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Abstract

This thesis includes two parts related to cell-compatible multi-functional

crosslinker-based hydrogels for tissue engineering.

Firstly, a linear functional poly (amidoamine) (PAA) crosslinker is synthesized via
Michael-addition polymerization of agmatine to N, N’-Methylene bis (acrylamide).
The linear crossllinker is applied to poly (ethylene glycol) (PEG) hydrogel, 1H NMR
and FTIR characterizations show the successful synthesis of the crosslinker and the
hybrid hydrogel. Mechanical tests show that the stiffness of the hydrogel can be
controlled by tuning the mass ratio of the PAA crosslinker. The engineered hydrogel
shows remarkable swelling ratios and in vitro degradability. Cell viability and cell
morphology tests also demonstrate the hydrogel’s biocompatibility. This
agmatine-containing PAA crosslinker is promising for tissue engineering applications.
This linear PAA crossllinker is also applied to N-Isopropylacrylamide (NIPAM) to
form a thermo-sensitive hydrogel. Arat depressed defects model is set up to conduct the
in vivo experiment. CCK-8 assay and SEM images confirm that Adipose-derived Stem
Cells (ASCs) can attach to the hydrogel containing the PAA crosslinker. Then four
fillers 1) the hydrogel-ASCs mixture, 2) the hydrogel only, 3) hyaluronic acid (HA), 4)

Phosphate-Buffered Saline (PBS) was injected to the four depressed defect sites



randomly. In vivo results show that the thermo sensitive hydrogel was injectable and
fixed well onto the defects. After 4 weeks, gross and histological analysis showed
defects in hydrogel, hydrogel-ASCs, and HA groups recovered significantly and there
were no significant differences among them. Most importantly, after 6 months, defects
in hydrogel group and hydrogel-ASCs group remained recovery significantly, but HA
group became depressed again, like PBS group. H&E staining images showed that
regenerated tissue can be found in the depressed area of the defects.
Immunohistochemical study of s-100 protein distribution revealed the regenerated cells
was immature adipocytes. Green Fluorescent Protein (GFP) Immunofluorescence
implied the hydrogel repaired defects by recruiting host-derived mesenchymal stromal
cells to defect sites. Such cell attachable thermo sensitive hydrogel is demonstrated to
be a promising filling material which has persistent effect for small depressed defect.
And ultimately might become a new material in plastic and reconstructive surgery in

the clinic.

Another novel photo-stimulated self-healing hydrogel system is developed. A coumarin
methacrylate crosslinker (CMA) is synthesized and used to modify the
polyacrylamide-based hydrogel. The coumarin-contained hydrogel exhibits high
self-healing property at wavelengths longer than 310nm due to the [2+2] cycloaddition
of a couple of coumarin moieties. A hyperbranched poly (amidoamine) (PAA)

crosslinker is also synthesized to improve the cell compatibility of the hydrogel.
n



Changes in light exposure times and wavelengths of irradiation significantly alter the
self-healing property of the hydrogel. Finally, the hydrogel is seeded with bone
marrow-derived mesenchymal stem cells and their relative mRNA expressions are

recorded to examine their osteogenic differentiation.
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Chapter 1. Introduction

1.1 General Overview

According to recent reports, approximately a quarter of patients die when they are
waiting for suitable organ donors for transplantation in US [1,2]. The supply of donor
organs and tissues for transplantation has long been falling far short of demand, and
such shortage in supply will remain in the near future [1,3]. Cell transplantation and
tissue engineering has been recently introduced to provide an alternative way to fulfill
the goal of organ transplantation [4-6]. In such procedures, to avoid allograft
rejections, tissues from a donor are usually harvested and dissociated into individual
cells [7]. Such individual cells are attached to and cultured on a suitable substrate
known as a scaffold. Finally the scaffold will be implanted into the desired site to

develop into a functioning tissue [7].

Therefore, tissue engineering has become an important interdisciplinary field
involving biomedical engineering, tissues harvesting, implants and prostheses [8].
Acrtificial extracellular scaffolds with high porosity are critical to accommodate stem

cells, guide their growth and regenerate tissues in a 3D structure [8].

Multitudinous strategies have been applied to develop scaffolds for tissue engineering.
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These scaffolds act as an extracellular matrix (ECM) to organize cells into a 3D
structure and to deliver nutrients as well as signal molecules which regulate the tissue’s
growth and regeneration [7]. The requirements for scaffold materials and their
properties differ dramatically according to their specific applications. Most scaffold
materials, such as poly (lactide-co-glycolide) (PLG), are hydrolytically degradable
polymers [9,10]. However, they are usually hydrophobic and should be processed
under a quite strict condition, making it difficult for growth factor incorporation and

cell entrapment.

Hydrogels generally have high water content and stretchable properties similar to those
of the native tissues, therefore are attractive materials for scaffolds [11]. With a
architecture similar to that of the ECM of many tissues, hydrogels can help to promote
cell proliferation and functioning. Therefore, hydrogels have been commonly used in
drug and growth factor delivery, tissues regeneration, and various biomedical

applications [12].

Polymers derived from natural materials such as collagen, HA, chitosan and alginate
are frequently used in tissue engineering, because they generally have low toxicity and
similar macromolecular components to the natural ECM. However, the applications of
many natural polymers are limited by the difficulty to obtain materials with a narrow

range of molecular weights and by their unsatisfied mechanical performance, including
2



elastic property, compressibility, viscoelasticity, tensile strength, and strain

deformation [13].

Using synthetic hydrogels is another appealing choice for tissue engineering
applications because of their governable chemical and physical properties. Synthetic
polymers can be designed to have certain molecular weights, desirable structures,
degradable linkages, and crosslinking modes in a reproducible way. These aspects
decide the gel formation dynamics, crosslinking density, and mechanical and
degradable properties [12]. For example, PEG is a hydrophilic polymer and is one of
the most commonly used synthetic hydrogel polymers which have been approved by

FDA.

1.2 Problem Definition

Existing 3D scaffolds for tissue engineering are rarely ideal for their applications [8]

in terms of their mechanical stiffness, degradability and biocompatibility [14].

One critical issue for synthetic hydrogels is their poor cellular adhesion, proliferation
and differentiation, even though these hydrogels are nontoxic and do not elicit any
severe immunogenic response [12]. For example, without collagen, a natural ECM

protein in mammals, majority of cells do not own receptors for hydrogels, so they are

3



hard to attach to the gel surface or grow inside [15]. It is also difficult for ECM proteins
(e.g., laminin, fibronectin, and vitronectin) to be absorbed to the surface of the gel due

to the hydrophilic nature of gel [16].

The phenomenon of self-healing exists widely in living organisms, from micro blood
clotting to macro skin repairs. This special biological process allows living organisms
to restore their integrity and prolong their lifespan [17]. To mimic such a natural
healing feature, materials with the capacity to repair by themselves after damage are
highly desirable with the increasing concerns on environmental and energy issues. A
variety of smart materials have been developed based on various strategies [18-25].
Photo stimulated self-healing materials composed of polymers with macromolecular
networks constructed by coumarin complementarity are still rarely reported. Moreover,
it is still a great challenge to fabricate self-healing macromolecular materials that are

cell-compatible and suitable for medical uses [26-28].

1.3 Objective

In order to ameliorate the properties of hydrogels, the overall objective of this thesis
was to design hydrogels based on cell-compatible multi-functional crosslinkers. To

achieve this, the following tasks are to be performed:

1. To prepare cell compatible linear and hyperbranched Polyamidoamines (PAA)

4



crosslinkers via Michael-addition polymerization of amines to bis-acrylamides
[29,30]; To incorporate Polyamidoamines (PAA) crosslinkers into PEG
hydrogels to form cell compatible hydrogels with tunable stiffness by
adjusting the proportion of PAA crosslinkers; To incorporate Polyamidoamines
(PAA) crosslinkers into NIPAM to form a cell compatible thermo-sensitive

injectable hydrogel, and to apply it in a rat depressed defects model.

. To synthesize a coumarin methacrylate crosslinkers (CMA) and use it in
polyacrylamide-based hydrogels to develop a novel photo-stimulated
self-healing hydrogel system. In addition, the hyperbranched Polyamidoamine
(PAA) crosslinker is also incorporated to improve the cell compatibility of

self-healing hydrogel.

1.4 Summary of Experimental Methods and Major Findings

1.4.1 Summary of Experimental Methods

In this work, two kinds of cell-compatible multi-functional crosslinkers were

developed and incorporated into hydrogels for tissue engineering.

A linear agmatine-contained Polyamidoamines (PAA) crosslinker was synthesized to

improve cell attachment. This novel functional PAA crosslinker was then

5



copolymerized with poly (ethylene glycol) (PEG) to form a 3D hydrogel scaffolds with
tunable stiffness. Then the linear PAA crosslinker was applied to Poly
(N-isopropylacrylamide) (NIPAM) to form a thermo-sensitive injectable 3D hydrogel
scaffold. Rat depressed defects model was set up for the vivo experiment. CCK-8 assay
and SEM were used to confirm that ASCs can attach to the gel containing PAA
crosslinker. In vivo, H&E staining images, immunohistochemical study for s100 and
Green Fluorescent Protein (GFP) immunofluorescence were recorded after 4 weeks and

6 months.

A novel photo-stimulated self-healing hydrogel system was developed. Coumarin
methacrylate crosslinker (CMA) was synthesized and used to modify the
polyacrylamide-based hydrogels. A hyperbranched Poly (amidoamine) (PAA)
crosslinker was also synthesized to improve the cell compatibility of hydrogels. Tensile
tests were conducted to investigate the self-healing properties of the hydrogels that
went through different times of light exposure and wavelengths of irradiation. Finally,
the gels were seeded with bone marrow derived mesenchymal stem cells and their

relative mRNA expressions were recorded to monitor osteogenic differentiation.

1.4.2 Summary of Major Findings

According to the preliminary evaluation of the novel biodegradable and biocompatible

agmatine-contained PAA crosslinker, PEG hydrogels fabricated by this crosslinker
6



have controllable stiffness and excellence cell adhesion. Results show that, by changing
the mass ratio of crosslinker, a hydrogel with ideal stiffness that is close to nature ECM
can be obtained to support cell growth. In vitro tests also demonstrate that PAA
crosslinked hydrogels can successfully provide a 3D structure to allow the cells adhere
and grow. Hereby PAA-containing hydrogels are promising for implantable scaffolds

for tissue regeneration.

The novel multifunctional poly (amidoamine) crosslinker-contained injectable and
biocompatible NIPAM hydrogel, for the first time, was employed as filler for pitting
defects in a rat model. The data reported in this article are preliminary but clearly
support that such hydrogel is promising in many important respects, such as
biodegradability, biocompatibility, as confirmed by in vitro and in vivo tests. In
conclusion, such cell attachable thermo-sensitive hydrogel definitely warrant its
potential as a filling material for small pitting defects and maybe a new material in

plastic surgery.

A novel macro gels with self-healing capability and biocompatibility was successfully
developed. Coumarin derivatives are successively introduced to construct into
polyacrylamide-based hydrogels. The reversible photodimerization and photocleavage
reactivity of coumarin has been imparted to the polymer. The resultant functional gels

show noticeable self-healing property after exposure to 365nm UV irradiation, ascribed
7



to the intramolecular [2+2] photocycloaddition reactions of coumarins. The
self-healing gels also possess high mechanical strength after healing for 60min with
stress intensity of 2x10°Pa and the elongation at break over 96%. More interestingly,
cell attachment property was significantly improved by adding hyperbranched PAA
crosslinker. The interesting development of method and materials in this work provides
a new insight into the fabrication of novel biocompatible self-healing materials for

extensive applications.

1.5 Thesis Layout

This thesis contains six chapters. The organization is as follows,
» Chapter 1 includes a brief introduction of background, problem definition,

objectives, methodology and major findings;

» Chapter 2 contains a general literature review on tissue engineering, materials
for cell compatible crosslinkers, self-healing polymers, and hydrogels,

preparation and characterization methods of hydrogels;

» Chapter 3 provides detailed experimental procedures, results and discussion for

hydrogel based on cell compatible crosslinkers;

» Chapter 4 provides detailed experimental procedures, results and discussion for

cell-compatible photo-reversible self-healing hydrogel;

8



» Chapter 5 summarizes the major findings and conclusions of the research;

» Chapter 6 provides suggestions for future work.



Chapter 2. Literature Review

2.1 Background
2.1.1 Tissue Engineering

According to the recent reports, approximately a quarter of patients die when they are
waiting for a suitable organ donor for transplants in US [1,2]. The current supply of
transplant organs and tissues falls far short of demand, and this number is continually
rising, as the demand is increasing [1,3]. Cell transplantation has been recently
proposed as an alternative way to fulfill the goal of whole organ transplantation [4-6].
In order to avoid allograft rejection and to create an autologous implant, tissue from
the donor is harvested and dissociated into individual cells [7]. Such individual cells
are attached and cultured onto a suitable substrate known as a scaffold. Finally the

scaffold will be implanted at the desired site of the functioning tissue [7].

In order to meet the tremendous need for organs and tissues, tissue engineering has
been developed [4,31-33] to fabricate living replaceable parts for the body [34].
Therefore, tissue engineering becomes an important crossing field in biomedical
engineering, tissues harvest, implants and prostheses [8]. An artificial extracellular
scaffold with high porosity is very important to accommodate stem cells, to guide

their growth and to regenerate tissues in a 3D structure [8].
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2.1.2 Hydrogels in Tissue Engineering

Scaffolds play the role of extra cellular matrix (ECM) to organize cells into a 3D
structure and to deliver stimuli, which regulate the tissue’s growth and regeneration [7].
Polymer scaffolds provide various functions in tissue engineering for specific
applications. For example, they act as vehicles to deliver bioactive molecules, as 3D
structures to accommodate cells and as media to present stimuli to the tissues [12]. An
ideal scaffold should comprise materials that combine both appropriate physical
properties and biological design variables. Hydrogel has been an appealing scaffold
material since it has a very similar structure to the extracellular matrix of tissues in
human body. Most hydrogels can be processed under a mild condition, and may be
applied in a relatively gentle way on living organism. Thus, hydrogels have been
widely used as scaffold materials for tissue regeneration, drug and growth factor

delivery, and a variety of other applications [12].

2.1.3 Cell Attachable Crosslinkers

Hydrogels, due to their high water content, may exhibit integral properties similar to
soft tissues in organism, which have biocompatibility, nutrient permeability, tunable
elasticity, and low interfacial tension [35]. Attention has been recently focused on
natural (e.g., agarose, hyaluronic acid, or chitosan based) or synthetic (e.g., PEG-based)

hydrogels as scaffolds for tissue regeneration. However, their properties, such as
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permeability, biological degradability, and mechanical properties, are not yet

satisfactory [14].

Polyamidoamines (PAAs) are one of the highly hydrophilic ionic polymers which can
be easily synthesized and designed to be biodegradable and cell compatible in a living
body. In general, linear PAAs are water soluble. Crosslinked PAAs can be obtained by
several methods to form hydrogels containing large amount of water. Some of these
hydrogels can be potentiality used as scaffolds for both in vitro and in vivo applications
in tissue engineering. PAAs can be designed into highly biocompatible and
biodegradable, nontoxic and self-buffered products that do not induce inflammation

[29].

PAAs are synthetic polymers prepared by Michael-type polyaddition of amines to
bis-acrylamides [30,36]. Cross-linked PAAs were obtained in the past by using
multifunctional amines as cross-linkers, and they swell in water to turn into soft
hydrogels. Amphoteric PAAs can be prepared using carboxylated bis-acrylamides as
monomers. Their acid-base properties, that is, their isoelectric points, are tunable over a
wide range [37]. Recently, Amphoteric PAA hydrogels have been developed and
studied. For example, a PAA hydrogel that is prevailingly anionic at pH 7.4, was tested
as scaffolds in vitro and was found to be highly biocompatible and degradable to non-

toxic products, but unfortunately, poor in cell-adhesion properties [38].
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2.1.4 Self-healing Polymers

The phenomenon of self-healing exists widely in living organisms, from blood clotting
to skin repair. This special biological process helps living organisms restore their
integrity and prolongs their lifespan [39]. To mimic such natural healing feature,
materials with the capacity to repair by themselves after damage are highly desirable. A
variety of smart materials have been developed based on various strategies

[18,19,21,23-25,40,41].

Ceylan et al. [18] developed a peptide nanofiber which is inspired by the mussel
curing strategy, they established iron cross-link points in self-assembled peptide
networks. Their results showed that the mussel-inspired iron coordination into the
supramolecular networks of peptides can improve mechanical properties without
affecting the self-assembly process. Barthel et al.[19] demonstrated a well-defined
poly (furfuryl glycidyl ether) (PFGE) homopolymer and poly (ethylene oxide)-b-poly
(furfuryl glycidyl ether) (PEO-b-PFGE) block copolymers synthesized by living
anionic polymerization as self-healing materials. Results showed that such materials
have the capacity of healing complex scratch patterns for multiple times. A novel
Lewis acid-catalysed self-healing system was investigated for implementation into
epoxy-based fiber reinforced polymer (FRP) composite materials by the Coope’s
group [21]. Park & Braun[23] designed self-healing polymer coatings formed by
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electrospinning. Capsules filled with healing agents were applied onto a substrate
followed by infilling of a polymer matrix. Ghosh& Urban [24] reported the
development of polyurethane networks that exhibit self-repairing property when

exposure to UV light.

Other materials which are self-healing were also investigated, Tee et al.[40] created a
composite material composed of a supramolecular organic polymer, which was
embedded in nickel nanostructured microparticles. Such materials are designed to
mimic the repeatable self-healing capability of the native skin. Optically healable
supramolecular polymers were designed by Burnworth et al. [41]. They presented
metallo supramolecular polymers that can be modified through exposure to light.
When the materials were exposure to UV light, the metal-ligand motifs in the
polymer chains are electronically excited and the absorbed energy is converted into
heat. Such reaction induces temporary disengagement of the metal-ligand motifs. At
the same time, there is a reversible decrease in the polymers’ molecular mass and

viscosity, thereby allowing quick and efficient defect healing.

Generally, among the reported non-covalent interactions, n-n stacking [42,43],
hydrogen bond [44,45], electrostatic interaction [46,47] and hydrophobic interactions
[48,49] are useful methods to produce self-healing functionalized materials. A recent

report in 2008 by Leibler et al. showed that it is possible to use non-covalent
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supramolecular interactions to produce materials with healing properties [50].
Supramolecular materials are usually composed of low molecular oligomers containing
receptor units, so that they are able to assemble into higher ordered structure via
dynamic, reversible, non-covalent interactions [51-53]. The resulting supermolecular
materials usually present some physical properties similar to high molecular weight

covalent polymers, such as high solution viscosity and mechanical strength [54-56].

Recent advances in polymer and materials chemistry have led to the development of
materials that exhibit the ability to undergo spontaneous repair. Depending on the
materials’ structures and chemical compositions, the healing process may occur either
with or without exposure to external stimuli, for just once or multiple times [25].
Polymeric systems with healing capabilities usually have a common
property—reversibility, which may exhibit in the polymerization process or in the
cross-linking process [57]. Photo stimulated self-healing polymers are promising
[26,57], because they allow the self-healing process to occur upon exposure to light

without any manual intervention.

Recently, several groups have got excellent achievements in this area. Chung et al.
developed a photo-cross-linkable  cinnamate  monomer, 1, 1, 1-tris-
(cinnamoyloxymethyl) ethane (TCE) with three optically active moieties [58]. It can be

crosslinked to form an extremely hard solid via [2+2] photocycloaddition upon
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ultraviolet (UV) irradiation at A>280 nm. The sample of TCE was first given a
microcrack manually, which result in a cleavage of cyclobutane ring due to its low bond
strength. Then after irradiation with UV light at a specific wavelength, the crosslinked
networks of materials began to recover as expected. The Healing efficiencies calculated
from the flexural strength can reach 14 and 26%, respectively, upon exposure to UV

stimulus or a combination of UV light and heating (100°C).

Froimowicz et al. reported that the anthracene can be a photosensitive part when
introduced into dendritic macromonomers to create a photo-reversible material. It was
proven that the formed networks can maintain a reversible self-healing property under

continuous UV irradiations at 254 and 366 nm[59].

Burnworth et al. proposed optically healable metallo supramolecular polymers based
on macromolecules with pyridine derivative termini and Zn?* ions complexes [60]. The
photo-dissociation of Zn?* patterns results in the liquefaction of polymers, subsequently,

the self-healing property was provided by re-complex.

Lately, photosensitive biopolymers have received increased attention in biological
materials and processes [61,62]. The biological activity of poly (coumarin ethylene) s
has been studied by Patel et al. They synthesized poly (3-substituted coumarin ethylene)

by reacting salicylaldehyde-1, 2-dichloroethane resin (Mn=1530 g/mol) with various
16



carbethoxytriphenyl alkylidine phosphoranes under Wittig, Knoevenagel, and Perkin
reaction conditions [63]. Fungal growth measurements were conducted to test the
polymers’ toxicity. The results showed all of the polymers displayed less than 50%
inhibition on the growth of Aspergillus Niger and insignificant inhibition on the growth
of Antrodiella. It was suggested that the polymers exhibit no considerable toxic effect

on fungal growth.

Novel polyurethane was synthesized by Zhang et al.[64] The polyurethane was
composed of isophorone diisocyanate, polyethylene glycol and photo-reversible
moiety 5, 7-bis (2-hydroxyethoxy)-4-methylcoumarin. By taking advantage of
reversible photodimerization and photocleavage habit of coumarin, the polyurethane
can be repeatedly crosslinked and de-crosslinked under successive UV irradiations at
350 and 254 nm. Therefore the polyurethane exhibited self-healing properties and can

be ideal for making UV stimulated self-healing products.

In this context, biomimetic self-healing might be available based on the
photo-responsive behavior in nature. However, so far, most previous work only focuses
into this aspect on the reaction mechanism, and there are only a few studies have
applied into photo-controlled drug release with solvent [65,66] and photo-alignment of
liquid crystalline polymers [67,68]. Nevertheless, photo-stimulated self-healing

polymers with supermolecular networks constructed by photosensitive moieties are
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still rarely reported [69-71]. Meanwhile, work on the biological application of
coumarin and coumarin derivatives in self-healing macro hydrogels has also been

rarely reported based on feature of reversible photo-crosslinking.

2.1.5 Thermo-sensitive Hydrogel

Recent years, environmentally sensitive hydrogels have attracted various applications.
Some environmental variables, such as elevated temperatures, are found in the body.
Therefore, thermo—sensitive hydrogels can be used in site-specific controlled medical
applications [72]. The practical applications of hydrogels require significant

improvements in the hydrogel properties [73].

Much attention has been focused on fabrication of thermo sensitive hydrogels. Linear
and cross-linked polymer networks with a specific temperature-dependent solubility or
swelling behavior have been developed for this purpose [74-79]. In these systems,
variations in temperature, such as body temperature, soil and ambient temperature, can
trigger alteration of polymer configurations. Thus, considerable research efforts are
now being made to thermally control the release of drugs [74-79], agricultural agents

[80] or other agents [81].

Solubility of most polymers increases with an increasing surrounding temperature.
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However, for polymers with lower critical solution temperature (LCST), their water
solubility decreases when the temperature increases. Hydrogels made of LCST
polymers shrink when the temperature increases above the LCST. Swelling behavior
like this is called negative temperature dependence. The negative temperature
dependent hydrogels are made of polymers containing balanced amount of

hydrophobic groups by mixing hydrophilic and hydrophobic segments properly [73].

At lower temperatures, the hydrogen bonding between the hydrophilic parts of the
polymer chains and water molecules are dominates, resulting in enhanced dissolution in
water. When the temperature increases, hydrophobic interactions among hydrophobic
segments become strengthened, while hydrogen bonding becomes weaker. Such
reverse change leads to the shrink of the hydrogels [73]. Hydrogel’s LCST can be
adjusted by changing the ratio of hydrophilic and hydrophobic segments of the polymer.
One method is to synthesize copolymers from hydrophobic [e.g. poly
(N-isopropylacrylamide) (NIPAM)] and hydrophilic (e.g. acrylic acid) monomers

[76,82-84].

The continuous phase transition of PNIPAM can be changed to a discontinuous one by
incorporating a small amount of ionogenic groups into the network of hydrogels [85,86]
or by changing solvent composition[87]. By copolymerizing of NIPAM with different

types of monomers, hydrogels with more versatile properties can be obtained, for
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example, with faster rates of shrinking when being heated through the LCST[88], or

with sensitivities to additional stimuli.

PNIPAM can precipitate upon heating above its LCST [76,89,90]. Precipitation of a
polymer from solution upon heating is a common feature of polymers in both strongly
interacting solvents (e.g., water) and weakly interacting organic solvents. Protein
denaturation is a common example of the former process. Phase separation of such
polymers as polystyrene from toluene above its boiling point or of poly(isobutylene)
from pentane at 75 “C are examples of the latter process [91,92]. PNIPAM is like a
protein in that it precipitates below the boiling point of the solvent. Moreover,
copolymerization of NIPAM with other monomers of various hydrophilicity results in
copolymers that precipitate at different temperatures. Unlike a protein, PNIPAM
redissolves upon cooling. Thus, PNIPAM is a material that can be used to design “smart”

or recoverable catalysts and substrates [76,90].

PNIPAM and its supported substrates are soluble in low temperature but insoluble in
high temperature. As a result, PNIPAM based materials can be separated and recovered
from agqueous solutions by simple heating and then reused after adding fresh cold water.
This heating-induced insolubility also leads to “smart” thermo responsive behavior for

materials which can be used as scaffolds in tissue engineering [93].
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2.2 Preparation and Characterization of Hydrogels

2.2.1 Fabrication of Cell Compatible Crosslinkers

Hydrogels are water insoluble 3D networks of crosslinked natural or synthetic polymer
chains. They present such properties as permeability to oxygen, metabolites and water,
making them strategic candidates as scaffolds for regenerative medicine [94].
Biocompatible amphoteric poly(amidoamine) (PAA) hydrogels are particularly useful
since they can be functionalized with biomolecules, made to be responsive to such
external condition changes as pH and osmotic pressure, and tailored to have specific
mechanical and chemical properties [95]. They are optically transparent,
non-immunogenic, biodegradable materials with low toxicity, despite of their
polycationic nature [95]. Poly (amidoamine) s are a group of synthetic polymers
containing amido and tertiary amino groups, which usually appear along their polymer
chain [30,95,96]. Most of them are synthesized via Michael-type polyaddition of
primary or secondary amines to bis-acrylamides. Successfully synthesized PAAs
normally exist as a side functional groups, such as additional tertiary amino groups,
allyl groups, carboxyl groups, and hydroxyl groups [97], which can be easily obtained

using suitably functionalized monomers, like aminocarbohydrate derivatives [98].

Despite of their very promising properties, synthetic hydrogels are characterized by

poor cell adhesion, thus numerous chemical or physical modifications have been
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proposed in order to overcome this problem [94]. In order to increase cell
biocompatibility of PAAs hydrogels, functional comonomers, such as 4-aminobutyl
guanidine or agmatine, have been imported to build a functional repeating unit which
has amphoteric property and similar function to the tripeptide arginin-glycin-aspartic
acid (RGD), which presents in several extra cellular matrix (ECM) proteins [98]. PAAS
hydrogels incorporating agmatine group have shown a superior cell adhesion capability

when compared to plain amphoteric PAAs [99].

Shi et al.[100] reported a multi-functional cationic poly (amidoamine) crosslinker
synthesized through Michael addition of peptide mimetic agmatine to N, N’-bis
(acryloyl) cystamine (CBA). Polyethylene glycol diacrylate (PEGDA) was added as
the base of hydrogel. The hybrid hydrogel showed significant cell attaching capability,
biodegradability and biocompatibility. The stiffness of gel can also be tuned.
Morphology of the hydrogels indicated a 3D structure. RT-PCR demonstrated that the
tunable stiffness of such hydrogels can regulate the osteogenic differentiation of MSCs

(mesenchymal stem cells).

Magnaghi et al. [93] studied on the in vivo performance of a PAA hydrogel implant as
scaffold for tissue engineering. An amphoteric agmatine-derived PAA hydrogel was
shaped into a small tubing via radical polymerization of a soluble functional oligomeric

precursor. They used this tubing as a conduit for nerve regeneration in a rat sciatic
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nerve cut model. This amphoteric PAA based hydrogel was first employed as conduit
for the regeneration of sciatic nerve in rats, and demonstrate potential as conduits for
the regeneration of injured peripheral nerves in cases of traumatic or metabolic

neuropathies, and more generally as implantable scaffolds for tissue regeneration.

Ekenseair et al. [101] developed a novel injectable NIPAM based hydrogel through
synthesis and combination of thermo gelling macromer and a hydrophilic and
degradable polyamidoamine cross-linking macromer. This injectable hydrogels
become more like solid with the elevation of temperature to 37 “C. PNIPAM based
polymer chain contained pendant epoxy rings and a hydrolytically degradable
polyamidoamine-based diamine crosslinker. Network can be formed by the epoxy
cross-linking reaction. The reaction is rapid and mild. This study introduces a

promisingly injectable hydrogels that can be formed in situ.

2.2.2 Photosensitive Crosslinker

Recently, several groups get excellent achievements in this area. Chung et al. developed
a photo-cross-linkable cinnamate monomer, 1, 1, 1-tris- (cinnamoyloxymethyl) ethane
(TCE) with three optically active moieties [58]. It can be crosslinked to form an
extreme hard solid via [2+2] photocycloaddition upon ultraviolet (UV) irradiation at
A>280 nm. The sample of TCE was first given a microcrack manually, which result in a

cleavage of cyclobutane ring due to its low bond strength. Then after irradiation with
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UV light at a specific wavelength, the crosslinked networks of materials began to
recover as expected. The Healing efficiencies calculated from the flexural strength can
reach 14 and 26%, respectively, upon exposure to UV stimulus or a combination of UV

light and heating (100°C).

Urban and Ghosh synthesized a heterogeneous polyurethane network containing an
oxetane-substituted derivative of chitosan (OXE-CHI) [102].The four-membered
oxetane rings were opened to create two reactive ends when mechanical damage was
applied to the materials. Upon exposure to UV light, chitosan chain scission occurred,

generating crosslinks with the reactive oxetane ends, resulting in a one-way healing

property.

Amamoto et al. introduced repeatable photo-induced self-healing of covalently
crosslinked polymer through reshuffling of trithiocarbonate units. The damaged parts
such as dynamic covalent reshuffling of trithiocarbonate was swollen in acetonitrile
and healing process was completed upon exposure to UV light under nitrogen

atmosphere with catalysis of catalysis of 2, 2°-azobis (isobutyronitrile)[103].

Froimowicz et al. reported that the anthracene can be a photosensitive part when
introduced into dendritic macromonomer creating a photo-reversible material. It was

proven that the formed networks can maintain a reversible self-healing property under
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continuous UV irradiations at 254 and 366 nm[59].

Burnworth et al. proposed optically healable metallo supramolecular polymers based
on macromolecules with pyridine derivative termini and Zn?* ions complexes [60]. The
photo-dissociation of Zn?* patterns results in the liquefaction of polymers, subsequently,

the self-healing property was provided by re-complex.

Coumarins are a class of molecules including several hundred derivatives. These
molecules are naturally present in many plants and have also been synthesized via
different routes [104,105]. They are used in various applications, including fragrances,
medicines, drug delivery, and liquid crystalline polymers. Their photosensitivity was

discovered one century ago[106].

Coumarin-containing polymers have also been well studied and widely applied in many
fields, including biochemical, organic—inorganic hybrid materials, liquid crystalline
materials, electro-optical materials, and light harvesting/energy transferring
materials[107-114]. In addition, their photo-cleavage behavior and reversible photo
crosslinking property have been widely investigated for the application of photo
reversible materials [115-118]. The [2+2] cycloaddition of a couple of coumarin
moieties leads to a cyclobutane ring under the irradiation of UVA wave band

(320nm-400nm). While after irradiation of UVC lights (200-280 nm), the coumarin
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photodimers can be cleaved and regenerate the original coumarin moieties. Thus,
polymers containing coumarin structural parts exhibit fast photo-responsibility and
effective photo-reversible property with alternative irradiation of UV light at different

wavelengths.

Lately, photosensitive biopolymers have received increased attention in biological
materials and processes [61,62]. The biological activity of poly (coumarin ethylene) s
has been studied by Patel et al. They synthesized poly (3-substituted coumarin ethylene)
by reacting salicylaldehyde-1, 2-dichloroethane resin (Mn=1530 g/mol) with various
carbethoxytriphenyl alkylidine phosphoranes under Wittig, Knoevenagel, and Perkin
reaction conditions [63]. Fungal growth measurements were conducted to test the
polymers’ toxicity. The results showed all of the polymers displayed less than 50%
inhibition on the growth of Aspergillus Niger and insignificant inhibition on the growth
of Antrodiella. It was suggested that the polymers exhibit no considerable toxic effect

on fungal growth.

Coumarin fluoroprobes have also been developed in the application of fluorescent
ligand  displacement  assays for  herbicide  detection by  binding
7-carboxymethoxy-4-methylcoumarin to a molecularly imprinted cross-linked polymer
of 4-vinylpyridine and ethylene glycol dimethacrylate. The fluoroprobes play

important roles in domain-forming polymers, and as an aid in measuring diffusion
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[119-121]. When the herbicide went into the polymer and the imprinted regions, the
coumarin probe was replaced and lead to the decrease of fluorescence of the imprinted
polymer. The sensitivity of the system was determined to be approximately 100 nM

[120,122].

Similarly, coumarin 343 was coupled to poly(organosiloxane) microgels (radius~10
nm), the particles can be used as tracers in diffusion studies using fluorescence
correlation spectroscopy [121]. Schmidt et al. attached the coumarin to the core of the
particles in order to prevent them from interfering with the diffusion behavior of the

particles under investigation.

Thermo-responsive nanogels based on photo-controllable crosslinking reactions of
coumarin have successfully been proposed and demonstrated by Zhao et al.[123,124]
They synthesized diblock copolymers comprised of poly (ethylene oxide) and poly
[2-(2-methoxyethoxy) ethyl methacrylateco-4-methyl-[7-(methacryloyl) oxyethyloxy]
coumarin] (PEO-b-P (MEOMA-co-CMA)). In their studies, introducing stimuli of
temperature and light can change the size of nano aggregates and networks. These
smart nanogels can be obtained by photo-crosslinking of the micellar aggregates at
temperatures below the LCST of the P (MEOMA-co-CMA) block through dimerization
of coumarin side groups at a wavelength higher than 310 nm. Under A<260 nm, the

reverse photocleavage of the network was observed, consequently resulted in a
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decrease of the crosslinking density which followed a swelling of the nanogel.

Novel polyurethane was synthesized by Zhang et al.[64] The polyurethane was
consisted of isophorone diisocyanate, polyethylene glycol and photo-reversible moiety
5, 7-bis (2-hydroxyethoxy)-4-methylcoumarin. By taking advantage of reversible
photodimerization and photocleavage habit of coumarin, the polyurethane can be
repeatedly crosslinked and de-crosslinked under successive UV irradiations at 350 and
254 nm. Therefore the polyurethane exhibited self-healing properties and can be ideal

for making UV stimulated self-healing products.

In recent years, most reported coumarin-containing polymers focused on
supramolecular science. Although many supramolecular architectures have been
synthesized [125-129], the self-healing of macroscopic materials [130-132] through
molecular recognition is one of the biggest challenges [133-135]. By introducing as a
pendent group or terminal group to the polymer chain could provide a means for

structural changes and achieve self-healing process triggered by a stimulus.

In this context, biomimetic self-healing might be available based on the
photo-responsive behavior in nature. However, so far, most previous work only focuses
into this aspect on the reaction mechanism, and there are only a few studies have

applied into photo-controlled drug release with solvent [65,66] and photo-alignment of
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liquid crystalline polymers [67,68]. Currently, work on the biological application of
coumarin and coumarin derivatives in self-healing macro hydrogels has been rarely

reported based on feature of reversible photo-crosslinking.

2.2.3 Gel Forming Materials

A variety of synthetic and naturally derived materials may be used to form hydrogels
for tissue engineering scaffolds. However, because their chemistry and properties are
controllable and reproducible, synthetic hydrogels are widely used in tissue
engineering [12]. For instance, synthetic hydrogels can be specified by tuning the
molecular weights, changing the block structures, degradable linkages, or crosslinking
modes, which decide the crosslinking density, and consequently, dictate material

mechanical and degradation properties [136].

2.2.3.1 Polyethylene Glycol (PEG)

Poly (ethylene glycol) (PEG) is appealing for human medicine, has been approved by
FDA for several medical applications. It is one of the most commonly applied
synthetic hydrogel polymers for tissue engineering. PEG is a hydrophilic polymer that
can be crosslinked by modifying each end of the polymer with either acrylates or
methacrylates [137-139]. Hydrogels are then formed when the modified PEG is mixed

with the appropriate crosslinkers [138,140].
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Research show that if PEG was labeled with a near-infrared fluorophore, it can be used
in preclinical work as a vascular agent, lymphatic agent, and general tumor-imaging
agent which can be used to exploit the enhanced permeability and retention

effect (EPR) of tumors [141].

PEG is also used in the repair of motor neurons damaged in crush or laceration
incidents in vivo and in vitro. if coupled with melatonin, 75% of damaged sciatic nerves

were rendered viable [142].

2.2.3.2 Thermo-sensitive Hydrogels

Thermo sensitive polymers exhibit lower critical solution temperature (LCST) behavior.
The transition of sensitive soluble polymers from a homogeneous to a heterogeneous
state is called the cloud point or phase transition temperature (Tc)[38]. This behavior is
derived from changes in the balance of interactions of hydrophilic and hydrophobic
groups in the polymer chains at the LCST [143-146]. These properties of the thermo
sensitive polymers result in interesting properties of their polymer gels, i.e., significant

and sharp changes in swellability upon raising the temperature above the LCST.

Among the thermo responsive polymers, poly (N-isopropylacrylamide) (NIPAM) and
its copolymers have been investigated extensively theoretically and experimentally

[143-157]. Much of the published work has concentrated on PNIPAM-based hydrogels
30



as they have potential applications in a broad range of areas, such as drug delivery
systems, separation systems and controlled flocculation for enhanced oil recovery
[144,158,159]. These applications were also found to be especially attractive with

dispersions of thermo sensitive hydrogels.

Poly (N, N-diethylacrylamide (PDEAAM) is also another materials used widely
because of its lower critical solution temperature (LCST) in the range of 25-32°C, close
to the body temperature. Copolymers of PDEAAM can be made with other monomers,

e.g. butylmethacrylate (BMA), to adjust the LCST.

Some types of block copolymers made of poly (ethylene oxide) (PEO) and poly
(propylene oxide) (PPO) also have an inverse thermo sensitive property. Due to their
LCST around the body temperature, they have been widely used in the development of
controlled drug delivery systems based on the sol-gel phase conversion at the body

temperature.

The feature of PNIPAM that makes it an attractive polymer support for synthesis and
catalysis chemistry is its inverse temperature-dependent solubility. This property is
often discussed in terms of the temperature at which the polymer phase separates from a
solution the LCST [160]. In water, PNIPAM has an LCST of 31 °C. This behavior

results from the unfavorable entropy changes associated with polymer dissolution and
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is affected by the presence of a comonomer. The LCST of PNIPAM derivatives allows
PNIPAM derivatives to be separated and recovered from solutions of other polymers,
substrates, or reagents by heating. Subsequent centrifugation and trituration allows

recovery of the PNIPAM-bound species [161].

2.2.3.3 Polyacrylamide (PAM)

Polyacrylamide (PAM) is a polymer formed from acrylamide units. It is available as
either a simple linear or cross-linked chain structure, typically using N,
N’-methylenebisacrylamide. Polyacrylamide has highly water content and low
toxicity. It forms a soft gel when hydrated, applications of PAM such as
polyacrylamide gel electrophoresis and soft contact lenses have been frequently
studied [162]. Another development is the thickener and suspending agent in the
linear chain form. Moreover, it has been used as subdermal filler for aesthetic facial

surgery [163].

2.2.4 Preparation of Hydrogels

The physical properties of the materials are critical for the successful applications of
the scaffold. Natural materials for hydrogels are usually linear polysaccharide
polymers, and don’t have sufficient mechanical and swelling properties for most
applications. Chemical or physical methods are therefore used to improve their

mechanical properties.
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For example, scaffolds can be created and their mechanical properties enhanced by
introducing various chemical crosslinkers (i.e. glutaraldehyde, formaldehyde,
carbodiimide) [164,165], by crosslinking with physical treatments (i.e. UV irradiation,
freeze-drying, heating) [164,166], and by blending it with other polymers (i.e. HA,
PLA, poly(glycolic acid) (PGA), poly(lactic-coglycolic acid) (PLGA), chitosan, PEO)

[164,165,167-169].

Poly (N-isopropylacrylamide) is readily prepared by radical polymerization [76]. High
molecular weight copolymers can be prepared by using mixtures of
N-isopropylacrylamide and other acrylamide derivatives or acrylic acid derivatives.
Both PNIPAM homopolymers and copolymers have been studied previously. PNIPAM
and PNIPAM derivatives have received particular attention as materials for use in drug
delivery and as coatings due to their thermally sensitive solubility or swellability in

water [76,89,160,161].

Hydrogels with dimensions in the range of submicrons (namely microgels of nanogels)
could be conventionally prepared by free-radical polymerization in dilute solutions or
by emulsion polymerizations[104]. Microgels were first synthesized by Staudinger and
Husemann[170] in 1935. Pelton and his coworkers [171-176] have systematically

prepared and described PNIPAM latex in water since the 1980s. The colloidal microgel
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systems were conventionally prepared using NIPAM, with potassium persulfate as the
initiator, sodium dodecyl sulfate (SDS) as the surfactant and methylene bisacrylamide
as the cross-linker. The authors reported that under these conditions the microgels could
only be formed above a critical temperature, i.e., 55°C. Uzum OB et al. [175] prepared
Acrylamide/mesaconic acid (AAmM/MA) hydrogels by free radical solution
polymerization. The aqueous solution contained acrylamide (AA) with mesaconic acid
(MA) as comonomer and two multifunctional crosslinkers, e.g. ethylene glycol

dimethacrylate (EGDMA) and 1, 4-butanediol dimethacrylate (BDMA).

Using similar procedures, Murray et al. [177] and Snowden et al. [178] have tailored
various colloidal microgels from NIPAM, NIPAM with acrylic acid (AAc) and other
thermo sensitive polymers. Duracher and et al. [179] prepared PNIPAM lattices via
precipitation polymerization. Jones and Lyon [180] recently developed multiresponsive
core-shell multiresonsive microgels were synthesized via precipitation polymerization

and then used as nuclei for shell formation.

In addition to the polymerization/crosslinking of monomers, crosslinking of polymer
chains with metal ions, freeze-thawing, and irradiation techniques are also utilized to
obtain 3D polymer networks[181,182]. Water-in-oil (w/0) microemulsions have been
widely used to synthesize particles of controlled size and shape, and provide a simple

tool to fabricate hydrogel micro/nanoparticles[183,184]. In this kind of preparation, a
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biocompatible surfactant for the formulation of w/o microemulsion for the hydrogel
micro/nano-particle syntheses is a very promising prospect. One such surfactant is
L-a-phosphatidylcholine or lecithin. Lecithin has a zwitterionic head group and
belongs to an essential class of biomolecules known as phosphoglycerides or
phospholipids. Thus it is widely used as a biocompatible emulsifier in food processing,

medicine, and cosmetics[185].

C.Duan Vo et al.[38] report a new route to prepare thermo sensitive colloidal nanogels
based on photopolymers of PNIPAM. The photo-cross-linkable polymers described
have gained considerable technological interest as the polymers exhibit many
interesting properties [186-190]. They also developed hydrogel films based
photo-cross-linkable polymers of NIPAM and dimethyl maleinimido acrylamide

(DMIAAmM) for microsystem applications [191-194].

2.2.5 Potential Application of Thermo-sensitive Hydrogels

Thermo sensitive hydrogels have enormous applications. They can be used in
site-specific drug controlled delivery, biosensors, tissue engineering, enzyme

immobilization, flow control, fabric surface modification etc.

2.2.5.1 PNIPAM Hydrogels for Drug Delivery

As for drug carrier, PNIPAM hydrogels own many advantages. The advantages, such as
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hydrophilicity, flexibility, high water absorptivity, and good biocompatibility, are
characteristic of hydrogels, while the advantages such as long life span in circulation
and the possibility of being actively or passively targeted to the desired biophase, e.g.

tumor sites, originate from their size which falls in the colloidal range [195].

Li et al.[196] produced a biochemically and stimulus responsive triblock copolymer. a
micellar, dithiol cross-linked NIPAM gel was formed at 37°C. When the gel was
treated by glutathione, it will be degraded via cleavage of a central disulfide bond.
Therefore, such system provides the possibility of carrier/release from a loaded gel by

glutathione-stimulated degradation.

M. Das et al. synthesized a pH responsive PNIPAM microgel to delivery anti-cancer
drugs to cancer cells [197]. The microgel size was controlled to be small (~150 nm),
which maximizes extravasation into tumors. Receptorspecific ligand (transferrin) was
conjugated onto the microgel surface for targeting the diseased cells. Drugs were
loaded by physical means (via electrostatic interaction), instead of covalent attachment,
which may potentially alter the drug’s effectiveness. A release mechanism, which is
triggered by biological stimuli, i.e., pH change from 7.4 in the extracellular matrix to
4.5 in lysosome, was selected. An in vitro study reveals that the biofunctionalized,
pH-responsive microgels can selectively carry the chemotherapeutic agent into tumor

cells and cause significant cytotoxicity.
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2.2.5.2 PNIPAM Hydrogels for Biosensing

Wu et al.[198] designed a composite PNIPAM microgel which is both pH and H20>
responsive. The gel used in their study is a copolymer microgel of poly
(N-isopropylacrylamide-acrylic acid-acrylamide) [P (NIPAM-AAc-AAm)]. Calcon

dye was applied as an optical identification code and H>O> sensitive component.

Because H20. can break the azo bond in the Calcon dye, the PL intensity of the
composite microgel decreases with time in the presence of H.O2. As result, this novel

composite microgel can be developed as an optical pH and H2O> sensor.

2.2.5.3 PNIPAM Hydrogels in Tissue Engineering

Kim et al.[199] have created an injectable hydrogel of PNIPAM-co-AAc to mimic the
ECM. These hydrogels are prepared by cross-linking an
MMP-13/collagenase-3-degradable peptide sequence and NIPAM in the presence of
Arg-Gly-Asp-modified poly (AAc). The proteolytic degradation and cell adhesion
properties of this hydrogel were studied using rat calvarial osteoblasts. Collagenase was
found to degrade the hydrogel, with the rate dependent on the concentration of
collagenase in relation to the poly (AAc) chain. Migration of osteoblasts is observed in
hydrogels both with and without the Arg-Gly-Asp peptide. However, greater migration

is seen in those hydrogels that contain Arg-Gly-Asp. There is also an increase in cell
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migration in MMP-degradable hydrogels compared with nondegradable gels,

indicating the advantage of bioresponsive hydrogels.

Chen et al. [200] have grafted a PNIPAM hydrogel onto nonwoven fabrics by
photo-induced graft polymerization and studied the fabrics’ temperature-responsive
characteristics. In their work, a temperature-sensitive PNIPAM hydrogel was grafted
onto a plasma activated polyethylene terephthalate (PET) film and a polypropylene (PP)
nonwoven fabric surface. The results showed that the additives of APS, TEMED, and
MBA were beneficial in promoting the grafting yield. These grafted hydrogels
exhibited a LCST of about 32 °C, indicating that the temperature-sensitive behavior of

the bulk PNIPAM hydrogel was maintained.

The practical applications of hydrogels require significant improvements in the
hydrogel properties. Clinical applications of thermo sensitive hydrogels based on
NIPAM and its derivatives also have limitations. The monomers and crosslinkers used
in the synthesis of the hydrogels are not known to be biocompatible, some of they may
be toxic. In addition, the polymers of NIPAM and its derivatives are not biodegradable.
The observation that acrylamide-based polymers activate platelets upon contact with
blood, together with the unclear metabolism of PNIPAM, requires extensive toxicity
studies before clinical applications can emerge [78]. For successful applications,

further development of new polymers and crosslinkers with more biocompatibility and
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better biodegradability would be essential.
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Chapter 3. Hydrogels Based on

Cell-compatible Crosslinkers

3.1 Materials and Methods
3.1.1 Materials

2-Bromo-2-methylpropionyl bromide, methylacryloyl chloride,
7-Hydroxy-4-methylcoumarin, 2-bromoethanol, methyl methacrylate, triethylamine,
potassium carbonate, ethanol, ether, anhydrous sodium sulfate, dichloromethane,
sodium chloride, DMSO, acrylamide, poly (ethylene glycol) diacrylate (PEGDA,
Mw=700), N-Isopropyl acrylamide (NIPAM), N,N’-Methylene bis(acrylamide)
(MBA), agmatine sulfate salt (AS), 1-(2-Aminoethyl)-piperozine(AEPZ),
N,N,N’,N’-Tetramethylethanediamine (TEMED), ammonium persulfate (APS), and
lithium hydroxide (LiOH) were all purchased from Sigma-Aldrich without further
purification. PBS 1X powder, Hoechst 33342, BODIPY®FL phallacidin, To-Pro-3
iodide and Live-Cell staining kit were all purchased from Invitrogen. The 3-(4,
5-dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) cell viability assay
kits were from Biotium Inc. (Hayward, CA). O.C.T. compounds were purchased from

V.W.R. The RT-PCR kit was purchased from Thermo Scientific.
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3.1.2 Synthesis of Linear PAA Crosslinker

The agmatine containing poly (amidoamine) (PAA) crosslinker was synthesized via

Michael-addition polymerization as shown in Figure 1:

0 0 NH
SR S
\)J\N/\N)Jv/ TSNy NHZ'Ho—ISI,—OH +  LioH
H H H I

Lithium Hydroxide

distill water/methanol

40°C 72h
0 0 o] o]
Ao~ AA A~ A~ N
H H H H n
HN NH

NH,
linear polyamidoamines crosslinker with acryl end groups

Figure 1.Schematic illustration of the preparation of linear PAA crosslinker.

MBA (185mg, 1.2 mmol) and AS (228 mg, 1.0 mmol) were dissolved in
water/methanol (v/v =5/1, total in 5ml) while stirring. When the solution was clear,
LiOH-H20 (42 mg, 1.0 mmol) was added to the solution. The mixture was then gently
stirred and allowed to react at 40 °C in the dark for 72h. After reaction, the solvent was
evaporated using a rotary- evaporator. The product was finally recovered by

lyophylization and stored in-20 °C refrigerator for future use.
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3.1.3 Characterization of Linear PAA Crosslinker

3.1.3.1 Fourier Transforms Infrared Spectroscopy (FTIR)

FTIR spectra were recorded with a Thermo Scientific IR100 FT-IR Spectrometer. Both
G1 and G2 hydrogels were freeze-dried in order to remove the residual chemicals. Then
dried hydrogels were ground to powder, mixed with KBr, and compressed into pellets.
As shown in Figure 2, the sharp peaks appeared around 1666.49cm™ was attributed to
the C=0 stretching frequency from MBA. While peaks located at 1539.84cm™ was
attributed to the NH> group from agmatine, the results show successful conjugation of

linear PAA crosslinker.
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Figure 2.FTIR spectra of linear crosslinker.

3.1.3.21H NMR

In order to characterize the PAA crosslinker, 1H NMR spectra was recorded on an
Advance 300 MHz spectrometer. 8 mg of PAA crosslinker powders were dissolved in
800ul of D20. Chemical shifts (6) were reported in parts per million (ppm). The
molecular weight of PAA crosslinker was calculated from the 1H NMR spectrum
(Figure 3). 1H NMR (ppm): 6, 1.40-1.60 (-CH2(CH2).CH.>-), 2.40-2.50 (-
CH2(C=0)NH-), 2.50-2.60 (~CH2-N(CHz)2-), 2.80-2.90 (~CH2-N(CHz)>—, 3.20-
3.30 (~CH2-NH(C=NH)NH>), 3.40-3.60 (-(C=0O)NH-CH2-),

4.40-4.60(-NH(CH2)NH-), 5.60-6.40 (CH,=CH—(C=0)-).
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Figure 3.1H NMR spectrum of the PAA crosslinker.

3.1.4 Fabrication of Hydrogels with Linear PAA Crosslinker

3.1.4.1 Fabrication of Hydrogels with Tunable Stiffness

Pure PEG hydrogels and PEG containing PAA hydrogels were prepared at three
different concentration 60mg/ml, 120mg/ml and 240mg/ml aim to obtain different
stiffness. Gels were fabricated in distill water by initiator APS (5.7mg/ml) and catalyst
TEMED (2.9mg/ml) at room temperature for a couple of minutes. Hydrogel labeled G1
are pure PEG hydrogel which is set as control group, G2 are experimental groups with

different PAA crosslinker mass ratios. In order to obtain different swelling behavior,
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biodegradation and cell adhesive property, they were designed at three different ratios,

PEG: PAA=100:5,100:20 and 100:50, labeled as G2-1, G2-2 and G2-3 respectively.

3.1.4.2 Fabrication Thermo-sensitive Hydrogel

NIPAM containing PAA hydrogels were prepared at the concentration 60mg/ml with
the ratio NIPAM: PAA=100:20. Gels were fabricated in distill water by initiator APS
(5.7mg/ml) and catalyst TEMED (2.9mg/ml) at room temperature for a couple of

minutes.

3.1.5 Mechanical Properties of Hydrogels

The stiffness and young’s modulus of hydrogels were tested by INSTRON® materials
testing machine. The hydrogels were formed in 24-well plate, in order to get a uniform
shape with 15mm in diameter and 6mm in height. The test speed was set at 0.2 mm per
minute. All measurements were carried out at constant temperature and humidity room.
The stiffness curve and young’s modulus values were recorded by the INSTRON®

software. The sample size of each group is 3 (n=3).

3.1.6 Swelling Behavior Test

Hydrogels were prepared in a specific size in 24-well plate as described before. Then
weighed and immersed in vials which containing PBS buffer (pH=7.4) at room
temperature. At designed time intervals, the hydrogels were taken out from solution,
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and weighed after wiping off any visible surface moisture. The percentage amount of
buffer absorbed can be calculated using the following formula:[201]

Water (%) = (W-Wo)/Wo *100 (1)
Where W s the weight of hydrogels at weighing time and W is the weight of the initial
weight hydrogel. In order to reduce errors, all swelling ratio results should be obtained

from triplicate samples.

3.1.7 Morphology of Hydrogel

Cryosection was used to investigate the morphology of hydrogel. The original gel and
healed gel were transferred to 80 °C overnight, and then gels were embedded in a
half-filled cryomold by an O.C.T. compound. The cryomold was under 20 °C until
O.C.T. compounds became translucent; finally, the frozen block was removed from the
cryomold and mounted on the cryostat to collect the slides. Slides were stained by FITC,

fluorescent images were recorded.

Hydrogels for AFM were prepared between two glass cover slips (25 mm x 25 mm) by
adding 250 ul of gel precursor solution. After gelation under 60 °C for 20 minutes, the
cover slips were removed and then the gel was thoroughly washed with sterilized PBS

solution to remove chemical residuals.
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3.1.8 In vitro Degradation Analysis

Since the PEG hydrogels have the similar structure of protein, proteinase K was applied
in this enzymatic degradation experiment. Again hydrogels were prepared in a specific
size in 24-well plate as described before. Before test, the hydrogels were put into PBS
solution for 24h in order to get the hydrogel full swelling. Then move to the enzyme
buffer solution. The mixture was then incubated at 37 “C with constant shaking [202].
At each time interval, the hydrogels will be taken out from the buffer. Any visible
surface moisture should be wiped off before weighing. Afterward, the hydrogel will be
returned to the vial. Two different concentrations of Proteinase K (0.05mg/ml and
0.2mg/ml) were designed to get different degradation results. The percentage of weight
remaining can be calculated using the following formula:[203]

Wet weight remaining (%) =W¢Wo *100 2
Where W: is the weight of hydrogels at weighing time and W is the initial weight of the
hydrogel at maximum mass in water. In order to reduce errors, all swelling ratio results

were obtained from triplicate samples.

3.1.9 Cell Culture and Growth on Hydrogel

3.1.9.1 BMSCs Culture

The hydrogels precursor for cell culture were prepared first and mixed evenly. Then

drop 100ul precursor onto glass cover slips (diameter: 10mm). After gelation under 37
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°C, the glass cover slips were put into PBS solution for 2h, in order to remove chemical
residuals. Then the glass cover slips were taken out and irradiated under UV light in a
bio-safety hood for 30 minutes. Finally, the gels coated glass cover slip will be place in
cell culture dishes (35 mm x 10 mm). Mouse bone marrow stromal cell lines (BMSCs
from ATCC, USA) were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1.0 x 10°U | -1

penicillin (Sigma) and 100 mg | -1 streptomycin (Sigma) at 37 °C in 5% CO..

3.1.9.2 ASCs Culture

Mouse inguinal fat pad adipose tissue samples were acquired from 6-week-old green
fluorescent protein (GFP)-expressing mice, which were provided by the Model Animal
Research Center of Nanjing University (Nanjing, China). Then they were cut into
pieces and digested with 0.075% type | collagenase (Sigma-Aldrich, St. Louis, MO)
under gentle agitation for 45 min at 37°C. Mature adipocytes and indigested connective
tissue were separated from pellets by centrifugation (800 g for 10 min) and then
discarded. The pellets were suspended in phosphate-buffered saline (PBS) and filtered
through a 200 um mesh followed by centrifugation (800 g for 10 min) to spin down
stromal-vascular fraction cell pellets. The retrieved cell fraction was cultured overnight
at 37°C with 5% CO: in a control medium (Dulbecco’s modified Eagle media, 10%
fetal bovine serum, 100 units/mL penicillin, 200 mg/mL streptomycin). The resulting

cell population was cultured for 3 to 5 days until confluent. ASCs were cultured and
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expanded in the control medium. Cells from P3 to P5 were used in the following

experiments.

3.1.10 MTT Assay

The gelation was first conducted in 96 well culture plates for 5 min at 37 °C. Then
BMSCs were seeded onto the hydrogels. The culture medium was changed every 2
days. For this assay, 100 pL of the provided MTT reagent (tetrazolium salt solution)
was added directly to the wells and placed in an incubator at 37 “C for 4 h. The purple
formazan produced by active mitochondria was solubilized by constructing
homogenization in 1 200pl of the DMSO. The absorbance of these solutions was read at

570 nm (n=3) by Molecular Devices Spectra [204].

Live/dead staining was carried out to evaluate the cytotoxicity of hydrogels, according
to a protocol from Invitrogen Inc., Canada. BMSC cultures were performed using
hydrogels and stained at 24h, 3 days and 7 days. Images were taken by confocal laser

scanning microscopy (CLSM) (Olympus FV1000, Japan).

3.1.11 CCK-8 Assay

A volume of 10 pl of hydrogel solutions were added into 96-well culture plates. Then
the plates were put into an incubator at 37 °C to form the solid hydrogel. ASCs were

suspended at a density of 5 x 10* cells/ml, and 100 pl of this cell suspension was added
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into each well (a total of 0.5x 10* cells/well) containing the hydrogel and into other
blank wells without hydrogel. After incubated for 24, 48 and 72 h, cell viability was
assessed using CCK-8 (Boster, Wuhan, China) according to the manufacturer’s
instructions, based on measuring NADH production, resulting from dehydrogenase
activity in viable cells. Briefly, each well was incubated with 10 uL of CCK-8 solution
at 37 “C for 1 h. Thereafter, the optical density (OD) for each well was measured at 450
nm using a micro plate reader (Bio-Rad Model 680, USA). Each experiment was
repeated three times and the mean values were considered. The cell survival rate was
calculated according to the following equation: cell survival rate = (OD experiment —

OD blank)/ (OD control - OD blank) x 100 %.

To assess cellular viability further, 50 pl hydrogel solutions were added into a 24-well
plate, and allowed to hydrogel at 37 °C. ASCs were then suspended at a density of 5 x
10* cells/ml and 650 pl of this solution were added per well (a total of 3.3 x 10*
cells/well). The hydrogel-ASCs constructs were then stained using a Live/Dead
Viability/ Cytotoxicity Kit (Invitrogen, UK) at the end of 3 days of culture, and

observed under a fluorescence inverted microscope.

3.1.12 Cell Morphology Investigation

The morphologies of BMSC were also investigated using CLSM, according to the

protocol which we used in our former experiments [100], the hydrogel-laden cells
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should be fixed with 4% paraformaldehyde solution at room temperature for 20 min.
After washing with PBS, samples will be permeabilized using 0.5% Triton X-100 in
PBS solution at room temperature for 5 min. Then they will be blocked in 1% bovine
serum albumin PBS solution at room temperature for 10 min. The samples will be
incubated in BODIPY®FL phallacidin solution for 20 minutes at room temperature and

stained with TO-PRO3 for 15min before CLSM investigation.

3.1.13 Observation by scanning electron microscopy (SEM)

The hydrogel was conducted in 6-well culture plates at 37°C to form the solid hydrogel.
ASCs were seeded onto the hydrogel and incubated for 24 h. Morphology was
examined using scanning electron microscopy (SEM, HITACHI S-3000N) with an
accelerating voltage of 20 kV. The samples were quickly frozen in liquid nitrogen and
then freeze-dried for 3 days. The freeze-dried samples were vacuum-coated with a gold
layer prior to Scanning Electron Microscopy (SEM) examination.

ETHICS APPROVAL

The following part (In vivo Biological Experiments of Hydrogels) of the experiment is
done by the department of plastic surgery, Southern Medical University, Guangzhou,
P.R. China. This study was approved by the Animal Care and Ethics Committee of

Southern Medical University, Guangzhou, P.R. China.
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3.1.141n vivo Biological Experiments of Hydrogels

3.1.14.1 Depressed Scars Model

Adult Sprague-Dawley rats weighing 350 to 400 g were used under an approved animal
protocol in Southern Medical University. Twenty-four hours prior to surgery, the dorsal
skin was depilated with a hair remover. On the day of the surgery, animals were
anesthetized with 60 mg/kg Nembutal (Sigma-Aldrich, CHN). Four round templates
with the diameter of 1cm were marked on the dorsal skin. For a depressed defect model,
subcutaneous fat layer and panniculus carnosus muscle tissue were both excised.
Following that the defect between skin and muscle layer was sewed throughout a
silicone tube (Fig.24). To determine whether the model construct is successful, we
select multiple time points to test. After 8 weeks when the scars in defect sites had
formed (Fig.24), four fillers 1) the hydrogel-ASCs mixture, 2) the hydrogel only, 3) HA,
4) PBS were injected to the four depressed defect sites randomly. At week 2, 4 and
month 6, rats were euthanized and the depressed scars including the underlying part
muscle were harvested, then were fixed in 10% neutral-buffered formalin solution for

48 hours and then stored in 70% alcohol at 4 °C for further H&E staining.

3.1.14.2 Gross Analysis

After pitted skin scars were harvested at different time points, each sample was

photographed immediately by a digital camera (Canon 550D, Tokyo, Japan).

52



3.1.14.3 Histological Analysis

The samples were fixed in formalin and embedded in paraffin for routine histological
processing. A 3 um section obtained from each paraffin block was stained using routine
H&E protocol, and digital images of each H&E stained section were taken and
analyzed using Adobe Photoshop CS Software (Adobe Systems Incorporated, San Jose,

CA).

3.1.14.4 Immunohistochemical Study of s100 protein

Samples were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.2%
Triton X-100 for 15 minutes and blocked for 30 minutes at 21°C. Samples were
incubated with S-100 primary antibody (1:3000, Abcam, Cambridge, UK) for 15 hours

at 4°C and followed by anti-mouse-HRP secondary antibody (Dako, Shanghai, CHN).

3.1.14.5 Immunofluorescence for GFP

Samples were paraformaldehyde fixed, permeabilized with 0.5% triton and blocked
with 2% antibody dilution buffer for 2 hours. Cells were incubated with the anti-GFP
primary antibody (1:1000, Abcam, Cambridge, UK) for 1 hour at 25°C. A Goat
anti-chicken IgY-488 (1:100, Thermo Fisher Scientific Inc., USA) was used as the
secondary antibody. Nuclei were counterstained with 4', 6’-diamidino-2-phenylindole

dihydrochloride (DAPI).
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3.1.15 Statistical Analysis

All experiments were repeated three or more times with triplicate samples. Significant
differences between two groups were evaluated using a one way analysis of variance
(ANOVA) with a 95% confidence interval. When P < 0.05, differences was considered

to be statistically significant.

3.2 Results and Discussion

3.2.1 Synthesis and Characterization of PAA Crosslinker

It has been reported that guanidine group from agmatine can promote proliferation of
various cell types[99,205]. Poly (amidoamine) (PAA) crosslinker was synthesized via
Michael-addition polymerization by copoolymering agmatine with MBA. (Figure 1).
Cell attachment is obviously improved through adding agmatine which contains a
guanidine group. The guanidine group from agmatine combined with the carbonyl
group from MBA can provide functions as peptide ligands [206] which is important to
enhance the cell adhesion. Both MBA and agmatine are biodegradable and nontoxic to
human body. The chemical structure of PAA crosslinker was confirmed by 1H NMR
spectra (Figure 2). The integral of peaks between 5.6 and 6.4 ppm represents the
residual vinyl groups at the end of polymer chains [207]. According to the integral

curve, molecular weight of the PAA crosslinker was calculated to be about 905.
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3.2.2 Fabrication and Characterization of Tunable Stiffness

Hydrogels

Different mass ratios of PEG and PAA were fabricated via radical polymerization due

to the vinyl groups from the PAA crosslinker. Gel formation was show in Figure 4.

APS, TEMED
_

= Room temperature

Figure 4. Tunable stiffness PEG hydrogel formation.

The FTIR spectra (Figure 5) conducted the comparison between pure PEG hydrogels
and PAA crosslinked PEG hydrogels. As shown in Figure 5, the sharp peaks appeared
in both spectra around 1733.8cm™ was attributed to the C=0 stretching frequency from
ester groups. While new peaks located between 1500cm™ and 1700cm(i.e. 1666.3cm™)
in Figure 5 (a) were attributed to the C=0 from Amide group and C=N from imines
group in the PAA crosslinker. The results show successful conjugation of PAA into

PEG hydrogel.
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Figure 5. FTIR spectra of (a) hydrogel containing PAA crosslinker (G2) and (b)

pure PEG hydrogel (G1).

3.2.3 Mechanical Profiles of Hydrogels

Many scaffolds for tissue engineering initially fill a space otherwise occupied by
natural tissue, and then provide a framework by which that tissue may be regenerated.
In this capacity, the physical properties of the material are inherent to the success of the
scaffold [11]. In addition to genetic and molecular mediators, other physical properties
of the artificial ECM may also give effects on cell proliferation [208]. Mechanical
properties can affect cellular locomotion, morphology, adhesion, and cytoskeletal

protein expression [209].
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Adding PAA crosslinker is not only to bind functional groups to hydrogel, but also to
tune the stiffness of hydrogels. In our study, pure PEG hydrogel were control group.
Experimental groups were PEG hydrogel with PAA crosslinker. In order to get a desired
stiffness, these two groups were designed at three different concentrations; they are
60mg/ml, 120mg/ml and 240mg/ml, respectively. The stiffness was evaluated by an
INSTRON® materials testing machine. Load-extension curves (Figure 6) were
recorded and Young’s modulus (Figure 7) was calculated showing different stiffness.
Hydrogel’s stiffness and crosslinking density were affected by the concentration of
hydrogel[210]. As shown in Figure 6, hydrogel fabricated at different concentrations
changes the extension properties significantly. When the weight fraction of hydrogel
increased, obvious increases appeared in Young’s modulus as shown in Figure 7. For
the pure PEG hydrogel, Young’s modulus was as high as 110 kPa at the concentration
of 240mg/ml. When adding PAA into the gel (PEG: PAA=100:5), Young’s modulus
changed gradually as the precusor’s concentration increased. The results showed that at
the low concentration, which is 60mg/ml for both pure PEG hydrogel and PEG
containing PAA hydrogel, their stiffness were around 20 kPa. Young’s modulus at this
value was very close to nature ECM property, and promising to provide an ideal
stiffness for cell growth and differentiation. However, if the concentration of hydrogel
was increased, the gel’s stiffness increased remarkably. This is due to the crosslinking
density increased. Base on aforementioned results, in the later experiment we chose

60mg/ml as the basic concentration, through adjusting the mass ratio of PAA
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crosslinker to obtain different adhesive properties.
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Figure 6. Typical load-extension curves of hydrogels at different concentrations.
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Figure 7. Young’s modulus of hydrogels at different concentrations. (n=3).

3.2.4 Swelling Behavior Results

Because of the high water content and low interfacial tension to surrounding
biological environment, hydrogels are usually considered to be biocompatible which
are similar to the highly macromolecular based materials in the body [211]. It is very
important to take the gel’s properties into consideration when it is applied into ECM
replacement in tissue engineering [11]. Except the mechanical property, swelling
property is also important to evaluate the scaffold’s biocompatibility. Samples were

molded as previously described and a 72h study was performed to determine percent
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swelling of the hydrogels using egn (1). The results are shown in Figure 8. The swelling
ratio of both G1 and G2 hydrogels increased gradually as time grows. Adding
crosslinker into hydrogels decreased the swelling ratio slightly as the crosslinking
density changes. When the concentration of PAA crosslinker increased, the swelling
ratio decreased slightly. This is because as the crosslinking density of hydrogel
increased, the aperture size of the polymer network is minimized, thus hydrogels with a
lower crosslinking density has a better capacity of water absorbance than hydrogels

with higher crosslinking density [99,211].
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Figure 8. Swelling ratio of hydrogels at different PAA concentrations. (G1 was
control group only contains PEG, G2-1, G2-2, G2-3 were experimental groups

with PEG: PAA=100:5,100:20,100:50 respectively.) (n=3).

3.2.5 Analysis of Vitro Enzymatic Degradation

PAAs are, normally, biodegradable, with a degradation rate depending on their specific
structure [212] and, what is most relevant for biomedical applications, most of them are
almost nontoxic, despite their polycationic nature. agmatine used in this study is to
provide a functional group which is part of the sequence in proteins [213]. Therefore, in
this study, proteinase K was used to analysis the biodegradable property of the

hydrogels. Two kinds of concentrations were chose to perform the degradation tests.
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0.05mg/ml and 0.2mg/ml proteinase K solution in PBS (pH=7.4) were prepared. The
tests were carried out in a 37°C water bath with constant shaking. All these conditions
were designed to mimic the physiological environment in human body. The amount of
PAA in G2 hydrogels is controlled by varying the mass ratios to PEG. Two ratios were
used in the experiment, one is PEG: PAA=100:5, another is PEG: PAA=100:50. The
degradation profiles of hydrogels are illustrated in Figure 9 by plotting the remaining
wet weight (%) vs. time. Hydrogels with low concentration of PAA showed no
significant weight change both in 0.05mg/ml and 0.2mg/ml solution. However, when
PAA occupied 33.3% of the whole mass, the gels displayed an obvious weight loss after
incubating in proteinase K solution for 10 days. Only 60% of the weight remained after
the degradation by 0.2mg/ml Proteinase K, and 30% weight lost in a 0.05mg/ml

Proteinase K solution over a period of 10 days.
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Figure 9. In vitro enzymatic degradation profiles of hydrogels with different
enzyme concentrations (0.05mg/ml and 0.2mg/ml) and different PAA monomer

mass ratios (PEG: PAA = 100: 5 and 100: 50).

3.2.6 Cell Viability

Mouse bone marrow stromal cell lines (BMSCs) were seeded on to the hydrogels. MTT
assay was used to evaluate the cell viability for 24h and 7 days. Viability of cells seeded
on tissue culture plates (TCPS) was normalized to 100%. In order to eliminate errors
come from the gel themselves, hydrogels without cells were also conducted. As shown
in Figure 10 and Figure 11, hydrogels with PAA crosslinker had higher cell viability

than pure PEG hydrogels after 24h and 7 days’ culture. Because the guanidine group
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from agmatine combined with the amido group from MBA significantly promotes cell
attachment. After one week’s culture, cell viability in the hydrogels containing PAA
was much higher than cells seeded on pure PEG hydrogels. Hydrogels containing PAA

had almost the same cell viability as cell growth on TCPS (Figure 11).

Live/Dead staining was further used to evaluate cell viability (Figure 12-17). BMSCs
were seeded on the pure PEG hydrogels (G1) and PEG hydrogels with PAA crosslinker
(G2) to evaluate the cell proliferation and compared the cell attachment. After 24h’s
culture, most cells attached to the gels. Almost 100% of BMSCs on the hydrogel G2
were alive. After 3 days’ culture, some dead cells were found but most of them were
alive. The number of BMSCs increased significantly in the hydrogel G2, they began to
connect with each other. However, cells did not grow well on the hydrogel G1. After
one week’s culture, this phenomenon is more obvious. Cells grew on the hydrogel G2
started to form a tissue, a spreading out morphology was observed. But for hydrogels
G1, cells began to withered and no more cells grew due to the poor adhesion of pure
PEG hydrogel. The results suggested that adding PAA crosslinker can improve the cell

attachment for the hydrogels.

64



200

175

150 |

125 T
100 J

75

50 1

percentage of cell viability

25 ,
O T T T T T 1
PEG+cells PEG+PAA+cells cells(TCPS) PEG  PEG+PAA

cell viability on hydrogels after 24h

Figure 10. Cell viability on hydrogels after 24h culture based on MTT assay
(absorbance is normalized to 1 for the TCPS control sample; PEG and PEG+PAA

are hydrogels but without cells for MTT assay); (n=3).
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Figure 11. Cell viability on hydrogels after 7 days culture based on MTT assay
(absorbance is normalized to 1 for the TCPS control sample; PEG and PEG+PAA

are hydrogels but without cells for MTT assay); (n=3).
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Figure 12. Live/Dead assay of BMSCs cultured on pure PEG hydrogels (G1) after

24 hours, green for live cells and red for dead cells (all scale bars are 200 pm).
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Figure 13. Live/Dead assay of BMSCs cultured on pure PEG hydrogels (G1) after

3 days, green for live cells and red for dead cells (all scale bars are 200 pm).
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Figure 14. Live/Dead assay of BMSCs cultured on pure PEG hydrogels (G1) after

7 days, green for live cells and red for dead cells (all scale bars are 200 pm).
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Figure 15. Live/Dead assay of BMSCs cultured on PEG hydrogels containing PAA

(G2); green for live cells and red for dead cells (all scale bars are 200 pm).
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Figure 16. Live/Dead assay of BMSCs cultured on PEG hydrogels containing PAA

(G2); green for live cells and red for dead cells (all scale bars are 200 pm).
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Figure 17. Live/Dead assay of BMSCs cultured on PEG hydrogels containing PAA

(G2); green for live cells and red for dead cells (all scale bars are 200 pm).

3.2.7 Cell Morphology on Hydrogels

Morphology of BMSCs seeded on the hydrogels was also investigated by confocal
laser scanning microscope. BMSCs were seeded on hydrogels with different mass
ratios of PAA crosslinkers. We hope to see different stiffness’s effects on the cell
attachment. As shown in Figure 18-21, all the cells on the hydrogels were observed to
be spreading and migration extensively. However, the distribution of cytoskeleton
BMSCs on G2-2 seemed to have a better spread out morphology than that on G2-2
which is harder than G2-1. After one week’s observation, the results indicated that cells

can adhere to the hydrogels favourably. In this study, the PAA crosslinker incorporated
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PEG hydrogel improve the cell attachment significantly. The effects of hydrogel
stiffness on cell state likely have important implications for development,

differentiation, disease, and regeneration, but still need further investigation [214].

Figure 18. Morphology of BMSCs on hydrogels G2-1 for 24h.(G2-1 is

PEG:PAA=100:5, scale bar is 50pum).
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Figure 19. Morphology of BMSCs on hydrogels G2-1 for 7days.(G2-1 is

PEG:PAA=100:5, scale bar is S0pm).
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Figure 20. Morphology of BMSCs on hydrogels G2-2 for 24 hours.(G2-2 is

PEG:PAA=100:20, scale bar is 50pm).
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Figure 21. Morphology of BMSCs on hydrogels G2-1 for 7days.(G2-2 is

PEG:PAA=100:20, scale bar is 50pm).

3.2.8 Fabrication and Characterization of Thermo-sensitive

Hydrogels

Copolymerization of NIPAM with different types of monomers results in hydrogels
with more versatile properties, such as faster rates of shrinking when heated through the
LCSTI[88], and sensitivity to additional stimuli. In our experiment, NIPAM and PAA
were fabricated via radical polymerization due to the vinyl groups from the PAA
crosslinker. As shown in Figure 22, gel was transparent and soft, more like liquid in

room temperature. When it was heated to 37°C, gel became white and solid, thus can
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perform as a filling material for depressed defects.

Before heating to 37°C After heating to 37°C

Figure 22. Thermo-sensitive behavior of NIPAM hydrogel.

3.2.9 ASCs Culture and Viability Tests

ASCs were cultured and expanded in the control medium. Cells from P3 were
investigated using light microscopy in fluorescent. ASCs were observed to display a
relatively homogenous population that exhibited a spindle-shaped phenotype (Fig.23A).
For further biomedical applications, it is important to ensure the biocompatibility and
the cytocompatibility of the hydrogel materials. The cellular viability of the cultured
ADSCs under different conditions was assessed through a Live/Dead
Viability/Cytotoxicity kit and is shown in Fig. 23B. The green spindle-shaped cells are
live cells, whilst the red and round cells are dead. Only a minority of the cells apoptotic
indicates low cytotoxicity of hydrogel. Cell viability was also assessed using CCK-8

assay after 24, 48, 72 hours cultivation. Cell viability value of the control (ASCs only)
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was set as 100 percent. The viability of ASCs seeded on the hydrogel was found to
beyond 90% (Fig.23 C, P>0.05). SEM Images directly showed that ASCs could attach
to the hydrogel contained PAA crosslinker and cells can stretch out on it (Fig.23 D). It
showed excellent biocompatibility and cytocompatibility of the hydrogel, which is

necessary for filler.
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Figure 23. ASCs and hydrogel Cytotoxicity tests. ASCs imaged with Light
Microscopy in fluorescent (A, Scale bars = 100 um). Photographs of ASCs
cultured on hydrogel after live/dead staining. Live cells fluoresce green, whereas
dead cells with compromised membranes fluoresce red (red arrows) (B, Scale bars
= 1 mm).The viability test of ASCs seeded on the hydrogel using CCK-8 (C,
P>0.05). SEM images show that ASCs attach to the hydrogel (D, white arrows

point ASCs).
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3.2.10 Rat model

Normal

Figure 24. Rat depressed defect model. The silicone tubes used in operation and
constructed depressed defect model (A, white arrow). Defect site was replaced by
fibrous connective tissue. Thickness from skin to muscle layer was thinner than

the normal group (B, Scale bars =1 mm).

The silicone tubes were used in operation as seen in Fig.24A. The internal diameter of
the tube is 0.65 cm and height is 0.3cm. Four depressed defect models showed on each
rat dorsal skin after 8 weeks (Fig.24A below). For test the scars in defect sites had
formed, we tried to pull the skin and subcutaneous muscle defect separately, it failed.
Furthermore, H&E staining showed normal structure of the skin was damaged and
replaced by fibrous connective tissue. Thickness from skin to muscle layer in depressed
defect group was thinner than the normal group (Fig.24B). Four different fillers 1) the

hydrogel-ASCs mixture, 2) the hydrogel only, 3) HA, 4) PBS were injected to the four
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depressed defect sites randomly. The doses were all 0.1 ml. ASCs density was 5 x 10*

cells/ml.

3.2.11 Gross and Histological Analysis

After 4 weeks, the depressed defect samples were harvested. Defects in hydrogel,
hydrogel-ASCs, and HA groups recovered significantly and there were no significant
differences among them. However, PBS group still remained depressed (Fig. 25A). Just
like the results of the macroscopic, defect sites were filled with materials themselves in
the front three groups, whereas PBS had already been absorbed at earlier stage. HA and
hydrogel both had good filling effects (Fig. 25B). After 6 months, defects in hydrogel
group and hydrogel-ASCs group remained recovery significantly and there were no
significant differences between them. However HA group became depressed again, like
PBS group. Histologically, HA was degraded mostly during 6 months in vivo, but the
hydrogels had more retention (Fig. 25B). This indicated they were biodegradable. More
surprisingly, with the hydrogel degraded gradually, at the same time tissue regeneration
in depressed defect area was seen. Regenerated tissues consisted of multilocular
immature adipocytes (Fig. 25B). No similar phenomenon occurred in the HA group.
We speculate that the hydrogel played a scaffold role that recruit mesenchymal cells to

repair defects by adipose regeneration.
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A Gel Gel+Cell HA PBS

Figure 25. Gross and HE staining Analysis. 4 weeks after injection, Hydrogel,
Hydrogel + cell, and HA group recovered significantly. PBS group remained
depressed. After 6 months, Hydrogel and Hydrogel + cell group still recovered
significantly, but HA group became depressed again, like PBS group (A, Scale
bars = 1 cm). HE staining Analysis showed defect sites were filled with material
itself In Hydrogel , Hydrogel + cell and HA groups (white arrow) at 4week. At 6
months, in Hydrogel and Hydrogel + cell group tissue regeneration in depressed
defect area was seen. HA was a little remaining, fibrous connective tissue

presented in depressed defect site again, like PBS group (B, Scale bar=300 pm)
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3.2.12 ASCs Mixed with Hydrogel Differentiated into Immature

Adipocytes

In the injection site, some regenerated small cells like immature adipocytes were found
in Hydrogel-ASCs group (Fig. 26). Immunohistochemical staining for S100 was
tested. The result showed s100 positive cells could be seen in the regenerated tissues
(Fig. 26). They may be immature adipocytes. Previous studies also reported host

mesenchymal cells differentiated into adipocytes via attaching to some biological

materials [12,13].

Figure 26. S100-positive cells (yellow arrows) were seen in the regenerated tissues

(Scale bar=100 pm).

3.2.13 Localization of GFP-ASCs in Regenerated Tissue

To examined whether the regenerated immature adipocytes were differentiated partly

from the injected ASCs of GFP expressing mice, the sample from hydrogel group and
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hydrogel-ASCs group were both tested in Immunofluorescence for GFP. We found the
regenerated adipose tissue were some GFP positive as shown in Fig. 27. Therefore, we
can speculate that the hydrogel played scaffold for host mesenchymal stromal cells
which differentiated into adipocytes. And for our study, host mesenchymal stromal
cells were mainly from adipose-derived stromal cells. In the future, this hydrogel are
promising in tissue engineering for repairing various other damaged tissues. Of course,

it needs more experimental evidences.
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Figure 27. HE staining and Immunofluorescence for GFP in hydrogel and
hydrogel-ASCs group. Adipose regeneration can be seen both in hydrogel and
hydrogel-ASCs group from HE staining (yellow arrow show the regenerated
adipocytes, Scale bar=100 pm). In the hydrogel group, regenerated tissues were
negative in Immunofluorescence for GFP. In hydrogel-ASCs group, some GFP

positive cells (green) in Immunofluorescence for GFP (Scale bar=100 pm).

3.3 Summary

Here we report the preliminary evaluation of novel biodegradable and biocompatible
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agmatine-containing PAA crosslinker. Hydrogels fabricated by this crosslinker can
obtain controllable stiffness and excellence cell adhesion. Results shows changing the
mass ratio of crosslinker can achieve the ideal stiffness which is most close to nature
ECM to support cells’ growth. In vitro tests also demonstrate that PAA crosslinked
hydrogels can successfully provide a 3D structure to let the cells adhere and grow.
Hereby PAA containing hydrogels might be promising for implantable scaffolds for

tissue regeneration.

A novel multifunctional poly (amidoamine) was synthesized as a crosslinker and
applied to NIPAM to form an injectable and biocompatible hydrogel. The PAA
contained hydrogel reported here is an innovative newcomer as implantable material,
first employed as filler for pitting defects in rats. The data reported in this article are
preliminary but clearly support that such hydrogel is promising in many important
respects, such as biodegradability, biocompatibility which were confirmed by In vitro
and in vivo tests. In conclusion, such cell attachable thermo sensitive hydrogel
definitely warrant potential as a filling material for small pitting defects and ultimately
might become a new material in plastic surgery in the clinic. Hydrogels prepared from

this novel multifunctional crosslinker are promising in tissue engineering applications.
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Chapter 4. Cell-compatible Photo-reversible
Self-healing Hydrogel

4.1 Materials and Methods
4.1.1 Synthesis of CMA Crosslinker
4.1.1.1 Synthesis of 7-(2-Hydroxyethoxy)-4-methylcoumarin

The synthesis of coumarin methacrylate crosslinker (CMA) was conducted by a
two-step reaction. As showed in Figure 28. First, a mixture of 5.0 g of
7-hydroxy-4-methylcoumarin, 5.0 g of 2-bromoethanol and 3.0 g of potassium
carbonate in 50 mL of ethanol was heated under reflux for 20 h and treated with ether
and water after cooling. The organic layer was washed with ether thoroughly and dried
over magnesium sulfate, followed by the removal of the solvent. The residual solid was

pure enough to use in the next step without further purification.
4.1.1.2 Synthesis of 7-(2-Methacryloyloxyethoxy)-4-methylcoumarin

5.0 g of methacryloyl chloride was added dropwise to a mixture of 5.0 g of
triethylamine and 5.0 g of 7-(2-hydroxyethoxy)-4-methylcoumarin in 80 mL of
chloroform. After being stirred for 12 h at room temperature, the reaction mixture was
treated with dichloromethane and the organic layer was washed with an aqueous

solution of NaCl, followed by drying over anhydrous sodium sulfate and the removal of
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the solvent to give a solid. The crude product was recrystallized from ethanol to afford
colorless powdery crystals.

STEP 1

N Ethanol 85°C BT
OH
3 Br/\/ _
K,CO, HO.
HO 0 o \/\o o o

STEP 2

X
N
CH,Cl, 0C 0\/\
_—
Hov\o (o} 0 Acryloyl chloride, NEt, /\H/ © B <
o

Figure 28. Schematic illustration of two-step synthesis of the CMA crosslinker

4.1.2 Synthesis of Hyper branched PAA Crosslinker

The agmatine and AEPZ contained hyper branched poly (amidoamine) (PAA)
crosslinker was synthesized via Michael-addition polymerization as shown in Figure

29:
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Figure 29. Schematic illustration of the preparation of hyperbrached PAA

crosslinker

MBA (234mg, 1.52 mmol), Agmatine (138 mg, 0.6 mmol) and AEPZ (52mg, 0.4mmol)
were dissolved in water/methanol (v/v =5/1, total in 5ml) while stirring. When the
solution was clear, LiOH-H20 (25.2 mg, 0.6 mmol) was added to the solution. The
mixture was then gently stirred and allowed to react at 40 °C in the dark for 72h. After
reaction, the solvent was evaporated using a rotary- evaporator. The product was finally

recovered by lyophylization and stored in-20 °C refrigerator for future use.
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4.1.3 Characterization of CMA Crosslinker and Hyper Branched

PAA Crosslinker

4.1.3.1 Fourier Transforms Infrared Spectroscopy (FTIR)

FTIR spectra were recorded with a Thermo Scientific IR100 FT-IR Spectrometer.
Hydrogels were freeze-dried in order to remove the residual chemicals. Then dried

hydrogels were ground to powder, mixed with KBr, and compressed into pellets.

4.1.3.2 1H NMR

In order to characterize the CMA crosslinker and hyper branched PAA crosslinker, 1H
NMR spectra (Figure 30 and Figure 31) was recorded on an Advance 300 MHz
spectrometer. 8 mg of PAA crosslinker and CMA crosslinker powders were dissolved in
800ul of DMSO and D20 respectively. Chemical shifts (8) were reported in parts per
million (ppm). 1H NMR (ppm): 6, 1.7 (H20), 2.44 (-CHzss, 3H),
4.28(-CH2-CH2-0-Ph,t, 2H), 4.55(-CH,-CH>-O-0O-Ph,t, 2H), 6.10(CH>=CH-COO-,d,
H), 6.28(-C(CHs)=CH-CO-,s, H), 6.38(CH.=CH-COO0-,q, H), 6.68(CH.=CH-COO0-,d,

H), 7.14(0-CeHa-,d, H), 7.17(0-CeHs-,s, H), 7.64(0-CsHs-,d, H)
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Figure 30. 1H NMR spectrum of the CMA crosslinker

IH NMR  (ppm): &, 15  (-N-CH2-CHo-CH2-CHo-NH-s,  4mH),
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2.0-3.0(CO-CH2-CHo-N,m,  8(m+2)H,  -N2CsHa-CHo-CHa-N-m, 8nH),
3.17(-N-CH2-CHz-,s, 2mH), 453 and 4.62(-NH-CH2CH-s, 2m+2H), 5.77

(CH2=CH-,t, 2H), 6.21(CH2=CH-,s, 2H), 6.225 (-CH2=CH,s, 2H).

13,14

Figure 31. 1H NMR spectrum of the PAA crosslinker

4.1.4 Fabrication of Self-healing Hydrogel with CMA Crosslinker

and Hyper branched PAA Crosslinker

Coumarin-containing hydrogel was prepared by copolymerization of acrylamide (6.2
mmol), 7-(2-Methacryloyloxyethoxy)-4-methylcoumarin ~ (0.31  mmol), PAA

crosslinker (0.97 mmol) using APS (0.20 mmol) and TEMED in 1.0 ml of DMSO at
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65°C. The gel was purified by washing with large amounts of DMSO, followed by
exposure to water over several hours, then repeated washing with water. To form the gel
with conductive property, the gel precursor was added with carbon nanotubes (CNTs)

at concentration of 10mg/ml, and then ultrasonic for 1h to get a homogeneous solution.

4.1.5 Evaluation of Self-healing Property of Hydrogel

4.1.5.1 Elongation Test

To evaluate the intrinsic healing behavior of hydrogels, Hydrogels contain CMA
crosslinker were synthesized. Specimen of 20 mm in length, 4mm in width and 2mm in
thickness was firstly cut by a razor. Samples were kept in alignment and intimate
contact without pressure. After irradiation, the healed gel bars were fixed on the tensile

test machine stress-strain curves were recorded as showed in Figure 32.
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Figure 32. Images of sample test setting.

Samples were then irradiated under UV light at the wavelength of 365nm for 10min,
20min, 30min and 60min respectively. After the self-healing process, the connected
bars were fixed onto the INSTRON® materials testing machine. The test speed was set
at 0.1 mm per minute. The tensile stress and elongation were recorded by the
INSTRON® software. All measurements were carried out at Constant temperature and

humidity room. The sample size of each group is 3 (n=3).

4.1.5.2 Self-Healing Behavior Test

The hydrogels precursor were prepared first and mixed evenly. Then drop 200ul
precursor onto square glass cover slips (length: 20mm). After gelation at 65°C, the slips
with hydrogels on the surface were stained by FITC fluorescence dye. Then a crack was
made by a blade. Fluorescence pictures before and after UV healing process (A=365nm)

were recorded by confocal laser scanning microscopy (CLSM) (Olympus FV1000,
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Japan).

4.1.5.3 Photo Reversible Test

In order to verify the photo reversible property of hydrogels, UV light (A<280nm) at
another wavelength was applied to the mechanically bisected samples. Two halves
which had been healed for 30min were exposed to the UV light at the wavelength of
260nm for 10min and 20min. then the tensile stress and elongation were again recorded

by INSTRON®. All the parameters and methods were set the same as the former test.

4.1.6 Swelling Behavior Test

Hydrogels were prepared in a specific size in 24-well plate as described before. Then
weighed and immersed in vials which containing PBS buffer (pH=7.4) at room
temperature. At designed time intervals, the hydrogels were taken out from solution,
and weighed after wiping off any visible surface moisture. The percentage amount of
buffer absorbed can be calculated using the following formula:[201]

Water (%) = (W¢Wo)/Wo *100 (1)
Where W is the weight of hydrogels at weighing time and W is the weight of the initial
weight hydrogel. In order to reduce errors, all swelling ratio results should be obtained

from triplicate samples.
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4.1.7 Cell Culture and Growth on Hydrogel

4.1.7.1 BMSCs Culture

The hydrogels precursor for cell culture were prepared first and mixed evenly. Then
drop 100ul precursor onto glass cover slips (diameter: 10mm). After gelation under 37
°C, the glass cover slips were put into PBS solution for 2h, in order to remove chemical
residuals. Then the glass cover slips were taken out and irradiated under UV light in a
bio-safety hood for 30 minutes. Finally, the gels coated glass cover slip will be place in
cell culture dishes (35 mm x 10 mm). Mouse bone marrow stromal cell lines (BMSCs
from ATCC, USA) were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1.0 x 10° Ul !

penicillin (Sigma) and 100 mg | -1 streptomycin (Sigma) at 37 °C in 5% CO..

4.1.7.2 MTT Assay

The gelation was first conducted in 96 well culture plates for 5 min at 37 °C. Then
BMSCs were seeded onto the hydrogels. The culture medium was changed every 2
days. For this assay, 100 pL of the provided MTT reagent (tetrazolium salt solution)
was added directly to the wells and placed in an incubator at 37 °C for 4 h. The purple
formazan produced by active mitochondria was solubilized by construct
homogenization in 200ul of the DMSO. The absorbance of these solutions was read at

570 nm (n=3) by Molecular Devices Spectra [204].
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Live/dead staining was carried out to evaluate the Cytotoxicity of hydrogels, according
to a protocol from Invitrogen Inc., Canada. BMSC cultures were performed using
hydrogels and stained at 24h, 3 days and 7 days. Images were taken by confocal laser

scanning microscopy (CLSM) (Olympus FV1000, Japan).

4.1.8 Quantitative Real-time PCR Analysis

100 ml of mouse bone marrow stromal cells (BMSCs) in medium at a density of 2x10°
cells per ml was seeded onto the hydrogels for 30 minutes. Then, 2 ml medium were
added to the disk. After 2 days, cell-encapsulating hydrogels were transferred to
FBS-supplemented DMEM containing a combination of osteogenic chemical
supplements: 50 mg/ml L-ascorbic acid 1-phosphate (Sigma), 10 mM
b-glycerophosphate (Sigma) and 100 nM dexamethasone (Sigma). Gels with cells were
incubated for various time points. The osteogenic medium was changed for every 2
days. At predetermined time intervals, the media were aspirated with the unattached
cells and the wells were washed with DPBS. Then, cells on hydrogels were treated with
liquid nitrogen and smashed. In order to validate the gene expression of osteogenic
differentiation in all samples, total RNA isolation and cDNA synthesis were conducted
using TRIzol and Oligo dT (Thermo Scientific, USA), according to the standard
procedures. Then quantitative real-time PCR (qPCR) was performed by SYBER Green

assays (Applied Biosystems, USA). Amplification conditions were as follows: hold at
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95 °C for 10 minutes, followed by 40 cycles at 15 seconds at 95 °C and 1 minute in 60 °C.
Thermal cycling and fluorescence detection were done using the StepOnePlus™
real-time PCR System (Applied Biosystems, USA). The mRNA expression levels were

determined relative to the GAPDH by the ACt method.

4.2 Results and Discussion

4.2.1 Synthesis and Characterization of Hyperbranched PAA

Crosslinker and CMA Crosslinker

As shown in Figure 33, the sharp peaks appeared around 1736.15cm™ was attributed to
the ester group and the small peak around 1508.18cm™ indicated the double bond at the
end of molecule. Peaks located at 1163.06cm™ was attributed to the C-O-C group, the

results show successful conjugation of CMA crosslinker.

Figure 34 showed the spectra of hyper branched crosslinker, the sharp peaks appeared
around 1650.66¢cm™* was attributed to the C=0 stretching frequency from MBA. While
peaks located at 1533.51cm™ was attributed to the NH2 group from agmatine and AEPZ,

the results show successful conjugation of hyper branched PAA crosslinker.
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Figure 33. FTIR spectra of CMA crosslinker.
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Figure 34. FTIR spectra of hyper branched crosslinker.

4.2.2 Synthesis of Self-healing Hydrogel

The synthesis of coumarin methacrylate crosslinker (CMA) was conducted by a
two-step reaction.[64,215] (>20% yield over two steps; for details see the Supporting

Information). In order to introduce an agmatine group into the N, N’-Methylene bis
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(acrylamide), the poly (amidoamine) (PAA) crosslinker was synthesized via
Michael-addition. FTIR and NMR were conducted to verify the successful synthesis of
both crosslinkers. Chemical structure of gels and mechanism of self-healing process
were showed in Figure 36 and Figure 37. According to the structural requirements for
imparting photochemical reactivity to polyacrylamide, coumarin methacrylate should
play dual-role as side groups and crosslinkers. It means that double bond groups have to
be present on the main chains of the polymer, connect with PAA crosslinker and
acrylamide. As a result, desired multi-functional homopolymer of polyacrylamide that
contains coumarin groups and agmatine groups were synthesized. Figure 35 shows the

gel formation.
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Figure 35. Self-healing hydrogel formation.
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photodimerization and photocleavage of coumarin side groups.
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Figure 37. Schematic illustration of the self-healing process.

4.2.3 Self-healing Property in Terms of Tension Test

Movies were recorded to test self-healing properties of CMA contained gels. Generally,
for damaged gels contained coumarin groups shows significant self-healing feature

upon the irradiation of 365nm UV light (see movie 1).
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Movie 1. Video for hydrogel with coumarin groups

However for control group, gels without coumarin groups, the two halves cannot bind

each other as supposed (see movie 2).
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Movie 2. Video for hydrogel without coumarin group

With the treatment of UV light (365nm), the results reflect contribution of m-m*
transitions of the conjugated benzene nucleus and pyrone nucleus in 4-methylcoumarin
chromophores [216]. Because the double bonds of 4-methylcoumarin gradually
dimerize to form cyclobutane rings under 365 nm UV illumination, the conjugation
between double bonds and phenyl groups has to be destructed (Figure 36). As a result,

the two halves can connect together.

Stress—strain tests were conducted to investigate the mechanical properties of CMA
contained gels. Samples were first cut into half, and then were mechanically bisected

and then the two halves were brought into contact (Figure 38). Samples under irradiated
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with 365 nm UV light for 10 min, 20min, 30min and 60min respectively.

Tensile tests were conducted to quantify the ability of the damaged gels to restore
strength. For instance, the tensile stress of gel which was irradiated for 60 minutes
(200.26kPa) is nearly five times that of the one which was only irradiated for 10
minutes (44.93kPa). Moreover, increasing the irradiation time gives rise to a

remarkable improvement in the stress intensity as well as in the elongation to break.

Figure 38. Images of sample preparation.
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Figure 39. Tensile elongations after different healing time.

Figure 40. Tensile stresses after different healing time.
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Figure 41. Tensile modulus values versus different UV healing time (365nm) for

gels. (n=3)

When irradiation time for cut samples increases from 10min to 60min, stress intensity
increases from 44.94kPa to 200.26kPa(Figure 40), indicating that the introduction of
coumarin groups improve the self-healing performance of gels. Gels which were
irradiated for 10min, 20min, 30min, 60min, show the elongation at break over 21.6%,
43.4%, 67.7% and 96.2% respectively (Figure 39). The results reveal that the CMA

contained gels have good self-healing property.

In addition, the tensile modulus of gels was also investigated. Figure 41 shows the
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tensile modulus as a function of healing time for healed samples of gels. It is obvious
that the restorability relies greatly on the irradiation time, and gel which was

irradiated for 1h showed high healing efficiency to give tensile modulus of 2.08x10°

Pa.
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Figure 42. Representative stress-strain curves at different healing time. Healing

conditions: 365nm.
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Figure 43. Representative stress-strain curves at different reverse time. Reverse

conditions: 254 nm.

To further confirm the photo reversible property of gels. UV light (A<280nm) at another
wavelength was applied to the mechanically bisected samples. Two halves which had
been healed for 30min at 365 nm (Figure 42) were then exposed to 254nm (Figure 43)
UV for 10min and 20min. then the train-stress curves were again recorded. Figure 43
showed that the UVC light can photo cleave the formed cyclobutane rings at 254 nm

uVv.

4.2.4 Morphology of Hydrogel

To evaluate the intrinsic healing behavior of coumarin contained gels, the effect of

coumarin on the healing process was explored. A crack was made on the gel by a razor.
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Fluorescence confocal microscopy images (Figure 44) exhibited that the autonomic

fusion of cut surface occurred after UV treatment.

100.0um 100.0um 100.0um

Before cut After cut After healing for 30min

Figure 44. Fluorescence confocal microscopy images of healing process.

Surface changes were also recorded by EVOS® digital microscope. Figure 45(a)
demonstrates the topography of the gel before crack creation. The gel were smoother
distributed in the gel before UV irradiation, a series images of crack morphology
presented the surface after UV treatment as the increase of healing time (Figure 45),

which can conclude the proposed protocol results in formation of self-healing process.
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Figure 45. Digital microscopy images of gel surface changes before UV treatment

(a) and after treatment for 0 min (b), 15min (c), 30min (d), 45min (e) and 60min

().

Furthermore, hydrogel was cryosectioned and its inner-morphology was monitored. A
micro-scale porous structure was observed, as shown in Figure 46 (a) and (b). The
porosity of hydrogel after self-healing process became more compact than gel before

treatment. Therefore, healed samples show excellent healing efficiency.
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Figure 46. Cryosection images of hydrogels before UV treatment (a) and after

treatment (b). (Scale: 100um)

4.2.5 Swelling Test

Hydrogels are necessary for their high water content and low interfacial tension with
the surrounding biological environment [99]. Understanding the role of gel properties
on ECM formation is important for numerous biomedical applications [117]. Samples
were molded as previously described and a 72h study was performed to determine
percent swelling of the hydrogels using egn (1). Figure 47 shows that the swelling ratio
of both gels with and increased gradually as time grows. Hydrogels adding with CMA
presented a little lower in swelling ratio compared to no CMA gels, which may be

resulted from the changes in the crosslinking density [99,108].
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Figure 47. Swelling ratio of hydrogels with and without CMA (n=3).

4.2.6 Cell Viability

Mouse bone marrow stem cells (BMSCs) were seeded onto the hydrogels. MTT assay
was used to evaluate the cell viability for 24hrs. Viability of cells seeded on tissue
culture plates (TCPS) was normalized to 100%. As the control group, hydrogels
without cells were also evaluated. As shown in Fig.48, hydrogels with the PAA
crosslinker had high cell viability after 24hrs culture. The guanidine groups from
agmatine combined with the amido groups from MBA may have significantly

promoted cell attachment [100].
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Figure 48. Cell viability on hydrogels after 24h culture based on MTT assay

(absorbance is normalized to 1 for the TCPS control sample) (n=3).

Live/dead assay was used to evaluate the cell viability for 72h. Hydrogels with and
without the PAA crosslinker were evaluated for the cell proliferation and cell
attachment. After 24hs culture, most cells were found to attach to the gels. After 72hs
culture, some dead cells were found but most of them were still alive (Fig.49-52). The
number of BMSCs increased significantly in the hydrogels that contain the PAA
crosslinker. However, in the control group, a significantly lower cell density was
observed, which may be due to the poor adhesion to the untreated hydrogel. The
results suggest that the PAA cross-linker may improve the cell attachment to the

hydrogels, therefore, endowing the self-healing gels wider applications.
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Figure 49. Live/Dead assay of BMSCs cultured on pure hydrogels (without PAA)

after 24h. (Green for live cells and red for dead cells, scale: 100pum)

Figure 50. Live/Dead assay of BMSCs cultured on pure hydrogels (without PAA)

after 72h. (Green for live cells and red for dead cells, scale: 100um)
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Figure 51. Live/Dead assay of BMSCs cultured on hydrogels containing PAA after

24h. (Green for live cells and red for dead cells, scale: 100um)

Figure 52. Live/Dead assay of BMSCs cultured on hydrogels containing PAA after

72h. (Green for live cells and red for dead cells, scale: 100um)
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Figure 53. Confocal microscopy images of BMSC cells grown on the gel after 24h.

(Scale: 200pm)

More interestingly, a uniform cell pattern was observed after cells grew on the gel for
24h. Confocal laser microscopy images further confirm the pattern (Figure 53),

however the mechanism is still under study.

4.2.7 Real Time-gPCR Analysis

To evaluate effects of the hydrogel on the osteogenic differentiation of encapsulated
BMSCs, Real time-gPCR was applied to BMSCs seeded hydrogels (Figure 54-57).
Changes of response to the hydrogels were recorded using osteogenic marker mRNASs
for ALP, BSP, COL and OPN. As shown in Figure 54-57, osteogenic gene expression in

BMSCs increased significantly after 7days’ culture.
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Figure 54. Real time-gPCR of osteogenic gene expression levels of BMSCs
cultured in vitro. Total RNA was prepared from BMSCs grown on hydrogel for 2
and 7 days. BSP gene expression was quantified using real time-qPCR methods,
GAPDH was used as an internal control. pata values are expressed as meanz=SE

(n=3). “*” means p < 0.05 vs. the groups on day 2.
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Figure 55. Real time-gPCR of osteogenic gene expression levels of BMSCs
cultured in vitro. Total RNA was prepared from BMSCs grown on hydrogel for 2
and 7 days. ALP gene expression was quantified using real time-gPCR methods,
GAPDH was used as an internal control. pata values are expressed as meanz=SE

(n=3). “*” means p < 0.05 vs. the groups on day 2.
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Figure 56. Real time-gPCR of osteogenic gene expression levels of BMSCs
cultured in vitro. Total RNA was prepared from BMSCs grown on hydrogel for 2
and 7 days. COL (c) gene expression was quantified using real time-qgPCR
methods, GAPDH was used as an internal control. Data values are expressed as

meanzse (N=3). “** means p < 0.05 vs. the groups on day 2.
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Figure 57. Real time-gPCR of osteogenic gene expression levels of BMSCs
cultured in vitro. Total RNA was prepared from BMSCs grown on hydrogel for 2
and 7 days. OPN gene expression was quantified using real time-gPCR methods,
GAPDH was used as an internal control. pata values are expressed as meanz=SE

(n=3). “*” means p < 0.05 vs. the groups on day 2.

Bone sialoprotein (BSP) is an important protenforosteogenetic differentiation. It can
be expressed in osteoblasts or differentiated stem cells [217]. On day 2, the expression
of BSP gene is increased and the same trend was observed on day 7 (Figure 54).
Collagen (COL) is a critical marker in the late stage of bone differentiation [218]. The

expression level of COL (Figure 56) had the similar tendency to that of BSP.
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Osteopontin (OPN) is another important human gene product which is related to
osteogenesis [218]. It plays a role in organic linking component of bone. As shown in
Figure 57, the expression profiling of OPN was relatively lower than that of both BSP
and COL. But the expression profiling of OPN still have a positive trend after 7 days
during the osteogenetic differentiation. Alkaline phosphatase (ALP) is an enzyme that
exists in all tissue in human body, which can remove the phosphate group from
nucleotides or proteins etc. ALP may be a marker for bone metabolism if a high level of
ALP was observed when active bone was formatted [219]. The ALP expression is
evaluated when BMSCs were cultured on hydrogels. The results showed that hydrogel

had a high ALP expression level throughout one week (Figure 55).

Circuit with whole circuit with two circuit with gel
piece of gel pieces of gel after self healing
process

Figure 58. Conductivity test for the gel with MWNTSs.

To further test the gel’s self-healing property, the gel precursor was added with
MWNTs, and then conductive property was tested after self-healing process. As
shown in Fig. 58, gel was cut into two pieces, and a simple circuit with a led bulb was

constituted. The results showed that gel after UV treatment restored to an integrated
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one, acting as a wire in the closed circuit. The electric conductivity of gel was also
recorded by a multifunction digital four-probe tester. The resistance of this hydrogel is

between 1.16 x10 and 6.55 x 10* (Normal) and & is 1 x103(Normal).

4.3 Summary

Herein, we demonstrate a novel macro gels with self-healing capability and
biocompatibility. Coumarin derivatives are successively introduced to construct into
polyacrylamide-based hydrogels. The reversible photodimerization and photocleavage
reactivity of coumarin have been imparted to the polymer. The resultant functional gels
shows noticeable self-healing property after healing under 365nm UV irradiation
ascribed to the intramolecular [2+2] photocycloaddition reactions of coumarins. The
self-healing gels also possess high mechanical strength after healing for 60min with
stress intensity of 2x10°Pa and the elongation at break over 96%. More interestingly,
cell attachment property was significantly improved by adding PAA crosslinker. The
interesting development of method and materials in this work provides a new insight
into the fabrication of novel biocompatible self-healing materials for extensive

applications.
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Chapter 5. Summary and Conclusion

This thesis reports the preliminary evaluation of novel biodegradable and
biocompatible agmatine-containing PAA crosslinker. Hydrogels fabricated by this
crosslinker can obtain controllable stiffness and excellent cell adhesion. Results shows
changing the mass ratio of crosslinker can achieve the ideal stiffness which is most
close to nature ECM to support cells’ growth. In vitro tests also demonstrate that PAA
crosslinked hydrogels can successfully provide a 3D structure to let the cells adhere and
grow. Hereby PAA containing hydrogels might be promising for implantable scaffolds

for tissue regeneration.

The PAA contained thermo-sensitive hydrogel reported here is an innovative newcomer
as implantable material, first employed as filler for depressed defects in rats. The data
reported in this article are preliminary but clearly support that such hydrogel is
promising in many important respects, such as biodegradability, biocompatibility
which were confirmed by In vitro and in vivo tests. In conclusion, such cell attachable
thermo sensitive hydrogel definitely warrant potential as a filling material for small
depressed defects and ultimately might become a new material in plastic surgery in the
clinic. Hydrogels prepared from this novel multifunctional crosslinker are promising in

tissue engineering applications.
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The thesis also demonstrated a novel macro gels with self-healing capability and
biocompatibility. Coumarin derivatives are successively introduced to construct into
polyacrylamide-based hydrogels. The reversible photodimerization and photocleavage
reactivity of coumarin has been imparted to the polymer. The resultant functional gels
shows noticeable self-healing property after healing under 365nm UV irradiation
ascribed to the intramolecular [2+2] photocycloaddition reactions of coumarins. The
self-healing gels also possess high mechanical strength after healing for 60min with
stress intensity of 2x10°Pa and the elongation at break over 96%. More interestingly,
cell attachment property was significantly improved by adding agmatine and AEPZ
contained PAA crosslinker. The interesting development of method and materials in
this work provides a new insight into the fabrication of novel biocompatible

self-healing materials for extensive applications.

In order to further evaluate the biological performance of the proposed hydrogel
scaffolds, it is suggested to further study in other kinds of cells except BMSC and also
in vivo application. For example, carbon nanotubes (CNTSs) has been indicated that
can Guide the differentiation of neural cells, therefore, adding CNTs into the
hydrogels and then study the effects on neural cells can be another direction of further
research. Such studies will provide a deeper insight for the scaffold modification and

application in tissue engineering.
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There is still potential development of the proposed self-healing hydrogels, such as the
probability of using far IR for healing treatment replacing UV irradiation. Recent
research has showed that a thermal treatment can also induce the photodimerization of
coumarin, therefore, using thermal treatment to replace UV treatment would be a

promising method.

In vivo application of hydrogels inside living body, or incorporation with growth
factor or drugs into hydrogel to give a release system would be another prospect area.
Recently, study about reducible and photosensitive polyamidoamine-magnetic iron
oxide nanoparticles for doxorubicin delivery has been conducted. The magnetic iron
oxide nanoparticles (MNPs) can be the best choice not only for resonance imaging
(MRI) contrast agents, but also for carriers for targeted drug delivery. A reducible and
photosensitive polyamidoamine polymer was prepared, and this dual functional
polymer can not only provide efficient drug loading, but also have
reduction-responsive and optical controlled drug release functions. Studies in this area

can also become another promising research about targeted drug load and release.
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Appendix
Reducible and photosensitive polyamidoamine-magnetic iron oxide

nanoparticles for doxorubicin delivery

1. Introduction

As one of the major class of nanoscale materials, magnetic nanoparticles (MNPSs) play
an important role in current clinical diagnostic and therapeutic techniques. MNPs are
able to function both at the cellular and molecular levels in biological interactions
because of their special physical properties. For the MNPs can be the best choice not
only for resonance imaging (MRI) contrast agents[1], but also for carriers for targeted
drug delivery [2,3]. Early research in this field can be tracked back to several decades,
currently research mostly focus on the applications in the detection, diagnosis, and drug
carriers, for example, cancer [4], cardiovascular disease[5], and neurological disease
[6]. Furthermore, much more advantages were found in using MNPs in clinical studies
of cancer therapy [3,7] and human medicine [8,9]by attacking solid tumors through

targeted retention of particles.

However, these nanoparticles are easy to gather due to their hydrophobic coating. In
order to improve their dispersity and water solubility in biological environment, some
surface modifications should be applied to them. For example, stabilize the

nanoparticles in a biological suspension with a pH around 7.4 and a high salt
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concentration; provide functional groups at the surface for further derivatization [11].

Coumarins are a class of molecules including several hundred derivatives. These
molecules are naturally present in many plants and have also been synthesized via
different routes [10,11]. They are used in various applications, including fragrances,
medicines, drug delivery, and liquid crystalline polymers. Their photosensitivity was

discovered one century ago [12].

Coumarin-containing polymers have also been well studied and widely applied in many
fields, including biochemical, organic—inorganic hybrid materials, liquid crystalline
materials, electro-optical materials, and light harvesting/energy transferring materials
[13-20]. In addition, their photo-cleavage behavior and reversible photo crosslinking
property have been widely investigated for the application of photo reversible materials
[21-24]. The [2+2] cycloaddition of a couple of coumarin moieties leads to a
cyclobutane ring under the irradiation of UVA wave band (320nm-400nm). (Scheme.1)
While after irradiation of UVC lights (200-280 nm), the coumarin photodimers can be
cleaved and regenerate the original coumarin moieties. Thus, polymers containing
coumarin  structural parts exhibit fast photo-responsibility and effective
photo-reversible property with alternative irradiation of UV light at different

wavelengths.
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Scheme.l. Reversible photodimerization and photocleavage reactions of
coumarin upon irradiation under wavelength greater than 310 nm and less than
280nm.

Biocompatibility is one of the most essential require for materials to applied as
biomaterials, which means such materials will not induce severe host response in a
specific application. However, in the past two decades, development also focus on the
synthetic biodegradable polymers for biomedical applications. The driving force is the
emergence of novel biomedical technologies, for example, tissue engineering,
regenerative medicine, gene therapy, controlled drug delivery and bionanotechnology;,

all of which require biodegradable platform materials to build on [25].

Reducing glutathione (GSH) is one of the most abundant reducing molecule existing in
intracellular compartments and extracellular environment [26-29]. Hence, the disulfide
bonds, can be stable both under physiological conditions in the circulation and in
extracellular tissues. A low concentration of GSH can be degraded by cells due to the

high reductive environment [30].

Herein, we designed and synthesized a novel reducible polyamidoamine (rPAA)

copolymer based on poly (ethylene glycol) (PEG), N, N’-bis (acryloyl) cystamine
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(CBA) containing disulfide bonds in the backbone and coumarin methacrylate (CMA)
contain photosensitive group. A series of reducible and photosensitive
polyamidoamine-magnetic iron oxide nanoparticles were prepared, which can provide
efficient drug loading, reduction-responsive and optical controlled drug release, and
imaging capability. The extracellular release of DOX from these particles was studied.

(Fig.1A)

2. Experimental part

2.1. Materials and instruments

All chemicals were purchased from Aldrich Chemical Co. (St. Louis, MO, US) and
used without further purification unless otherwise noted. Methoxy PEG amine
(mPEG-Amine) was purchased from JenKem Technology USA Inc. (Allen, TX, US).
NMR studies were carried out using a Bruker AMX 300 NMR spectrophotometer.

2.2. Synthesis and characterization of copolymers
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Fig. 1. A. The schematic illustration of the architecture of doxorubicin loaded
reducible copolymer coated superparamagnetic iron oxide nanoparticles; B. The
synthesis route of reducible polyamidoamine graft poly (ethylene glycol)/

coumarin methacrylate copolymers (rPAA).

The copolymers denoted as rPAA-CMA-PEG, was synthesized according to the routine

shown in Fig. 1B. Cystamine bisacrylamide (CBA, 0.95 mmol), dodecylamine (DD,
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0.9 mmol) and PEG (5 K)-amine (0.1 mmol) coumarin methacrylate (CMA, 0.05 mmol)
were added in a two-neck bottle. The mixture was stirred for 72h at room temperature.
And the mixture was dissolved by chloroform and was precipitated in the large excess

amount of diethyl ether for twice and dried in vacuum. 1H NMR was recorded as show

in Fig.2.
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Fig.2. 1H NMR spectra of rPAA-CMA-PEG copolymer.

2.3. Synthesis of superparamagnetic iron oxide nanoparticles (MNPs)
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Fig.3. photo image of superparamagnetic iron oxide nanoparticles (MNPs)
The MNPs were synthesized as follows: FeCls (about 0.0046 mol) and Fe(NOz3).-9H.0
(about 0.0023 mol) were dissolved in deionized water (15 mL) in a 25 mL three-necked
flask and heated to the required temperature (45 °C). The solution was bubbled with
nitrogen gas to prevent unwanted oxidation. Then ammonium hydroxide (2 mL, 25%)
was added quickly in to the iron solution under vigorous stirring (800 rpm). After 1 h,
the resulting FesOs MNPs (black precipitate) were collected from the solution by
magnetic separation and washed several times with deionized water and ethanol, then
dried under vacuum conditions at 60 °C for 12 h. (Fig.3)

2.4. Preparation method of rPAA@MNPs

MNPs (1 mg) and rPAA-CMA-PEG (10 mg) were dissolved in 1ml Dichloromethane,
Then 10 ml of distilled water was added to the above solution with vigorous sonication
and the resulting colloid was stirred vigorously for 24 h to evaporate DCM. After that,

the colloid was separated by centrifugation and the obtained rPAA@MNPs was washed
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three times with distilled water to remove the unbound copolymer.

2.5. Drug loading and release profile

The DOX solution (3 mg/ml) was added to 1 ml of the above rPAA@MNPs solution in
tetrahydrofuran, followed by slow addition of 10 ml phosphate buffer (20 mmol mL1,
pH= 7.4). And the solution was shaken for 24 h to allow the DOX loaded into the
nanoparticles. Then, the drug-loaded core-shell magnetic nanoparticles were separated

from free DOX solution using a magnet.

2.6. In vitro DOX release from DOX/rPAA@MNPs

The reduction and optical control dependent DOX release measurements was
conducted as below: dispersed DOX/rPAA@MNPs was added to a dialysis membrane
tube (molecular weight cut-off =8000), then the tube was incubated in 10 ml phosphate
buffer saline (PBS) at the concentration of Dithiothreitol (DTT) at 1 mmol or 10 mmol
at 37 °C in a water bath with shaking rate at 80 rpm. At predetermined time, 5 ml
incubated solution was taken out and 5 ml fresh PBS was added to refill the incubation
solution to 10 ml. DOX release profiles was recorded by UV-vis absorbance of the

solutions at 480 nm.
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3. Results and discussion

3.1. In vitro doxorubicin release of DOX/rPAA@MNPs

50 -
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Fig. 4. The in vitro doxorubicin release of DOX/rPAA@MNPs in different
concentration of DTT and UV treatment.

To evaluate the drug release efficiency of DOX/rPAA@MNPs, the nanoparticles were
incubated in phosphate buffers with different concentrations of DTT and different
optical controls to induce the degradation of rPAA copolymers, further to enhance the
release of drugs. The drug release experiments were performed at DTT concentration of
0, 1 and 10 mM at 37 °C and two conditons of UV treatment (on/off). The
concentrations were selected to mimic the reducing concentrations in circulation and

cytoplasm. As shown in Fig. 4, the results showed that less than 5% of DOX was
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released without DTT and UV irradiation in the first 5 h, and less than 15% of DOX
was released after 48 h. Approximately 20% DOX loaded within the
DOX/rPAA@MNPs was released in 48 h at 1 mM DTT or single UV irradiation. When
the DTT concentration was elevated to 10 mM in addition with UV treatment, a fast
release of DOX from the particles was detected, where more than 15% DOX was
released in the first 5 h and over 30% DOX was released in 48 h. Drug steadily release
until 96 hours.
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