) Quantification of viability

of NSCs in different groups. **: p<0.01.
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Figure 2. MTT test of NSCs and LbL-NSCs at different time points. NSCs
encapsulated with (gelatin)z/alginate and untreated NSCs were cultured in a 96-well
plate with three repeats (n=3). On the 0d, 3d and 6d of the culture, MTT was added

and the absorbance was measured. *: p<0.05.

4.2 Characterization of LbL Single-cell Encapsulation

Gelatin-FITC and alginate-rhodamine B were employed to enable us to visualize the
LbL encapsulation on NSCs,(Figure 3a—c). A lower magnification of the general view
of NSCs encapsulated with (gelatin-FITC)2/alginate was also exhibited (Figure 3d).

Fluorescence intensity of varied layers of gelatin-FITC was measured as an
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alternative characterization (Figure 3e). The fluorescence intensity of one layer of
gelatin-FITC was much higher than that of untreated NSCs. When the original
alginate was coated on gelatin-FITC, the intensity showed some extent of decline. The
reason was probably the fluorescence blocking by the added alginate layer. When
another layer of gelatin-FITC was added, the intensity increased distinctly. The 3D
scanning of a single NSC encapsulated with (gelatin-FITC)2/alginate also confirmed
the feasibility of encapsulation (Figure 4). TEM further demonstrated LbL coating on
NSCs (Figure 5a) and the untreated NSCs (Figure 5b). The material layers around
cells were around 6 %= 2.3 nm as calculated by Imagel, which agreed with other
reports[40, 90].

Zeta-potential test, a common measurement of LbL self-assembly, was performed
to obtain the change of the potential of cells with varied layers of materials (Figure 6).
When the negatively charged NSCs were encapsulated with gelatin and alginate
subsequently, the zeta-potential changed accordingly since the oppositely charged
polyelectrolytes were able to bind together and overcompensate for each other[374].

The persistence of the materials on the surface of NSCs was observed by
encapsulating NSCs with gelatin-FITC and alginate (Figure 7). The persistence time
should be noted since any application of LbL nanocoating required the persistence of
materials for a period of time. Figure 7 showed the decrease of the fluorescence,
which marked gelatin on the cell surface with time going on from 1 to 10 days. As a
result of this observation, it indicated that the encapsulation would be able to persist

for about 10 days, providing sufficient time for most applications. The encapsulated

77



cells could still contact each other as observed. The reason might be that the materials
were biocompatible and biodegradable, and only three layers of materials with low

concentration were used.

Figure 3. Characterization of LbL encapsulation with fluoresceins labeling. a)-c)
Gelatin was conjugated with FITC, while the alginate was conjugated with rhodamine
B. NSCs were LbL-coated with these materials, so gelatin-FITC (a) and
alginate-rhodamine B (b) could be detected. ¢) Merged image of (a) and (b). d) A
lower magnification of FITC-gelatin and alginate encapsulated NSCs. Scale bar in
(@)-(d): 10um. e) The fluorescence intensity of different layers of gelatin-FITC was

measured.  Untreated NSCs, NSCs encapsulated with  gelatin-FITC,
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gelatin-FITC/alginate and (gelatin-FITC)2/alginate were taken to measure the
fluorescence intensity which acted as an alternative way of characterization. *: p<0.05;

**: p<0.01.

Figure 4. 3D scanning sections of LbL encapsulated cells. NSCs were encapsulated
with FITC-gelatin and alginate. Under the Zeiss Apotome imaging system,
homogenous encapsulation of NSCs was observed through the 3D scanning. (Green:

gelatin; blue: Hoechst). Scale bar: 10um.
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Figure 5. Characterization of LbL encapsulation with TEM. a) Different

magnification of TEM images of (gelatin)2/alginate encapsulated NSCs. b) Different

80



magnification of TEM images of untreated NSCs. Arrows indicated the materials on

the cell surface.
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Figure 6. Zeta-potential assessment of NSCs nanocoated with different layers of
materials. The zeta-potential of untreated NSCs, NSCs nanocoated with gelatin,
gelatin/alginate and (gelatin)z/alginate (marked from "0" to "3" on the x-axis) was

shown.
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Figure 7. Persistence of coated materials. NSCs were encapsulated with
gelatin-FITC (green) and alginate. At the time point 0d, 1d, 3d, 7d and 10d (a-¢), the
existence of biomaterials on the cell surface was characterized by means of a

fluorescent microscope. Scale bar in (a)-(e): 10um.

4.3 Morphologic Changes of Encapsulated NSCs

For morphology evaluation, SEM was performed to observe the NSCs and LbL
coated NSCs on day 1, 3, 5, and 7 (Figure 8a). LbL coated NSCs showed
spheroid-like morphology while the untreated NSCs stretched broadly. F-actin
staining by phalloidin showed the effect of encapsulation on NSCs cytoskeleton

compared with that of untreated NSCs (Figure 8b). On day 1, 3, and 7, the
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cytoskeleton of encapsulated NSCs was much more restrained than that of untreated
NSCs. Spreading area of each cell stained with phalloidin was calculated with the
help of Imaged. In Figure 8c, the area of NSCs at any time point was distinctly
broader than that of LbL-NSCs. The versatile methods of characterization of LbL
encapsulation above proved that LbL coating on NSCs was indeed existent and
demonstrated the morphological changes of coated NSCs compared with untreated

ones.
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Figure 8. Morphologic changes of NSCs and LbL-NSCs. a) Characterization of

LbL encapsulation with SEM. Untreated NSCs and (gelatin)z/alginate coated NSCs
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were grafted on a 24-well plate. They were processed for SEM microscopy on 1d, 3d,
5d and 7d. The processes of untreated NSCs stretched broadly. The spheroid-like LbL
encapsulated NSCs at different time points were shown in the lower part. b)
Cytoskeleton change of NSCs and LbL-NSCs. Encapsulated with (gelatin)2/alginate,
LbL-NSCs and untreated NSCs were cultured and stained with phalloidin (green) to
show the F-actin of cells on 1d, 3d and 7d. The F-actin reflected the cytoskeleton.
Like in SEM images, the coated NSCs were more spheroid-like than the untreated
ones. (Blue: Hoechst). Scale bar in (b): 10um. c¢) The spreading area of each cell was

quantified by ImageJ based on the cytoskeleton staining results. **: p<0.01.

4.4 Influences of Encapsulation on NSCs’ Functions

To test whether the changes in cellular morphology would lead to the difference in
NSCs functions, we first observed the proliferation of encapsulated NSCs by BrdU
assay (Figure 9a—d). Because BrdU could incorporate with the newly synthesized
DNA as a substitute of thymidine during DNA replication, it was commonly used to
detect the proliferation[375]. Images of 10 random fields of each group were taken to
count the BrdU positive cells that were considered to be new cells, per se. As shown
in Figure 9e, the proliferation of LbL encapsulated NSCs showed no significant
changes (p > 0.05)[376, 377]. Therefore, it is suggested that LbL encapsulation with
gelatin and alginate would not greatly impact the proliferation of NSCs.

In Figure 10a, the ratio of neurons and astrocytes in both groups of NSCs and

LbL-NSCs was quite similar. Among them, 15% differentiated into neurons and 22%
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into astrocytes (Figure 10b). Real-time PCR also showed that the transcription of
related genes in LbL-NSCs was not influenced compared to that in NSCs groups at
different time points (Figure 10c), though there were morphologic changes found on
coated cells. As a promising cell therapy for nervous system disorders, NSCs have the
ability to generate different types of neural cells. During the NSCs culture, EGF and
bFGF were two most important cytokines to maintain NSCs stemness[378]; however,
once these were withdrawn, NSCs would differentiate quickly[379]. To demonstrate
whether LbL encapsulation would impact NSCs stemness, we performed withdrawal
of two cytokines after they were seeded. The results suggested that the LbL
encapsulation would not impact the differentiation of NSCs. On the other hand, NSCs
could be induced to a specific type of cells when cultured in a specific inducing
medium. Neurogenesis of NSCs in LbL group and control group was induced by B27
supplement for 3 and 6 days, and then all NSCs were detected with the antibody of
B-tubulin 111 (Figure 11a). Similarly, Western blot also confirmed that the expression
of nestin, a marker of NSCs, decreased day 3 to day 6, while the expression of MAP-2
increased (Figure 11b). From immunofluorescence staining and Western blots, even
after encapsulation, NSCs were still able to differentiate into specific cell types such
as neurons. It is suggested that LbL coating should not lead to the loss of the stemness
by presenting the differentiation into multiple cell types after cytokines withdrawal

and the neurogenesis induced by B27 supplement.
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Figure 9. Proliferation assay of NSCs and LbL-NSCs. Untreated NSCs and NSCs
coated with (gelatin)z/alginate were cultured in a 24-well plate for a week. BrdU was
added on 1d and 6d, and then the cells were taken for anti-BrdU staining on 2d and 7d
to show the newly generated cells during the 24h. a)-b) Proliferation of NSCs detected

by BrdU assay at different time points. ¢)-d) Proliferation of LbL-NSCs detected by
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BrdU assay at different time points. (Green: BrdU; blue: Hoechst). Scale bar in (a)-(d):
100um. e) Quantification of BrdU-positive cells in different groups on 2d and 7d. The
percentage of new cells was counted in ten random fields of each group to quantify

the proliferation rate; (n=3).
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Figure 10. Differentiation of NSCs and LbL-NSCs after cytokines withdrawal. a)
The stemness of cells was detected by immunofluorescence staining after 6d of
cytokines withdrawal. Markers of MAP-2, GFAP, and nestin were used to detect
neurons, astrocytes and NSCs. Scale bar in (a): 100um. b) Quantification of the rate
of cells with different markers in both groups after cytokines withdrawal. The
percentage of cells was counted in ten random fields of each group to quantify the
differentiation; (n=3). ¢) Real-time PCR of related genes at 2d and 6d after cytokine
withdrawal was shown. Fold increase of each gene has been normalized against

GAPDH; (n=3). *: p<0.05; **: p<0.01.
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Figure 11. Neurogenesis inducing of NSCs and LbL-NSCs. Untreated NSCs and
(gelatin)2/alginate coated NSCs were seeded for 1d and then induced with neurobasal
medium containing B27 supplement for 3d and 6d for neurogenesis. a) B-tubulin 111
(red) was used as the neuronal marker to demonstrate the neurogenesis of untreated
NSCs and LbL-NSCs at different time points. (Blue: Hoechst). Scale bar in (a):
100pm. b) Quantification of the rate of neurons in both groups after neurogenesis
inducing. The percentage of B-tubulin Il positive cells was counted in ten random
fields of each group to quantify; (n=3). c) Quantification of induced neurogenesis by
Western blot. Untreated NSCs and (gelatin)z/alginate coated NSCs were induced for
neurogenesis for 3d and 6d. Expressions of MAP-2 (a neuronal marker) and nestin (a
marker for NSC) were shown by Western blot assay. Expression levels of each marker

have been normalized against B-actin; (n=3).

Primers Sequences Annealing (°C) Product (bp)
Nestin (Fw) GAAGAGGGCAGAGAAGAAAG 60 108
Nestin (Rv) CAGATCCCACTTTGGAGAAG
GFAP (Fw) CTCTAAGGTCCCTCCCTTT 60 121
GFAP (Rv) GCCTCTGACACTGTCTTTATT
MAP-2(Fw) CTTCCACCGAGCATTCTTT 60 119
MAP-2 (Rv) CATGGCTGCATCTGTAACT
B-tubulin III (Fw) GCTGGCCATTCAGAGTAAG 60 127
B-tubulin I1I (Rv) GTGCTGTTGCCGATGAA
GAPDH (Fw) TGCTGAGTATGTCGTGGAG 52 288
GAPDH (Rv) GTCTTCTGAGTGGCAGTGAT

Table 1. Primers used for the real-time PCR.
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4.5 Application of LbL Single-cell Encapsulation in Drug Delivery

Whether the LbL encapsulation structure could be employed as a drug carrier to
regulate NSCs functions by loading bioactive molecules would be crucial for
extensive applications of LbL nanocoating. LbL self-assembly technique has been
applied on controlled drug delivery in previous studies[380, 381]. For examples,
insulin, doxorubicin, bone morphogenetic protein-2 (BMP-2) were reported to be
loaded on the LbL structure, demonstrating distinct effect of sustained
release[382-384]. In Figure 12, anti-IGF-1 was incubated with NSCs in different
groups to show the presence of IGF-1 on the surface of cells which were encapsulated
with gelatin and IGF-1 loaded alginate (100 ng IGF-1 with 1 mL 0.1% alginate;
loading efficiency is shown in Figure 13), which, at the same time, indicated the
success of encapsulation. Its release profiles at pH 7.4 and 6.5 were shown in Figure
14, exhibiting a prolonged release at pH 6.5. IGF-1 was proven to be effective to
enhance the proliferation of NSCs so that it was regarded as the target molecule of
drug delivery of LbL nanocoating[385]. A pH value of 6.5 was used to mimic the
ischemic environment in the study to investigate the influence of pH on the molecule
release because the low pH is common in central nervous disorders such as
stroke[386]. Taken together, the potential applications of this technique to deliver
functional regulators together with NSCs in diseases such as stroke were implied. The
reason why IGF-1 could be released for a longer period of time at lower pH might be
that the pH 6.5 was closer to the middle between the IEP of gelatin and alginate than

pH 7.4, making the LbL shells more stable, or the permeability of LbL materials
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changed due to different pH [387]. It needed to be clarified in the future.

NSCs LbL-NSCs LbL(IGF-1)-NSCs

Figure 12. Characterization of LbL (IGF-1)-NSCs. IGF-1 was mixed with alginate
to make them adsorbed. NSCs were encapsulated with (gelatin)2/alginate and
(gelatin)2/alginate-IGF-1. a)-c) NSCs, LbL-NSCs and LbL (IGF-1)-NSCs were
stained with anti-IGF-1 to illustrate the presence of IGF-1 (green) on the cell surface.

Scale bar in (a)-(c): 10um.
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Figure 13. Loading efficiency of IGF-1 on alginate. The amount of IGF-1 remained

in the dialysis bag from 1d to 3d was tested. *: p<0.05.
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Figure 14. Cumulative IGF-1 release curve. IGF-1 was mixed with alginate to let it
physically adsorb to alginate. NSCs were coated with (gelatin)2/alginate-IGF-1 and
cultured under different pH in 24-well plates. The medium was taken to test the IGF-1
concentration with the ELISA kit at time points from 0 h to 240 h; (n=3) and the

cumulative release curve of IGF-1 was obtained. *: p<0.05; **: p<0.01.

4.6 IGF-1 Loaded on LbL Encapsulation Layers Was Released to Regulate NSCs

At 2, 5, and 7 days, the proliferation of NSCs in different groups were tested with
BrdU assay (Figure 15). The groups were defined as the NSCs group (Figure 15a—c),
in which there were only untreated NSCs; the NSCs+IGF-1 group (Figure 15d—f), in
which 20 ng/mL IGF-1 was added to the normal NSCs; the LbL-NSCs group (Figure

15g—1), in 