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Abstract

Abstract

Pro-inflammatory and anti-inflammatory responses during wound healing processes involves
angiogenesis and inflammation resolution to promote tissue regeneration. Angiogenesis plays important role
in not only wound healing but regenerative medicine. In addition to the need for anti-inflammation to promote
wound healing, the treatment of burns and rheumatoid arthritis requires the elimination of excessive
inflammation through anti-inflammatory treatment. Angiogenesis treatment is mainly induced by the delivery
of exogenous angiogenic growth factors; however, those low stability under physiological conditions limits its
range of applications. To overcome those challenges, saturated fatty acids, which comprise lipopolysaccharide
and induce angiogenesis, were employed to develop the growth factor-free angiogenic materials in the form of
self-assembled hydrogels, microparticles and fiber sheets. Those materials induced angiogenic responses by
stimulation of the endogenous growth factor secretion. Burn injury and rheumatoid arthritis require the
elimination of excess inflammatory responses to remove pain and promote regeneration. Unsaturated fatty
acids were employed to develop an anti-inflammatory/antioxidant hydrogel. The hydrogel exerted not only
anti-inflammatory effects on activated cells but negligible cytotoxicity on the mitochondrial activity compared
to the severe toxicity caused by non-conjugated fatty acids. Those inflammation-modulatory biomaterials have
potential applications for soft tissue regenerations by means of stimulation or resolution of inflammatory

responses.
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CHAPTER 1

CHAPTER 1: GENERAL INTRODUCTION

1.1. Inflammation and Wound Healing

Inflammation plays an important role in the part of the wound healing process. Pro-inflammatory
response was immediately initiated upon an injury or a bacterial infection followed by production of damage
associated molecular patterns and various kind of pro-inflammatory cytokines '. In response to those signals,
immune cells are stimulated to further secrete pro-inflammatory cytokines including tumor necrosis factor
(TNF)-a, interleukin-1 (IL-1), IL-6, and IL-12, which promote the fibroblast proliferation and the synthesis of
collagen and collagenase (Figure 1-1) >*. Upon the inflammatory responses, resting macrophages are activated
into “M1” (pro-inflammatory) and “M2” (anti-inflammatory/reparative) macrophages *°. M1 macrophages
secret pro-inflammatory cytokines, whereas, M2 macrophages produce growth factors such as platelet-derived
growth factor, transforming growth factor (TGF)-p, and vascular endothelial growth factor (VEGF), which
promote the formation of granulation tissue °. Although the gene expression of M1 and M2 macrophages are
initially increased upon the injury, M2 macrophages predominantly exits with a delay to ameliorate the
inflammatory responses to complete the tissue remodeling (Figure 1-1) ¥, M2 macrophages secrete anti-
inflammatory mediators such as IL-10, TGF-B1, and IL-1 receptor antagonist (IL-1RA) to downregulate the
expression of pro-inflammatory cytokines (Figure 1-1) ',

Upon the formation of granulation tissue at the wound site, microvascular network is formed

throughout the tissue by various growth factors such as VEGF and basic fibroblast growth factor (bFGF), and
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platelet-derived growth factor (PDGF) *°. The formed vascular network provides oxygen and nutrients supply
to regenerating cells, promoting cellular metabolism, proliferation, and collagen synthesis to complete wound
healing '>"'. The contaminated gram-negative bacteria in wound site promote faster wound closure compared
with non-contaminated wound by inducing inflammatory response and growth factor secretion followed by
angiogenesis '%.

Angiogenesis itself is not only a process of wound healing but contribute to supply oxygen and
nutrients for implanted cells in terms of regenerative medicine. On the other hand, the resolution of activated
inflammatory response upon an acute injury by anti-inflammatory mediators promotes fast wound healing. In
present study, we focused on the angiogenesis induced by pro-inflammatory response and fast wound healing

by anti-inflammatory response for the biomaterial-based soft tissue regeneration.

M1 M2
Pro-inflammatory Anti-inflammatory/
reparative
*TNF-a °IL-10
*IL-6 *TGF-8
*IL-12 *VEGF

Inflammatory Responses

Figure 1-1. Time course of M1/M2 phenotypes during wound healing. (Inspired by ref. 8)
Macrophages polarize into M1/M2 phenotypes upon injury.
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CHAPTER 1

1.2. Biomaterials for Angiogenesis

1.2.1. Cell transplantation and Angiogenesis

Regenerative medicine is one of the fruits of advanced biomedical, biological, and clinical
progressions to regenerate damaged or dysfunctional tissues. Clinical technique of regenerative medicine is
mainly based on the transplantation of not only functional allogenic cells but autologous stem cells, which
differentiate into various type of cells or tissues. A number of animal experiments and clinical trials of cellular
transplantation have been reported so far.

Pancreatic islet cells are transplanted from the pancreas of a deceased or living donor into patients
with type I diabetes *"'°. The implanted islet cells serve as a substitute of dysfunctional pancreas to secrete
insulin in response to the increase in glucose '°. Myocardial infarction (MI), which eventually leads to heart

failure, is another disease that cell transplantation is potentially effective to treat '°. Stem cells such as bone-

17-19 21,22

marrow-derived stem cells , embryonic stem cells %, and endogenous cardiac stem cells are mainly
employed for implantation in the infarcted heart '°. Those cells differentiate into not only cardiomyocytes but
endothelial cells and smooth muscle cells after implantation in the ischemic region of heart to improve the

function of heart '°. However, those experiments have only achieved moderate success due to the low retention

No treatment Angiogenic treatment
Implanted
- cells/tissue
- > -
> > - Oxygen
nutrients
Host
Tissue
Normal vessel network Vascular bed

Figure 1-2. Angiogenic treatments for improved implanted cell/tissue survival.
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and viability of transplanted cells 2.

To address those problems, a vascular bed is generated at the transplant site prior to cell transplantation
(Figure 1-2) . The generated vascular bed supply oxygen and nutrients from host body to implanted cells
to improve survival, proliferation, and differentiation. Angiogenesis, the formation of new blood vessels, is
mainly induced by the delivery of various growth factors such as VEGF and bFGF **. VEGF and bFGF binds
to their receptor on endothelial cells to promote proliferation, cell adhesion, lumen formation, and pericyte

t >33% Moreover, bFGF stimulates not only endothelial cells but smooth muscle cells, stromal cells,

recruitmen
and pericytes to upregulate the expression of growth factors including VEGF, hepatocyte growth factor, and
PDGF ***. From a perspective of biomaterials science, a number of materials incorporated with various
growth factors have been reported to induce angiogenesis and improve survival of transplanted cells. The
poly(lactide-co-glycolide) (PLG) microsphere incorporated with VEGF and hepatocytes demonstrated over a
2-week angiogenesis and significantly greater survival rate in mice subcutaneous **. The poly(vinyl alcohol)

hydrogel loaded with bFGF induced a vascular bed in diabetic rat subcutaneous followed by transplantation of

islet, resulting in improved survival rate of transplanted cells and stabilized blood glucose level *.

1.2.2. Treatment of Ischemia

Ischemia, a vascular decrease that involves a reduction in local blood flow, is a major complication of
M1, stroke, and peripheral artery disease. Decreased blood flow limits the supply of oxygen and nutrients to
the surrounding tissues, resulting in necrosis and severe dysfunction. A number of angiogenic biomaterials
have been reported as a treatment for ischemia. A collagen hydrogel modified with matrix metalloproteinase
cleavable peptides and bFGF degraded in response to MMP upregulation after MI and induced angiogenesis

and recovery of heart function of MI rat with ameliorating adverse remodeling **. A dual-function angiogenic
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biomaterial composed of heparin nanoparticle conjugated with VEGF and hyaluronic acid (HA) hydrogel
promoted not only angiogenesis but axonal growth along the neovascular in stoke cavity of mice *°. Peripheral
arterial disease (PAD) caused by diabetes, smoking, and hypercholesterolemia can lead to decreased blood
flow to peripheral blood vessels such as hands and feet *’. Critical limb ischemia (CLI), the most severe form
of PAD, involves tissue necrosis, ulcers, and gangrene, and may result in limb amputation ***°. Sustained
release of bFGF from gelatin microsphere enhanced recovery of blood flow and healing of ulcers of CLI
patients *°. Angiogenesis is also induced by angiogenic gene delivery **. The delivery of plasmid DNA
encoding VEGF induced site specific transfection of the VEGF gene and formation of collateral vessels in the

ischemic leg of patient °'.

1.2.3. Challenges of Angiogenic Materials

Various angiogenic biomaterials, with and without cells, listed above demonstrated angiogenesis for
cell transplantation and treatment of ischemic diseases. However, loaded exogenous growth factors have
difficulties in stability under physiological conditions, which limits practical applications *2. bFGF lose its
activity after 24 h of incubation at 37 °C **. Moreover, half-life of VEGF and bFGF is only 50 and 9.6 min
under physiological condition ***°. Those adverse effects are attributed to the aggregation of those growth
factors, which considered to inhibit the binding to those receptors >*. Regarding the angiogenic gene delivery,
viral vectors, which deliver angiogenic genes to target tissue, have challenges such as strong immune response
and insertion mutation *°. Recent studies have reported various angiogenic biomaterials without growth factors.
Feng et al. reported that konjac glucomannan/ heparin hydrogel stimulate macrophage to secret endogenous
growth factors and entrap the secreted growth factors to induce angiogenesis *’. Chen et al. demonstrated that

hydroxyapatite bioceramics with nano/micro hierarchical structure promoted macrophage polarization,

-6-
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angiogenesis and osteogenic differentiation °*

. Moreover, Hong et al. reported that an imidazole-
poly(organophosphazenes) hydrogel promoted the remodeling of damaged spinal cord of mice *. Imidazole
group in the hydrogel binds to histamine receptors of macrophages to induce macrophage polarization and

MMP secretions . Those immune activating materials offers another potential strategy of therapeutic

angiogenesis for clinical applications.

1.3. Anti-inflammatory Biomaterials
1.3.1. Wound Treatment after Burn Injury

Although inflammatory responses upon the injury is necessary process to complete wound healing as
discussed above, excess inflammatory response leads to delayed healing and sustained pain ®°2. Burn injury,
which is mainly caused by heat, involves tissue destruction due to the protein denaturation and cell death %,
The severity of burn depends on its depth; first, second and third ®. First degree burns are characterized by
only epidermal damage and cause limited degree and duration of pain. Second degree burns reach intermediate
depth of dermis. Although only superficial burn of dermis does not require a surgery, deeper burn with
destruction of pain receptors and nerves require excision of damaged tissues (debridement). Third degree burns
are characterized by damage of full thickness of dermis, which is typically no pain due to the complete
destruction of the nerves. Third degree also require debridement of damaged tissue. Deeper burn injury
involves not only production of inflammatory cytokines but generation of reactive oxygen species (ROS),
which have specific role in normal physiological conditions . O, is reduced to superoxide anion (0,"")
upon burn injuries followed by production of ROS families including "OH, 'O,, and H,0, ®. ROS directly
cause damage to cellular protein and lipid membrane, resulting in cell death °>’. Those ROS induce prolonged

damage to the burn injury sites and often provoke secondary damage to surrounding or distant tissues %%,

-
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To address those problems, anti-inflammatory biomaterials have been reported so far. Zheng et al.
demonstrated a gelatin hydrogel loaded with resveratrol and histatin-1 enhanced burn wound healing by
inhibiting expression of pro-inflammatory cytokines and promoting expression of TGF-B ™. Friedrich et al.
reported that a HA modified with an anti-TNF-a antibody alleviated the inflammatory response and promoted
tissue regeneration of burn site of rat ”'. However, those loaded drugs or peptides in biomaterials tend to diffuse
rapidly and do not provide sufficient anti-inflammatory effects ">. Moreover, modification of bioactive peptide

or antibodies have difficulties in stability under physiological environments due to methionine oxidations ">~

76

First degree Second degree Third degree
(only epidermis) (superficial) (intermediate) (full thickness)
Epidermis ‘ | b |
Dermis
Adipose
tissue

Muscle e e = =
Figure 1-3. Severity of burn injury. (Adapted from ref. 63)

1.3.2. Biomaterials for Rheumatoid Arthritis Treatment

Rheumatoid arthritis (RA) is a systemic autoimmune disease, which involves destruction of synovial
joints, joint swelling and joint stiffness 7’®. Those symptoms are associated with overexpression of various
pro-inflammatory cytokines such as TNF-q, IL-1, and IL-6 in joints; IL-6, in particular, plays important role
in autoimmune diseases including RA 81 Moreover, synovial fluid, a viscous protective barrier between
cartilages, are damaged by inflammatory responses upon RA, resulting in loss of protection from mechanical

friction and shock **%. A variety of drugs including non-steroidal anti-inflammatory drugs (NSAID), disease-

-8-
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modifying antirheumatic drugs and glucocorticoids have been used to treat RA %, In addition to alleviation
of inflammatory responses in inflamed joints, a mechanical support for damaged synovium is also required to
alleviate pain and stiffness. A various kind of biomaterials based on HA, a main component of synovial fluid,
has demonstrated mechanical support and anti-inflammatory effects for RA treatments *”*°. On the other hand,
collagen and gelatin, a main components of cartilage, is another choice of base materials for treatment of RA

90-92

1.4. Thesis Overview

The aim of this study is to develop biomaterials for tissue regenerations from different perspectives
(Figure 1-4). This thesis can be divided into two main themes: the angiogenic materials (Chapter 2-4) and the
anti-inflammatory material (Chapter 5).

Chapter 2 provides the synthesis of saturated fatty acid-modified gelatin and the evaluation of
angiogenic properties of them. Previous studies reported that a lauric acid (C12), which comprises lipid A of
gram-negative bacteria, induced endogenous secretion of VEGF and angiogenesis. Therefore, it was
hypothesized that the C12 modified gelatin-based biomaterials exert angiogenic properties with
biocompatibility and biodegradability. The angiogenic properties of C12-ApGltn was evaluated by in vitro cell
experiments and iz vivo animal experiments.

Chapter 3 describes the sustained angiogenic responses by C12-ApGltn based microparticle (C12-
MP). Physicochemical properties of C12-MP including rheological properties, surface contact angle and
degradation rate was evaluated. The angiogenic properties of C12-MP was assessed by animal experiments

using laser doppler perfusion imaging and histological observations.
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/ Saturated Fatty Acids \ / Unsagjrated Fatty Acids \
O
HOJ'W\/\/V\ HO
Lauric acid (C12) a-Linolenic acid (ALA)
* Pro-inflammatory  Anti-inflammatory
\_ * Growth factor induction / \ - Antioxidant J

v v
Growth Factor-free
Angiogenic Materials

Anti-inflammatory Materials

Vascular beds
for cell/tissue
transplantation

Acceleration of Burn wound

Ischemia

wound healing dressing

treatments

Soft Tissue Regeneration

Figure 1-4. Objective and overview of this thesis.

Chapter 4 focuses on C16-ApGltn, in which ApGltn was modified with another functional group,
hexadecyl group to achieve growth factor-free angiogenesis. C16-ApGltn was made into electrospun fiber
sheets followed by thermal crosslinking (C16-FS) and was evaluated in vivo angiogenic responses.

Chapter 5 provides the anti-inflammatory biomaterial based on gelatin substituted with a-linolenic
acid (ALA), an unsaturated fatty acid. ALA modified gelatin (ALA-ApGltn) was crosslinked with 4S-PEG
crosslinker to form in situ hydrogel. The antioxidant property of ALA-ApGltn and ALA-hydrogel were

evaluated by quantification of pro-inflammatory cytokines from activated macrophages.
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CHAPTER 2

CHAPTER 2: Effect of Alkyl Chain Length on In

Vitro/Vivo Inflammatory Responses

2.1 Introduction

Angiogenesis supplies oxygen and nutrients from the host body to transplanted cells and tissues and
thereby promotes their survival. Poly(lactic-co-glycolic acid) nanoparticles with a poly(vinyl alcohol) fiber
mat incorporating and locally releasing vascular endothelial growth factor (VEGF) was shown to stimulate

% while VEGF-loaded collagen sponge

angiogenesis and enhance the viability of cardiomyocyte sheets
crosslinked by glutaraldehyde showed sustained release of VEGF in vivo with the progressive degradation of
the sponge **. Additionally, freeze-dried agarose containing heparin and basic fibroblast growth factor (bFGF)
promoted subcutaneous pre-vascularization for subsequent islet transplantation in diabetic mice, resulting in
the restoration of blood glucose level *°. Peattie et al. reported a hyaluronic acid hydrogel crosslinked with
poly(ethylene glycol) incorporated with VEGF and keratinocyte growth factor (KGF) *°. This hydrogel
induced microvascular formation around the implant site by the released VEGF and KGF. Although VEGF
and bFGF can effectively induce angiogenesis in vivo, their use is limited by a lack of stability under
physiological conditions **: the half-life of VEGF is about 50 min, and only 0.9% of injected bFGF was

detected in ischemic heart 24 h after intracoronary administration ***>. To overcome these problems, we have

investigated the possibility of stimulating endogenous VEGF secretion in the host by inducing weak

-11-




CHAPTER 2

inflammation from biomaterials without additional growth factors. We previously reported that a porous
sponge based on hydrophobically modified gelatin (hm-Gltn) showed angiogenic properties in the absence of
growth factors in vivo ¥, although the underlying mechanisms has yet to be elucidated.

To design an angiogenic hydrogel based on hm-Gltn, we focused on lipopolysaccharide (LPS), a major
component of the outer membrane of Gram-negative bacteria that induces an inflammatory response in various
cell types 1%, LPS also promotes VEGF secretion by inflammatory cells via Toll-like receptor (TLR)4-
related pathways, including myeloid differentiation primary response protein (MyD)88 and nuclear factor
(NF)-kB "2 Lipid A, a component of LPS that contributes to inflammation, comprises disaccharides of
glucosamine units acylated with saturated fatty acids (SFAs). SFAs, such as capric acid (C10), lauric acid
(C12) and palmitic acid (C16), behave like lipopolysaccharide (LPS), which is a component of the outer
membrane of gram-negative bacteria !>, SFAs induce toll-like receptor 4 (TLR4)-mediated inflammation
and enhance the secretion of proinflammatory cytokines such as tumor necrosis factor (TNF)-a '*'% In
Pseudomonas aeruginosa, the glucosamine units are acylated with capric acid (C10) and lauric acid (C12)
(Figure 2-1A) *. To investigate the mechanisms of SFA-mediated inflammation, inflammatory cells such as
RAW264 mouse macrophage-like cells and THP-1 human monocytic leukemia cells were cultured with lauric
acid; this caused the secretion of tumor necrosis factor a and activation of NF-kB, which function upstream of
VEGF 104105107108

In the present study, we developed an angiogenic hydrogel using lauric acid (C12) that induces
inflammation and VEGF without requiring any additional growth factors. As a base material we used Alaska
pollock-derived gelatin (ApGltn), which is biodegradable, does not cause severe inflammation, and is highly

fluid at room temperature owing to a lower imino acid content ''°''2, We introduced a dodecyl group into the
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ApGltn molecule to obtain C12-ApGltn and evaluated its viscoelastic properties, degradation rate, and cell

response in vitro and angiogenic properties in vivo.

2.2 Experimental
2.2.1. Materials

ApGltn (molecular weight = 33,000) was donated by Nitta Gelatin (Osaka, Japan). Ethanol, 2-
aminoethanol, 2, 4, 6-trinitrobenzensulfonic acid (TNBS), dimethyl sulfoxide (DMSO), triethylamine, and
10% formalin neutral buffer solution were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Hexanal, dodecanal, and octadecanal were from Tokyo Chemical Industry Co. (Tokyo, Japan). 2-Picoline
borane (2-picBH3) was from Junsei Chemical Co. (Tokyo, Japan). Collagenase, water-soluble tetrazolium
(WST)-8 reagent (Cell Count Reagent SF), and Dulbecco’s phosphate-buffered saline (PBS) were from
Nacalai Tesque (Kyoto, Japan). RAW264 (RCB0535) was provided by the RIKEN BRC through the National

Bio-Resource Project of the MEXT/AMED, Japan.

2.2.2. Synthesis and Characterization of hm-ApGltn

The number of amino groups in ApGltn was initially quantified using TNBS as previously reported
1215 Briefly, ApGltn was dissolved in 50% DMSO/H20 solution at 0.5 w/v%, and 100 pL were dispensed
in each well of a 48-well plate. TNBS and triethylamine separately dissolved in DMSO/H20 at 1% were added
to each well followed by shaking for 1 min. After 2 h of incubation at 37°C, the absorbance at 335 nm was
measured with a microplate reader (Spark 10M; Tecan, Ménnedorf, Switzerland). 2-Aminoethanol was used

instead of ApGltn to generate a calibration curve.
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ApGltn was modified with hydrophobic groups by reductive amination as previously described
(Figure 2-1B) '">!"'%!""_ Briefly, ApGltn was dissolved in 30% EtOH/H20 at 20 w/v%. Hexanal, dodecanal,
and octadecanal (1.0, 1.5, and 1.0 eq on ApGltn amino groups, respectively) dissolved in ethanol were then
added; after 18 h, the reaction solution was added dropwise to 10 times the volume of cold ethanol with
vigorous stirring to precipitate ApGltn, followed by vacuum filtration through a glass filter. The precipitate
was washed three times with EtOH to remove unreacted reagents and 2-picBH3, followed by vacuum drying
at room temperature (25°C). Modified ApGltn was obtained as a white powder and weighed to calculate yield.
Non-modified ApGltn (Org-ApGltn) was also synthesized using the same protocol but without including fatty
aldehyde and 2-picBH3. The modification ratio of hydrophobic groups on ApGltn was quantified with the
TNBS method by comparing the absorbance at 335 nm with that of Org-ApGltn. Modification of hydrophobic
groups was confirmed by Fourier transform infrared spectroscopy (FT-IR) (ALPHA II; Bruker Corp., Billerica,
MA, USA) and 'H nuclear magnetic resonance ('"H-NMR) (JNM-AL300; JEOL, Tokyo, Japan). To observe
microstructures of Org-, C6-, C12-, and C18-ApGltn, their aqueous solutions at 20 w/v% were lyophilized and
observed with scanning electron microscope (SEM) (S-4800 typeT0; HITACHI High-Technologies, Tokyo,

Japan).

2.2.3. Rheological Properties

To assess the viscoelastic properties of the hydrogel, gelatin was dissolved in PBS at 20 w/v%. The
gelatin solution was placed on the stage of an MCR 301 rheometer (Anton Paar GmbH, Graz, Austria)
sandwiched between flat PP10 plates separated by a gap of 1.0 mm. A strain sweep was initially carried out to

determine the linear viscoelastic region (LVE) for subsequent measurements at a frequency of 1 Hz and
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temperature of 37°C (Zuidema, Rivet, Gilbert, & Morrison, 2014). The frequency sweeps were performed
from 0.1 to 100 Hz at 1% strain and 37°C to determine storage modulus (G') and loss modulus (G"). To
compare the elasticity of Org- and hm-ApGltn, the G' of the frequency sweep at 1 Hz was taken as the elastic

118

modulus " °. We also measured shear stress (1) and viscosity () by changing the shear rate from 0.01 to 100

Hz at 37°C.

2.2.4. Degradation Profile

The degradation rate of C12-ApGltn hydrogel was measured using collagenase. A 200-pL volume of
C12-ApGltn hydrogel was prepared in 2.5-mL tubes, and PBS was added to the tube to allow the hydrogel to
swell. After 2 h, tubes containing the hydrogel were centrifuged, and the supernatant was removed and 500 pL.
of collagenase solution (10 U/ml in PBS) were added. After 15, 30, 60, 120, 240, 480, and 1080 min of
incubation at 37°C, the tubes were centrifuged, and the supernatant discarded. The weight of the C12-ApGltn

hydrogel was compared with the initial weight to determine the remaining % hydrogel volume.

2.2.5. InVitro Cell Response

To evaluate the effect of C12-ApGltn on inflammatory cells, cell proliferation and the secreted
amount of VEGF were examined using RAW264 cells, which were seeded on a 96-well plate at 2.0 x 10*
cells/well and incubated overnight at 37°C and 5% CO,. Org-, C6-, C12-, and C18-ApGltn were dissolved in
PBS at 5 w/v% and sterilized by ultraviolet (UV) irradiation for 1 h. To assess the stimulation pathway of hm-
ApGltn, cells were incubated with 30 mM of VIPER, a TLR4 inhibitor peptide for 1 h. Org-, C6-, C12-, and

C18-ApGltn/PBS solutions at 5 w/v% were then diluted into each well to set at 0.5 w/v% followed by
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incubation for 24 h. Cell viability was quantified with WST-8 reagent and LIVE/DEAD assay according to the
manufacturer’s instructions, and the viability of TCPS control was defined as 100% to calculate the %viability
of cells cultured with each sample. The amount of VEGF secreted by RAW264 cells was determined with a
Mouse VEGF enzyme-linked immunosorbent assay (ELISA) kit (Quantikine ELISA kit; R&D Systems,

Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.2.6. In Vivo Experiments

Animal experiments were approved by the Animal Care and Use Committee of National Institute for
Material Science (NIMS), Japan, and were performed in accordance with NIMS Regulations Pertaining to
Animal Testing. A total of nine female Hos:HR-1 hairless mice (10-12 weeks old; Hoshino Laboratory
Animals, Ibaraki, Japan) were used to evaluate the tissue response to the C12-ApGltn hydrogel and
angiogenesis. Briefly, hydrogel samples were prepared by dissolving Org- or C12-ApGltn in PBS at 20 w/v%
followed by UV sterilization for 1 h. A 500-puL volume of each sample was subcutaneously injected into the
back of mice under isoflurane inhalation anesthesia. After 3 days, mice were sacrificed by intraperitoneal
injection of somnopentyl. Skin tissue around the injection site was dissected, fixed with 10% formalin neutral
buffer solution, embedded in paraffin, and cut into sections that were stained with haematoxylin and eosin
(H&E) or labelled with antibodies against CD31, VEGF-A, and NF-kB (Abcam, Cambridge, UK). The

labelled areas of tissue sections were quantified with Image J software.

2.2.7. Statistical Analysis

Data are shown as mean =+ standard deviation and were analysed with the Student’s t test. Differences

were considered statistically significant at P < 0.05.
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2.3 Results and discussion

2.3.1. Synthesis and characterization of hm-ApGltn
ApGltn was modified with hydrophobic groups by reductive amination between the fatty aldehyde and

amino group of ApGltn. The yield of hm-ApGltn and modification ratio of hydrophobic groups are shown in

Table 2-1. ApGltn modified with hexyl, dodecyl, and octadecyl groups are abbreviated as C6-ApGltn, C12-

ApGltn, and C18-ApGltn, respectively. The actual/theoretical modification ratio decreased with increasing
length of the hydrophobic group alkyl chain. This was due to hindrance of the reaction by self-aggregation of
hm-ApGltn as the reaction proceeded. We also confirmed the modification of the hydrophobic group in hm-
ApGltn by FT-IR and '"H-NMR (Figure A-1). Two peaks at 1195 and 1300 cm™' correlated with C-H rock and
C-H scissoring, respectively, appeared in FT-IR spectra after the modification (Figure A-1A). Moreover, from
the "TH-NMR spectra, a strong peak originating from the alkyl carbon chain was observed at 1.25 ppm, which

was consistent with those of each fatty aldehyde (Figure A-1C).

(A) (B)
OH o 0 HN ~ o} HN ~
1< o HO e . : i
A L "+ )L/\/v\/\/\ 2B A\~ NN
o (o] & o H
H,N — H,N=—
HO o HO [e) .
& o= Alaska pollock-derived Dodecanal C12-ApGltn

gelatin (ApGltn)

c10 c10 (C)
c12 c12

C12 C12

Figure 2-1. Synthesis of Alaska pollock gelatin-based hydrogel '*°.

(A) Lipid A structure of Pseudomonas aeruginosa. (B) Synthesis of C12-ApGltn by reductive amination with
dodecanal. (C) Solution/hydrogel of Org- and hm-ApGltn dissolved in PBS at 20 w/v%, and their microstructure
observed by SEM. Scale bar = 20 um.
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Table 2-1. Modification ratio of hydrophobic groups on ApGltn and yield '"°.

. ) o
Abbreviation Reagent Reagent added Modification ratio % Yield

(mol%) (mol%) (9/9)
C6-ApGltn Hexanal 150 42 89
C12-ApGiltn Dodecanal 150 34 88
C18-ApGiltn Octadecanal 100 9 84

Interestingly, an aqueous solution of C12-ApGltn formed hydrogel (Figure 2-1C) despite the fact
that ApGltn does not undergo a phase transition to a gel state at room temperature (25°C) due to a low imino
acid content ''*!''!, Moreover, the SEM observation of C12-ApGltn hydrogel showed microporous structures.
This resulted from physical crosslinking caused by hydrophobic interactions between the dodecyl groups in
C12-ApGltn. We previously reported a similar finding that C12-ApGltn hydrogel with a lower modification
ratio crosslinked with poly(ethylene glycol) showed a higher elastic modulus compared to Org-ApGltn
hydrogel ''.

On the other hand, the hexyl group in C6-ApGltn was not sufficiently hydrophobic to form physical
crosslinks. The C18-ApGltn solution was opaque since C18-ApGltn has a highly hydrophobic octadecyl group
and is presumed to form a hydrophobic colloid-like solution. The SEM image of C18-ApGltn solution showed
the aggregated structure because of a highly hydrophobic octadecyl group, resulting in hydrophobic colloid-

like solution and opaqueness of C18-ApGltn solution.

2.3.2. Rheological properties
We initially measured strain sweep to deter mine the LVE region for subsequent study. G' and G" of

the C12-ApGltn hydrogel in the strain sweep test confirmed a near-parallel profile in the range of the strain
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sweep (Figure A-2). We therefore set the strain to 1%
for frequency sweep measurements (Figure 2-2A). G'
exceeded G" over the entire range of the frequency
that

sweep, intermolecular

indicating strong
hydrophobic interactions between dodecyl groups
lead to the formation of a physical crosslink network.
We then measured shear stress and viscosity to
evaluate the pseudoplastic properties of the C12-
ApGltn hydrogel (Figure 2-2B). The shear stress of
the hydrogel showed a thixotropic-like profile;
moreover, viscosity decreased with increasing shear
rate, indicating a shear-thinning property. Thus, 20
w/v% C12-ApGlin solution was determined to be
injectable through an 18-G needle. The storage
modulus of the C12-ApGltn hydrogel was 10 times
higher than that of an injectable hydrogel with non-
covalent crosslinking consisting of B-cyclodextrin
vesicle and adamantane-modified hydroxyethyl
cellulose '%°, indicating weaker thixotropic and shear-

thinning properties comparable to those of covalently

crosslinked polymers.
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Figure 2-2. Viscoelastic properties of C12-
ApGltn hydrogel at 20 w/v% '"°.

(A) Storage modulus (G") and loss modulus (G") of
C12-ApGltn hydrogel measured by frequency
sweep at 1% strain. (B) Shear stress and viscosity
measured by changing the shear rate. (C) Enzymatic
degradation of C12-ApGltn hydrogel treated with

collagenase at 37°C.
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2.3.3. Degradation behavior of C12-ApGltn hydrogel

The enzymatic degradation of C12-ApGltn hydrogel was evaluated by adding collagenase solution to
the hydrogel, which digested the gelatin peptide chain. That is, the hydrogel gradually degraded into the
aqueous phase, and the remaining weight was less than 30% of the initial weight after incubation for 18 h
(Figure 2-2C). Collagenase can cleave the Gly-Leu-Ala or Gly-Ile-Ala sequences of collagen, which are also
frequently found in gelatin '?'. Thus, C12-ApGltn hydrogel is expected to be degradable in vivo since in

addition to collagenase, other matrix metalloproteinases such as gelatinase are present in animals.

2.3.4. Stimulation of VEGF secretion by hm-ApGltn in vitro

The effect of hm-ApGltn on cell viability and VEGF secretion were evaluated using macrophage-like
RAW264 cells since macrophages play an important role in inflammation as well as angiogenesis in vivo. We
initially assessed cell viability after culturing in Org- or hm-ApGltn containing medium for 24 h (Figure 2-
3A). Viability was higher in cells cultured with Org-ApGltn compared with the tissue culture polystyrene
(TCPS) control. Moreover, there were no differences in viability among cells cultured on C6- or C12-ApGltn
and Org-ApGltn, although viability was lower on C18-ApGltn. On the other hand, using LIVE/DEAD assay
to quantify the % live cell compared with TCPS control, cells cultured with Org-, C6-, C18-ApGltn as well as
LPS showed similar results when assessed with WST-8 (Figure 2-3B). However, C12-ApGltn induced the
decreased cell viability by 15% compared with the results measured by WST-8. This was likely due to the
hydrophobicity of hm-ApGltn. In this study we used hexanal, dodecanal, and octadecanal with alkyl chain
lengths of 6, 12, and 18, respectively, to modify ApGltn; these aqueous solutions or hydrogels had significantly

different properties from those described above. Thus, the length of alkyl chain affects hydrogel morphology
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to a greater extent than modification ratio. LPS at 10

EU/mL also had no effect on viability, with no

difference compared with TCPS.

We also evaluated a secretion and inhibition

of VEGF by RAW264 cells following treatment with

Org- and hm-ApGltn compared with TCPS as a

control (Figure 2-3C). Although the concentration

of VEGF secreted from RAW264 cultured with Org-

and C6-ApGltn was under the detection limit, C12-

and C18-ApGltn stimulated VEGF secretion 4.6 and

24 .8-fold compared with TCPS. LPS at 10 EU/mL

induced 26-fold higher secretion of VEGF than

TCPS control. On the other hand, the effect of the

stimulation by C12- and C18-ApGltn as well as LPS

was suppressed when treated with VIPER. These

results indicated that a hydrophobic group induced

an inflammatory response in RAW264 cells via

TLR4-mediated signalling in a manner similar to

LPS, which first binds to CDI14 on the cell

membrane and then inserts five out of its six lipid

chains into the hydrophobic pocket of myeloid

differentiation (MD)2, leading to the formation of
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Figure 2-3. In vitro cell responses on hm-ApGltn
119

Cell viability % compared with the TCPS control was
evaluated with (A) WST-8 and (B)
LIVE/DEAD assay. #P > 0.05, *P < 0.05, **P < 0.01
(n = 6). (C) Quantitative analysis of secreted VEGF
concentration from RAW264 cultured with Org- and
hm-ApGltn with and without VIPER, a TLR-4
inhibitor peptide. **P < 0.01 (n =4).

reagent
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the LPS-MD2-TLR4 complex ''*2. The TLR4-mediated inflammation pathway includes the activation of
NF-xB, which is a promoter of VEGF gene, through a MyD88-TIR domain-containing adaptor protein
(TIRAP)-dependent pathway '*. Hence, C12- and C18-ApGltn were considered to activate NF-kB via
MyD88-TIRAP signalling and promote VEGF secretion. To sum up, Org- and C6-ApGltn had no effects on
RAW264 cell viability or VEGF secretion. C12-ApGltn induced slightly negative effect on cell viability and
stimulated VEGF secretion from RAW264 cells. On the other hand, C18-ApGltn promoted VEGF secretion
to a greater extent than C12-ApGltn, but negatively affected cell viability. Interestingly, LPS enhanced VEGF

secretion while maintaining preserving cell viability.

2.3.5. Stimulation of angiogenesis by hm-ApGltn in vivo

Based on our in vitro observations that C12-ApGltn stimulates VEGF secretion in RAW264 cells, we
hypothesized that C12-ApGltn can also promote VEGF secretion and angiogenesis in vivo without addition of
any growth factors. Three days after injection into mice, the tissue at the site of injection appeared similar in
the Org-ApGltn and PBS (control) groups, with no evidence of angiogenesis (Figure 2-4). In contrast, a
substantial number of capillaries were observed around the site of C12-ApGltn hydrogel injection.

To investigate the tissue response to the hydrogel in greater detail, we performed histological and
immunohistochemical analyses of tissue sections following injection of Org- and C12-ApGltn hydrogels. At
the site of C12-ApGltn hydrogel injection, the number of NF-kB-expressing cells was increased in interstitial
connective tissue (ICT); this was accompanied by increased VEGF secretion in ICT and panniculus carnosus
(PC) (Figure 2-5A). However, no NF-kB-positive cells were present in ICT and only weak NF-«xB
immunoreactivity was observed in the PC in mice injected with PBS or Org-ApGltn solution. CD31

immunolabeling and H&E staining revealed almost no blood vessels in ICT around the sites of PBS and Org-
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ApGltn injection, whereas C12-ApGltn hydrogel promoted new blood vessel formation in ICT as well as a
perfusion of red blood cells in the lumen. A quantitative analysis of NF-«xB, VEGF, and CD31

immunoreactivity showed that the NF-kB-positive area was over two times larger in mice injected with C12-

4}

c12

Figure 2-4. Gross morphology of tissue 3 days after injection of C12-ApGltn hydrogel '*°.
Scale bar = 3 mm.
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Figure 2-5. Histological analysis 3 days after subcutaneous injection of hydrogel into mice '°.

(A) Sections of tissue around site of PBS, Org-ApGltn, and C12-ApGltn injection (¥) with H&E staining and
NF-kB, VEGF, and CD31 immunolabeling. Red arrows indicate capillaries. Scale bar = 100 um. (B-D)
Quantification of area positive for (B) NF-kB, (C) VEGF, and (D) CD31 (%). #P > 0.05, *P < 0.05, **P < 0.01
(n=9).
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ApGltn hydrogel compared with PBS or Org-ApGltn (Fi gure 2-5B). A similar trend was observed for VEGF
(nine- and four-times larger areas, respectively; Figure 2-5C). These results suggest that C12-ApGltn causes
inflammation as evidenced by elevated NF-kB expression, leading to increased VEGF secretion. Gelatin has
lower immunogenicity and higher degradability compared with collagen, and its hydrogel induces only initial
foreign body reaction after in vivo implantation, which ameliorate as the progressive degradation of materials
2 The modification of hydrophobic groups causes the immunogenic response through TLR4-mediated
pathway and induced the enhanced secretion of NF-kB, leading to the secretion of pro-inflammatory cytokines.
However, C12-ApGltn was not considered to completely bind to MD2 and induce weaker signalling than LPS
because LPS is recognized by MD2 with multiple alkyl carbon chains, whereas, C12-ApGltn has only 3

dodecyl groups exist in one gelatin.

We also examined the expression of the 4 \

HN Dodecyl group
endothelial cell marker CD31 to evaluate the effect _~N \/va\/
H

of the hydrogel on angiogenesis. The CD31-positive HN —

C12-ApGltn Y,

area around the injection site was 1.5 times larger in TLR4

MD2

the C12-ApGltn hydrogel group than in the PBS and ‘I '
Binding
@toplasm

Org-ApGltn groups (Figure 2-5D), indicating that
C12-ApGltn hydrogel induced endogenous VEGF

secretion and angiogenesis in vivo. Given our VEGF

findings from in vitro and in vivo experiments, we

Nucleus
— VEGF
QOUNE-xB RV

propose the following mechanism for C12-ApGlin-

induced angiogenesis (Figure 2-6): (1) activation of
Figure 2-6. Proposed mechanisms of angiogenesis
induced by injectable C12-ApGltn hydrogel ''°.
TLR4 induces an inflammatory response in
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macrophages, followed by NF-kB activation via MyD88-mediated pathways; (2) VEGF, which is the
downstream of NF-«B, is secreted by macrophages; and (3) VEGF binds to VEGF receptor on the endothelial

cell membrane, leading to vasculogenesis.

2.4 Conclusions

We developed a C12-ApGltn hydrogel that stimulates endogenous VEGF secretion and angiogenesis
without addition of any drugs or growth factors. C12-ApGltn dissolved in PBS at 20% formed an injectable
hydrogel with thixotropic properties that did not significantly affect the viability of RAW264 cells compared
with TCPS and Org-ApGltn but induced inflammation, VEGF secretion, and angiogenesis to a greater extent.
The angiogenic mechanism of C12-ApGltn was attributable to the activation of TLR4-NF-kB signalling,
which stimulated VEGF secretion and consequently, the proliferation of endothelial cells. These results
demonstrate that C12-ApGltn is a promising material for enhancing the survival of implanted cells and tissues

by promoting local angiogenesis.
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CHAPTER 3: Self-assembled Dodecyl Group-modified
Gelatin Microparticle-based Hydrogels with Angiogenic
Property

3.1. Introduction

Angiogenesis is necessary for the proliferation of implanted cells or tissues to supply oxygen and
nutrients from host tissue. The incorporation of growth factors into biocompatible materials is a major strategy
to induce angiogenesis before or during the transplantation of cells. Tabata et al. demonstrated vascular
endothelial growth factor (VEGF) incorporated into a collagen hydrogel that showed a controlled release
profile of VEGF and angiogenesis in vivo **. Peattie et al. reported a hyaluronic acid hydrogel crosslinked with
poly(ethylene glycol) incorporated with VEGF and keratinocyte growth factor (KGF) *°. This hydrogel induced
microvascular formation around the implant site by the released VEGF and KGF. Although these growth
factors effectively promote angiogenesis, their instability under physiological conditions is considered a
limitation to their practical application ** because VEGF and fibroblast growth factor-2 (FGF-2) have half-
lives of only 50 and 9.6 min, respectively ***. To overcome these problems, we focused on the use of
endogenous growth factors to achieve angiogenesis. Proangiogenic growth factors such as VEGF are mainly
secreted from macrophages in response to ischemia, injury and inflammation '**.

Saturated fatty acids (SFAs), such as capric acid (C10), lauric acid (C12) and palmitic acid (C16),

behave like lipopolysaccharide (LPS), which is a component of the outer membrane of gram-negative bacteria
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98.99.103 " QFAs induce toll-like receptor 4 (TLR4)-mediated inflammation and enhance the secretion of

proinflammatory cytokines such as tumor necrosis factor (TNF)-a '*'%_ We previously reported that a porous
gelatin sponge comprising hydrophobically modified gelatin (hm-Gltn) induced angiogenesis in vivo without
incorporating growth factors °*’. We also reported that a dodecyl group-modified (C12) Alaska pollock-derived
gelatin (ApGltn) (C12-ApGltn), which mimics an LPS of Pseudomonas aeruginosa (Figure 3-1A), formed a
self-assembled hydrogel that stimulated VEGF secretion in vitro and in vivo through TLR4-mediated pathways
119 Although the C12-ApGltn self-assembled hydrogel stimulated angiogenesis in vivo by itself without
additional growth factors, the resulting hydrogel did not achieve sustained angiogenesis because of its fast
degradation and dispersion in vivo. Furthermore, we recently reported that micrometer-sized particles based
on hydrophobically modified ApGltn can be obtained using a coacervation method '*. The resulting particle

formed an enzymatically stable, self-assembled particle-based hydrogel when in contact with water.
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Figure 3-1. Overview of the angiogenic C12-MP hydrogel '*°.

(A) The LPS-mimicking structure of C12-ApGltn. The aqueous suspension of C12-MP had shear-thinning
properties and was injectable through a needle. (B) The increased blood flow in the C12-MP hydrogel-injected site.
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In this chapter, C12-ApGltn was made into microparticles followed by thermal crosslinking to enhance
degradation resistance for sustained angiogenesis. We characterized the hydrophobicity, enzymatic
degradation rate and rheological properties of the resulting particle-based hydrogels followed by in vivo

angiogenesis evaluations (Figure 3-1B).

3.2. Experimental
3.2.1. Materials

ApGltn (molecular weight = 33,000) was purchased from Nitta Gelatin (Osaka, Japan). Dodecanal
was purchased from Tokyo Chemical Industry (Tokyo, Japan). 2-Picoline borane (pic-BH3) was purchased
from Junsei Chemical (Tokyo, Japan). Collagenase, water-soluble tetrazolium (WST)-8 reagent (Cell Count
Reagent SF) and Dulbecco’s phosphate-buffered saline (PBS) were obtained from Nacalai Tesque (Kyoto,
Japan). 2,4,6-Trinitrobenzenesulfonic acid (TNBS), triethylamine, 2-aminoethanol, ethanol, dimethyl
sulfoxide (DMSO) and 10% formalin neutral buffer solution were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Minimum essential media (MEM)-0, MEM nonessential amino acids (NEAAs) and
penicillin-streptomycin (Pen Strep) were purchased from Thermo Fischer Scientific (MA, USA). Fetal bovine
serum (FBS) was purchased from Sigma-Aldrich (MO, USA). The TLR4 peptide inhibitor set (VIPER) was

purchased from Novus Biologicals (CO, USA). Ultrapure LPS-EB was purchased from InvivoGen (CA, USA).

3.2.2. Synthesis and Characterization of C12-ApGltn

Quantification of the amino groups in ApGltn was initially conducted using the TNBS method as
previously reported "'>!"3113127 Briefly, 100 uL of ApGltn dissolved in a 50% DMSO/H,O solution at 0.5
w/v% was dispensed into a 48-well plate followed by the addition of TNBS and triethylamine dissolved in 1%

DMSO/H0. After shaking for 1 min, the microplate was incubated for 2 h at 37°C. The absorbance at 335 nm
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was measured with a microplate reader (Spark 10M; Tecan, Ménnedorf, Switzerland), and the number of amino
groups was calculated using a calibration curve generated by 2-aminoethanol instead of ApGltn.

ApGltn was modified with a dodecyl group by reductive amination ''¢-!!7:128:129

as previously described
12130 (Rigure 3-2A). Briefly, ApGltn was dissolved in 30% EtOH/H,O at 20 w/v%, and 1.5 eq of dodecanal
on the remaining ApGltn amino groups dissolved in ethanol was added. After an 18-h reaction, the solution
was added dropwise to 10 times the volume of cold ethanol to precipitate C12-ApGltn. The precipitate was
filtered under vacuum and washed three times with EtOH to remove unreacted reagents and 2-picBHs. The
precipitate was then vacuum dried at room temperature (25°C) to obtain C12-ApGltn as a white powder and
subsequently weighed. Nonmodified ApGltn (Org-ApGltn) was similarly synthesized but without the addition
of dodecanal or 2-picBHs. The modification ratio of C12-ApGltn was quantified using the TNBS method by
comparing the absorbance at 335 nm with that of Org-ApGltn. Modification of the hydrophobic groups was
confirmed by Fourier transform infrared spectroscopy (FT-IR) (ALPHA II; Bruker Corp., Billerica, MA, USA)
and 'H nuclear magnetic resonance ("H-NMR, JNM-AL300; JEOL, Tokyo, Japan). The modification ratio of
the dodecyl group was also calculated by comparing the Org- and C12-ApGltn spectra. The arginine-based

peak at 2.95 to 3.25 ppm was normalized in each spectrum, followed by comparing the peak integration of the

e-methylene protons of lysine (2.70 to 2.90 ppm).

3.2.3. Preparation of the ApGltn Microparticles

Although the aqueous solution of C12-ApGltn became a hydrogel due to the hydrophobic crosslinking
between dodecyl groups, the hydrogel was easily dispersed into water. Therefore, C12-ApGltn was
transformed into microparticles by coacervation followed by thermal crosslinking to improve water resistance

1 Briefly, Org- and C12-ApGltn were dissolved in distilled water and a 20% EtOH/H,O solution at 5 w/v%,

-20-



CHAPTER 3

respectively. EtOH was added to each solution with vigorous stirring to dilute each solution 2-fold and
precipitate the microparticles. The solution with microparticles was cooled at —20°C for 18 h followed by
lyophilization. The resulting Org- and C12-microparticles (MPs) were subjected to mortar pulverization and
sieving using a 32-um opening mesh. Org- and C12-MPs were then placed on a holder with carbon tape for
scanning electron microscopy (SEM). (S-4800 ultrahigh-resolution SEM, HITACHI, Japan). Platinum was
sputtered on the MPs at a thickness of 10 nm. The particle size was quantified from nine SEM images using

Imagel software. The polydispersity index (PDI) of the MPs was calculated by the following equation '**'**

o1 = (9).

where ¢ and d indicate the standard deviation and average diameter of the MPs, respectively. The
obtained MPs were then thermally crosslinked under vacuum at 150°C for 3, 6 and 9 h to introduce MPs with
degradation resistance (MP3, MP6 and MP9, respectively). The remaining amino group of the MPs after
thermal crosslinking was determined by the TNBS method with slight changes. Briefly, MP3, MP6 and MP9
were dissolved in a 50% DMSO/H>O solution at 0.5 w/v% followed by incubation for 2 h at 50°C. Next, 100
uL of solution was transferred to a 48-well plate, and 100 pL of 1% TNBS solution and 1% TEA solution were
added to each well. After 2 h of incubation at 37°C, the reaction was stopped by the addition of 50 pL of 6 N
HCI. The absorbance at 335 nm was measured for each well to determine the remaining number of primary

amino groups in the Org- and C12-MPs.

3.2.4. Surface Contact Angle of the Particles

To determine the hydrophobicity of thermally crosslinked Org- and C12-MPs, the surface contact
angle was measured by the sessile-drop method "*°. Briefly, double-sided tape was pasted on the slide glass

and then covered with Org- and C12-MPs. The contact angle measurements started 0.5 s after a 3 uL PBS
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droplet was dropped on the MP surface using DropMaster DM701 (Kyowa Interface Science, Japan) for 15 s.

3.2.5. Rheological Properties

Org- and C12-MPs were dispersed in PBS at 40 w/v% to form a particle suspension. These suspensions
were placed on the stage of an MCR 301 rheometer (Anton Paar GmbH, Graz, Austria) sandwiched between
flat PP10 plates separated by a gap of 1.0 mm. A strain sweep was initially carried out to determine the linear
viscoelastic region (LVE) for subsequent measurements at a frequency of 1 rad/s and temperature of 37°C '3,
Frequency sweeps were performed from 0.1 to 100 rad/s at 1% strain and 37°C to determine the storage
modulus (G") and loss modulus (G"). To compare the elasticity of Org- and C12-ApGltn, the G’ of the
frequency sweep at 1 rad/s was taken as the elastic modulus '*°. Moreover, the effect of the shear rate on the
viscosity was also measured to evaluate the behavior of the MP suspension during syringe injection. The same
samples used in the strain and frequency sweep were employed to measure the viscosity with a changing shear

rate from 0.01 to 1 Hz at 37°C.

3.2.6. Degradation Test

The enzymatic degradation rates of the Org- and C12-MPs were evaluated using collagenase. Briefly,
80 mg of C12-ApGltn was dissolved in 200 pL of PBS to prepare the hydrogel in 2.5-ml tubes followed by the
addition of PBS to the tube to allow the hydrogel to swell for 2 h. After centrifuging the tubes to precipitate
the particles, the supernatant was removed, and 500 pL of collagenase solution (10 U/ml in PBS) was added.
After up to 1080 min of incubation at 37°C, the tubes were centrifuged to separate the hydrogel from the
supernatant, and the supernatant was discarded. The weight of the C12-MP hydrogel was compared with the

initial weight to determine the remaining % hydrogel volume.
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3.2.7. In Vitro Cell Response

Mouse macrophage-like RAW264 cells were cultured in MEM a supplemented with 10% FBS, 1%
NEAAs and 1% Pen Strep. Cells were then seeded on a 96-well plate at 2.0 x 10” cells/well and incubated for
18 h at 37°C and 5% CO,. Org- and C12-MPs dispersed in PBS at 0.5, 1 and 2 w/v% were sterilized by
ultraviolet (UV) irradiation for 1 h. To confirm the TLR4-mediated pathway, VIPER, a TLR4 blocking peptide,
was added at 30 mM to the culture medium followed by incubation for 1 h '*. Org- and C12-MP suspensions
were then added to the culture plate at a 10-fold dilution to obtain final concentrations of 0.05, 0.1 and 0.2
w/v%. RAW264 cells were also cultured in media supplemented with and without 10 ng/ml LPS as a positive
and negative control, respectively. After incubation for 24 h, the supernatants were separated for the enzyme-
linked immunosorbent assay (ELISA) followed by evaluation of the cell viability using a WST-8 reagent
according to the manufacturer’s instructions. The amounts of secreted VEGF and TNF-a were quantified with
an ELISA kit (Quantikine ELISA kit; R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s

instructions.

3.2.8. Subcutaneous Implantation of the CI12-MP and Laser Doppler Perfusion
Imaging (LDPI) Evaluation

Animal experiments were approved by the Animal Care and Use Committee of National Institute for
Material Science (NIMS), Japan, and performed in accordance with NIMS Regulations Pertaining to Animal
Testing. Hos:HR-1 hairless mice (4 weeks old; Hoshino Laboratory Animals, Ibaraki, Japan) were used to
evaluate the tissue response of the Org- and C12-MP hydrogels. Briefly, Org- and C12-MPs were dispersed in
PBS at 40 w/v% followed by UV sterilization for 1 h. Next, 50 pL of each sample was injected through a 21-
gauge needle into the backs of the mice exposed to inhalational anesthetics. LDPI measurements were

performed immediately after implantation and for up to 22 days using an OZ-2Pro (OMEGAWAVE, Tokyo,

-32-



CHAPTER 3

Japan). To stabilize the blood flow in different mice, the respiratory rate was set to once per second. For the
histological studies, PBS, Org-MP3 and C12-MP3 hydrogels were subcutaneously injected into mice, and after
2 days, the mice were sacrificed by intraperitoneal injection of a lethal dose of somnopentyl. The skin tissue
around the injection site was dissected and fixed with a 10% formalin neutral buffer solution. The fixed tissues
were then embedded in paraffin and cut into sections followed by staining with hematoxylin and eosin (H&E)
or labeling with antibodies against CD31, NF-kB, and myeloperoxidase (MPO) (Abcam, Cambridge, UK).

The labeled areas of the tissue sections were quantified using ImagelJ software.

3.2.9. Statistical analysis

Data are shown as the mean + standard deviation and were analyzed with Student’s t test. Differences
were considered statistically significant at p < 0.05. One-way analysis of variance (ANOVA) followed by the
Tukey—Kramer method was used to determine whether there were any statistically significant differences

between the means of three or more independent groups.

3.3. Results and Discussion
3.3.1. Synthesis of C12-ApGltn

The yields of the obtained Org- and C12-ApGltn were 90.2 and 81.6%, respectively. The modification
ratio of the dodecyl group in C12-ApGltn was 32.6 mol% for the total amount of amino residues in ApGltn
(Table 3-1). The modification ratio of the dodecyl group in C12-ApGltn was also calculated by NMR
spectroscopy (Figure A-3A). The integration of the Arg peak at 2.95 to 3.25 ppm was normalized to 1.0
(Figure A-3C) "*"!*® The peak integrations of the e-methylene protons of lysine at 2.70 to 2.90 ppm in Org-
and C12-ApGltn were 0.562 and 0.435, respectively, indicating a 29% decrease in the e-methylene of lysine

by dodecyl modification (Figure A-3B, C). Therefore, quantitation of the modification ratio from the NMR
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spectra was correlated with that from the TNBS method.

Table 3-1. Characterizations of Org- and C12-MPs '*°,

Half-life in
Modification ratio  Average diameter =~ PDI Crosslinking time
Abbreviation collagenase solution
(mol%) (nm) () (h)
(h)
Org-MP - 2.66 0.34 - -
-MP3 - - - 3 7.18
-MP6 - - - 6 9.47
-MP9 - - - 9 9.07
C12-MP 32.6 2.22 0.27 - -
-MP3 - - - 3 19.58
-MP6 - - - 6 21.82
-MP9 - - - 9 20.86

The modification ratio of the dodecyl group in C12-ApGltn was measured before transformation into C12-MPs.
The average diameter and PDI were calculated from the SEM images. The half-lives of the Org- and C12-MP

hydrogels under physiological conditions were calculated from the degradation profile (Figure 3-4F).

3.3.2. Preparation and characterization of Org- and C12-MPs

SEM images of Org- and C12-MP showed that these particles were successfully formed with a
spherical shape using the coacervation method, and almost no deformed particles were observed (Figure 3-
2B). The particle diameter distribution was calculated from SEM images using ImageJ software (Figure 3-2C,
D). Most of the diameters of the MPs were distributed within 1 — 4 pm; however, the number of C12-MPs with
diameters smaller than 1 um was greater than that of the Org-MPs. Moreover, there were almost no C12-MPs
larger than 5 pm, whereas approximately 10% of the Org-MPs exceeded 5 um in diameter. These results
correlated with the higher PDI of Org-MP than C12-MP (Table 1). Additionally, we observed hydrophobic
moieties on the surface of the C12-MPs using FT-IR. Figure A-4 shows the FT-IR spectra of the Org- and
C12-MPs. The absorbances at 2853 and 2927 cm™!, which correlate to C-H stretching, were increased in the

spectrum of C12-MP, which indicates that the dodecyl group existed on the surface of C12-MP. The remaining
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Figure 3-2. The fabrication of C12-ApGltn and MPs '*°,

(A) Synthesis of C12- ApGltn. (B) SEM images of the Org- and C12-MPs (scale bar = 10 pm) and particle

diameters of the (C) Org-MPs and d C12-MPs calculated by Imagel] software.
amino groups of Org- and C12-MPs with different thermal crosslinking times were evaluated using the TNBS
method. Figure A-5 shows the relative ratio of the remaining amino groups in the Org- and C12-MPs with
thermal crosslinking compared with that in Org- and C12-ApGlin. The remaining amino groups significantly
decreased with increasing thermal crosslinking time, indicating successful covalent crosslinking. However,
there was no significant difference between Org- and C12-MP crosslinked for 6 and 9 h due to fewer amino
groups in C12-ApGltn because of the approximately 33% modification. Therefore, only a few amino groups

in C12-ApGltn could contribute to the formation of an amide bond with a carboxylic acid during thermal

crosslinking.
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3.3.3. Contact angle measurements

The contact angles of the Org- and C12-MPs were measured to evaluate the bulk hydrophobicity of
the MPs. Figure 3-3A shows the PBS droplets on the Org-MP6 and C12-MP6 layers. The PBS droplet was
more quickly absorbed onto Org-MP6 than the C12-MP6 layer. The time course of the surface contact angle
on MP3, MP6 and MP9 indicated a significantly faster decrease of the contact angle on Org- and C12-MP3,
whereas Org-MP6 and Org-MP9, as well as C12-MP6 and C12-MP9, showed similar behavior in the decrease
of the contact angle (Figure 3-3B). Figure 3-3C compares the contact angles on the MP layers at 15 s and
indicates that only Org- and C12-MP3 had significantly lower contact angles than Org- and C12-MP6 and

Org- and C12-MP9. Although modification with the dodecyl group contributed to the significant difference in
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Figure 3-3. Surface contact angle measurements of the Org- and C12- MPs '*,

(A) Representative images of the behavior of PBS droplets on the Org-MP6 and C12-MP6 surfaces for 15 s. (B)
Surface contact angle measurements over 15 s (n = 3). (C) Comparison of the contact angle on Org- and C12-
MPs at 15 s. *p < 0.5, #p > 0.05.

-36-



CHAPTER 3

the surface contact angle, there was no significant difference between the MP6 and MP9 layers. The longer
thermal crosslinking significantly affected the crosslinking ratio (Figure A-5), but that difference was not
considered dominant regarding the surface contact angle and water absorption. On the other hand, from a
topological perspective, the C12-MP layer was considered to be smoother than the Org-MP layer because the
C12-MPs contained a larger number of smaller particles than the Org-MPs. Therefore, the increased contact
angle of the C12-MPs was attributed to not only the increased hydrophobicity but also the decreased surface

roughness of the C12-MP layers.

3.3.4. Viscoelastic properties of the C12-MPs

Before measuring the frequency sweep, the linear viscoelastic region (LVE) was determined by the
strain sweep (Figure A-6A, B). The LVE indicates the strain range in which the measurement can be executed
without breaking the samples. Therefore, the strain was set at 1% to measure the frequency sweep. The
frequency sweep measurement results showed that the storage modulus (G') of the Org- and C12-MP
suspensions exceeded their loss modulus (G") within the frequency range (Figure 3-4A, B), which indicates
that all concentrations of the Org- and C12-MP suspensions formed a hydrogel. Thermal crosslinking promoted
dehydration condensation between the carboxylic group and amino group in ApGltn, preventing its
decomposition in water. Moreover, Org- and C12-MP absorbed water and swelled into a microgel-like
condition, which formed the hydrogel as a whole. Alternatively, the effects of the change in the crosslinking
time were also evaluated. The G’ of the hydrogels was dependent on the hydrodynamic radius of the swollen
MPs. A longer crosslinking time led to increased amide bonding formation and crosslinking density of the
surface of MPs, resulting in a lower swelling ratio and smaller hydrodynamic radius. Therefore, Org- and C12-

MP3, which have lower crosslinking densities, have larger hydrodynamic radii and sparser distributions in the
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hydrogel, which resulted in lower G’ values among all hydrogels (Figure 3-4C). Conversely, MP6 and MP9

have a greater G’ than Org- and C12-MP3 because of the greater crosslinking density and smaller

hydrodynamic radii, which leads to the formation of a dense hydrogel (Figure 3-4C). However, no significant

increase was confirmed between the G’ of the Org-MP6 and Org-MP9 hydrogels, indicating that the difference

A) o : . (B) oo : :
;g.,Org—MPSOg..Org—MPG;g.,Ofg-MPQ ;g..mQ-Mpsog..cu-mpegg,,mQ-MPQ
10° 10%
gepee
s B B a B a B e 8 o009
= '“gogeescceoncscey 10 585'%55%&5999
& 08 ob & ,oLo"°88
E 0009999 .00000 %
= 102 00°° = 10?
=] o o =3
= e =
10 10
1 1 1 1 1 1
0.1 1 10 100 0.1 1 10 100
Frequency (1/s) Frequency (1/s)
(C) 100 W Org _ bc12 (D) 05 IOri bci12
g 04f k%
£ - =
= = 03} L
2 z :
= g o2} = e
g -
= 0.1F
=
0
MP3 MP6 MP9 MP3 MP6  MP9
(E) AOrg-MP3 A Org-MP6 aOrg-MP9 (F) O Org-MP3 O0rg-MP6 ©Org-MPS
9.(3‘12-MP3 0 C12-MP6 @C12-MP9 @C12-MP3©C12-MPE@C12-MP9
120
~ 108 ~ 100
T 3ty 3
& 107 A:..atéé g %
= 4.80g58¢8, £ 60
= A e ¥
g 100 Aa, g
g 25838 S 4w
> 105 3
20
104 L 0
0.01 0.1 1
Shear rate (1/s) Time (h)

126

Figure 3-4. Physicochemical properties of MP hydrogels
Storage (G") and loss (G”) moduli of the (A) Org- and (B) C12-MP hydrogels with 3—9h of thermal crosslinking
measured by frequency sweep rheometry. (C), (D) Comparison of the elastic modulus and tan & at 1Hz taken
from the rheometry of the Org- and C12-MP hydrogels. (E) Shear-thinning properties of the MP hydrogels. (F)
Enzymatic degradation profile of the Org- and C12-MP hydrogels with different crosslinking times.
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in the crosslinking ratio between Org-MP6 and Org-MP9 did not significantly affect their G’ values. By
comparing the Org- and C12-MP hydrogels, the G’ of the C12-MP hydrogels was significantly higher than that
of Org-MP hydrogels among all crosslinking times (Figure 3-4C). These results were due to the increased
interaction between C12-MPs caused by the dodecyl group modification in C12-ApGltn. On the other hand,
we also evaluated tan 8, which is the ratio of G’ to G’, to evaluate the viscous or elastic features of the MP
hydrogels. Figure 3-4D shows that the significantly higher tan 6 values of the Org- and C12-MP3 hydrogels
were confirmed. These results indicated that the Org- and C12-MP3 hydrogels dissipated the loaded oscillation
stress and behaved like viscous materials due to the large hydrodynamic radius and sparse distribution in
hydrogels. Org- and C12-MP6 as well as Org- and C12-MP9 hydrogels had lower tan § values compared with
the respective MP3 hydrogels, indicating that they formed packed structures, presumably due to their smaller
hydrodynamic diameters, and behaved like elastic materials. However, the tan § values of C12-MP6 and C12-
MP9 were significantly higher than those of Org-MP6 and Org-MP9, respectively. Hydrated Org-MPs tend to
interact with other MPs, and the hydrogel as a whole behaves like a chemically crosslinked hydrogel. However,
C12-MPs had a lower tendency of hydration because of their higher hydrophobicity and formed a denser
packing structure compared with Org-MPs, resulting in the dissipation of loaded force by deforming the
packing structure of C12-MPs.

Alternatively, the shear-thinning properties of the Org- and C12-MP hydrogels were evaluated using
a rotational rtheometer. Figure 3-4E indicates that the viscosity of the Org- and C12-MP hydrogels decreased
with increasing shear rate, indicating that those hydrogels could be injected via syringe. Org- and C12-MP
hydrogels were assumed to form aggregates in particle suspensions by hydrophobic interactions between
particles. When the shear stress was loaded onto the hydrogels, those interactions could not tolerate the shear

stress, and the particle aggregation eventually deformed '*°. Therefore, the Org- and C12-MP hydrogels had
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shear-thinning behavior and were injectable through a 21-gauge needle (Figure 3-1B).

3.3.5. Degradation profile of the Org- and C12-MP hydrogels

To evaluate the effects of the hydrophobic group in C12-ApGltn and the crosslinking time on the
degradation rate, MP hydrogels were immersed in a collagenase solution for up to 48 h. The degradation rate
of the C12-MP hydrogels was slower than that of the Org-MP hydrogels across all crosslinking times (Figure
3-4F). This result was likely due to the greater interparticle interactions of the C12-MP hydrogels than that of
the Org-MP hydrogels because of the additional physical crosslinking by the dodecyl group in C12-ApGltn
that suppressed penetration of the collagenase solution into the C12-MP hydrogel matrix. Alternatively, the gel
fraction of the Org-MP3 hydrogel remained at only 7% after incubation for 24 h, whereas that of the Org-MP6
and Org-MP9 hydrogels was greater than 20%. Additionally, the gel fraction of the C12-MP9 hydrogel was
greater than that of the C12-MP3 and C12-MP6 hydrogels by 8 h; however, no difference was confirmed
among the C12-MP3, C12-MP6 and C12-MP9 hydrogels after 24 h. These results indicate that a longer
crosslinking time tends to enhance the degradation resistance because of the increased covalent crosslinking
density. The degradation rate of the C12-MP hydrogels was, however, affected by hydrophobic modification
and crosslinking time. The half-life of Org- and C12-MP hydrogels was also calculated by using the
approximate curves in each plot (Table 1). The Org-MP3 hydrogel had the shortest half-life in the collagenase
solution among all the groups. The half-lives of the Org-MP6 and Org-MP9 hydrogels were approximately 2
h longer than that of the Org-MP3 hydrogel; however, C12-MP hydrogels had half-lives that were two times

longer, indicating that the C12-MP hydrogels were more stable in a physiological environment.

3.3.6. Cellular response to the Org- and C12-MP hydrogels

To evaluate the effects of the MPs on cell viability and angiogenic properties, MPs were cultured with
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RAW264 cells at low MP concentrations that did not aggregate. The average viabilities of RAW264 cells
cultured with Org- and C12-MPs are shown in Figure A-7. Org-MP3, Org-MP6 and Org-MP9 showed
enhanced cell viability compared with the tissue culture polystyrene (TCPS) control. Gelatin contains the Arg-
Gly-Asp (RGD) sequence, which is recognized by cell integrins and promotes cell attachment and viability
140141 “Therefore, RAW264 cells recognized the RGD sequences of the degraded Org-ApGltn molecules and
the surface of Org-MP, which led to greater viability than the TCPS control. Although C12-MP3 at 0.05 w/v%
showed a similar effect as Org-MP3 on the viability, a higher concentration of C12-MP3 induced inhibitory
effects on the cell viability. C12-MP6 and C12-MP9 at all concentrations had higher inhibitory effects on cell
viability than C12-MP3 because the former MPs did not degrade during culture, and the hydrophobic moieties
deposited on the C12-MP surface affected those effects. Moreover, C12-MP6 and C12-MP9 are considered to
be more frequently internalized in RAW264 cells because of their smaller size '*?, which is attributed to the
hydrophobic modification and longer crosslinking time '**. Therefore, C12-MP6 and C12-MP9 increased the
concentration of the hydrophobic moieties in the cells, which led to cytotoxicity.

The amounts of secreted VEGF and TNF-a from RAW264 cells cultured with Org- and C12-MPs were
also evaluated. As shown in Figure 3-5A, C12-MP3, C12-MP6 and C12-MP9 stimulated VEGF secretion at
concentrations of 5.47, 15.3 and 36.8 pg/mL, respectively, and a significant increase with increasing
crosslinking time was confirmed. LPS at 10 ng/ml induced 143 pL of VEGF secretion, which was more than
3.8 times greater than that induced by C12-MPs (Figure 3-5A). The TCPS control and Org-MPs did not
stimulate VEGF secretion from RAW264 cells. C12-MPs also promoted the secretion of TNF-a compared
with TCPS and Org-MPs (Figure 3-5B). The longer crosslinking time of the C12-MPs tended to induce higher
levels of VEGF and TNF-a expression because the longer crosslinking time of these MPs retained the particle

shape and higher concentration of the dodecyl group on the surface of the C12-MPs during cell culture, leading
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to a greater interaction of the dodecyl group with cells. To evaluate the stimulation pathways of the enhanced
secretion of VEGF and TNF-a, RAW264 cells were pretreated with VIPER, the TLR4 inhibitor peptide, before
the addition of C12-MPs and LPS. VIPER successfully suppressed the secretion of VEGF and TNF-a from
RAW264 cells stimulated with C12-MPs and LPS (Figure 3-5C, D). These results indicated that the C12-MP
is a TLR4 ligand and stimulates downstream pathways, including the myeloid differentiation primary response
protein (MyD) 88-TIR domain-containing adaptor protein (TIRAP)-dependent pathway '°"+'°!% NF-xB, the

promoter of VEGF and the TNF-a gene 102 was then activated, which enhances VEGF and TNF-a secretion.
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Figure 3-5. In vitro angiogenic and inflammatory responses to MPs '*°.

Quantification of the secreted amounts of (A) VEGF and (B) TNF-a by ELISA when cells were cultured with
Org-MPs and C12-MPs. The secreted amounts of (C) VEGF and (D) TNF-a stimulated by C12-MPs when the
TLR4 receptor was inhibited by VIPER, a TLR4 blocking peptide. *p < 0.5, **p <0.01, #p > 0.05.
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3.3.7. Invivo tissue responses to C12-MPs

To evaluate the in vivo angiogenic properties of C12-MPs, we employed hairless mice and observed
the blood flow and histological responses. Figure 3-6A shows blood perfusion images of the PBS, Org-MP
and C12-MP hydrogels at the injection site taken with an LDPI system for up to 22 days. PBS and Org-MP
hydrogels showed no increased blood flow for up to 22 days, whereas the C12-MP3 hydrogel induced
significantly higher blood perfusion on day 2 compared with not only PBS and Org-MPs but also the C12-
MP6 and C12-MP9 hydrogels (Figure 3-6B). Alternatively, the blood flow around the C12-MP3 hydrogels
decreased by day 7, returning to normal blood flow. The C12-MP6 hydrogel showed significantly higher blood
flow from days 7 to 15, followed by a decrease that was not significant compared with PBS and Org-MP
hydrogels at day 22. On the other hand, the C12-MP9 hydrogel induced significantly higher blood flow from

days 15 to 22 compared with all the other groups. The time course of the increased blood flow was dependent
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Figure 3-6. In vivo quantitative analysis of angiogenesis by LDPI ',
(A) Laser Doppler perfusion images of mouse backs after implantation of the Org- and C12-MP hydrogels. The
image hues indicate the intensity of the blood perfusion: red and blue indicate higher and lower perfusion,
respectively. (B) Quantification of the blood flow from the LDPI images up to 22 days. The blood flow of the PBS-
injected mice each day was defined as 100%. * and ** indicate significant differences (*p < 0.05 and **p < 0.01,
respectively). No symbol or # indicates no significant difference (#p > 0.05).
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on the thermal crosslinking time. The C12-MP3 hydrogel was quickly degraded after injection, and the C12-
ApGltn polymer increased around the injection site to promote angiogenesis, similar to our previous study ',
Angiogenesis then decreased with enzymatic degradation and dispersion of the C12-MP3 hydrogel, and the
blood flow also became equal to that of PBS and the Org-MP hydrogel injection. Alternatively, the C12-MP6
and C12-MP9 hydrogels maintained a high level of blood flow for up to 22 days due to the slow degradation
rate, sustaining a high concentration of the C12-ApGltn molecule at the injection site. To evaluate the tissue
responses on the C12-MP hydrogel, we also observed tissue sections of the Org-MP3 and C12-MP3 hydrogels
on day 2 to quantify the degree of inflammation and angiogenesis (Figure 3-7A). The stained area of NF-«xB,
the inflammation marker and promoter of the VEGF gene, increased to a greater extent after C12-MP3
hydrogel injection compared with PBS and Org-MP3 (Figure 3-7B). Moreover, the stained area of CD31, an
endothelial cell marker, was also significantly higher in the C12-MP3 hydrogel than in the PBS and Org-MP3
hydrogels, which indicates that the number of blood vessels increased around the C12-MP3 hydrogel injection
site (Figure 3-7A, C). Aoki et al. reported that poly(lactic-co-glycolic acid) (PLGA) nanosheets loaded with
250 ng of fibroblast growth factor (bFGF) induced angiogenesis in vivo '**. The CD31 stained areas in tissue
sections from the sham operation and unloaded PLGA nanosheets were comparable with our PBS and Org-
MP3 hydrogel groups, respectively. However, the CD31-stained area around the C12-MP3 hydrogel was
approximately 1.7-fold greater than that of the bFGF-loaded PLGA nanosheet, indicating that the estimated
efficacy of the C12-MP3 hydrogel was at least comparable to 250 ng of bFGF. Additionally, the red blood cells
inside the blood vessels were confirmed from the tissue sections stained with H&E (Figure 3-7A). The C12-
MP3 hydrogel promoted angiogenesis around the injection site by inducing NF-kB. In addition, MPO staining

revealed that the accumulation of granulocytes around the C12-MP3 hydrogel increased because of the

enhanced secretion of inflammatory cytokine signaling through NF-«kB (Figure 3-7A). On the other hand, cell
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infiltration into Org- and C12-MP3 hydrogels was confirmed in MPO-stained sections, indicating that Org-
and C12-MP3 did not have severe cytotoxicity. Based on the in vitro experimental results that indicated that
C12-ApGltn stimulated TLR4-mediated VEGF secretion from RAW264 cells, C12-MP3 was considered to
stimulate the TLR4-mediated pathway followed by increased secretion of NF-kB in vivo. Therefore, the
proposed mechanisms of angiogenesis by the C12-MP hydrogel are: (1) binding of the C12-ApGltn molecule
degraded from C12-MP on TLR4 in macrophages and activation of NF-«kB; (2) enhanced secretion of VEGF
by the activated NF-kB pathway; and (3) proliferation of endothelial cells by secreted VEGF, followed by

blood perfusion (Figure 3-8). Enhanced long-term angiogenesis could be beneficial for cell transplantation;
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Figure 3-7. Inmunohistochemical evaluations of angiogenesis '*°.

(A) Histological studies of tissues 2 days after implantation of the Org- and C12-MP3 hydrogels. The red arrows
indicate blood vessels from CD31 staining. * and dashed lines in the MPO staining indicate MP hydrogels and
the boundaries of the MP hydrogels and tissues. Active areas of NF-kB, CD31, and MPO were quantified using

ImageJ and are shown in (B)—(D), respectively. #p > 0.05, **p < 0.01. scale bar = 50 um.
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Figure 3-8. Proposed mechanisms of angiogenesis by the C12-MP hydrogels
however, angiogenesis based on C12-MP hydrogels is accompanied by a weak inflammatory response and the
secretion of inflammatory cytokines. Therefore, long-term secretion of inflammatory cytokines stimulated by
C12-MP6 and C12-MP9 hydrogels may provoke the recruitment of fibroblasts and their proliferation, resulting
in the formation of fibrous tissue near the injection site '**. Hence, finding an optimal time point for cell
transplantation by observing the time course of angiogenic and inflammatory responses stimulated by the C12-
MP hydrogel is considered to be a clue for medical applications. Moreover, a combination of C12-MPs and
anti-inflammatory drugs or materials to achieve a balance between inflammation and anti-inflammation may
induce the recruitment of pericytes and the stabilization of newly formed blood vessels, leading to long-term

stabilized angiogenesis '*.

3.4. Conclusion

To achieve drug- and growth factor-free angiogenesis, we developed a C12-MP hydrogel that

stimulates endogenous VEGF secretion and angiogenesis. C12-MPs stimulated the TLR4-mediated pathway
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and VEGF secretion in an in vitro study using the TLR4 blocking peptide. Moreover, the C12-MP hydrogel
induced increased blood perfusion and the stained areas of NF-kB, CD31, and MPO at the injection site. These
results demonstrate that the C12-MP hydrogel is a potential material the construction of vascular beads to

improve the survivability of implanted cells or tissues.
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CHAPTER 4: A hydrophobic Gelatin Fiber Sheet
Promotes Secretion of Endogenous Vascular Endothelial

Growth Factor and Stimulates Angiogenesis

4.1. Introduction

Tissue engineering and regenerative medicine is a promising approach to repair or replace damaged
tissues and organs. Clinical studies in this field are mainly based on injecting cell suspensions or transplanting
engineered tissues at a target site, where they are expected to serve as a substitute for the damaged tissue.
However, the survivability of implanted cells and tissues is low because the supply of oxygen and nutrients

via native blood vessels is insufficient*”'*’. To overcome these challenges, vascular beds can be used to

enhance the survivability and function of implanted cells or tissues®*~***.

Biomaterials researchers have developed various angiogenic materials by incorporating growth

factors (GFs), such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and

94,148,149 150,151

stromal cell-derived factor (SDF)-1, in hydrogels , particles , and porous scaffolds'**'**. The

sustained release of GFs from these materials promotes angiogenesis in vitro and in vivo as well as wound

154-156

healing , regeneration in an infarcted heart'’’, and survivability of implanted islets”>. However, GFs are

easily inactivated under physiological conditions, compromising their bioactivity>>*>>1%¥,

On the other hand, Kanno et al. reported that inoculation with Pseudomonas aeruginosa, a gram-

negative bacterium, promotes re-epithelialization and angiogenesis by attracting neutrophils to the wound site'?.
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However, the bacteria proliferate rapidly, leading to an unstoppable cytokine storm and sepsis. These
inflammatory response and angiogenesis are caused by lipopolysaccharide (LPS), a constituent of the cell wall
of gram-negative bacteria. Besides, saturated fatty acids (SFAs), a partial structure of LPS, promote the
secretion of inflammatory cytokines and growth factors from inflammatory cells via the Toll-like receptor
(TLR) 4-mediated pathway'*"11%6719 We previously reported that SFA-modified Alaska-pollock-derived
gelatin (ApGltn), self-assembles into a hydrogel when hydrated with phosphate-buffered saline (PBS) and
stimulated VEGF secretion and angiogenesis in vitro and in vivo'"’. However, the SFA-ApGltn hydrogels could

not maintain their shapes under physiological conditions as they are vulnerable to enzymatic degradation.

1159,160 161 1162,163

Chemica , enzymatic ”, and physica methods have been used to make gelatin-based materials

!4 However, in the case of electrospinning, it is difficult to attain

resistant to enzymatic degradation in vivo
homogenous crosslinking and remove residual crosslinker and byproducts with chemical and enzymatic
methods. Therefore, we utilized a physical method, thermal crosslinking, to fabricate electrospun microfiber
sheets because of its simplicity and the ability to control the crosslinking density by changing the heating

timel63’165"167.

19 to synthesize C16-

In the present study, we used a hexadecyl group (C16) as an immune activator
modified ApGltn (C16-ApGltn), then used electrospinning to fabricated C16-ApGltn-based fiber sheets (C16-
FSs) then thermally crosslinked to increase the crosslinking density and enhance their stability. The
physicochemical properties of the C16-FSs with different crosslinking densities were evaluated in terms of the

water contact angle, swelling ratio, and degradation rate. Moreover, the in vivo angiogenic properties of the

C16-FSs in rats were quantified by laser doppler perfusion imaging (LDPI) and immunohistochemical staining.
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4.2. Experimental
4.2.1. Materials

ApGltn (molecular weight = 33,000 g/mol) was purchased by Nitta Gelatin (Osaka, Japan).
Hexadecanal was purchased from Tokyo Chemical Industry (Tokyo, Japan). 2-Picoline borane (pic-BH3) was
purchased from Junsei Chemical (Tokyo, Japan). Collagenase and Dulbecco’s PBS were from Nacalai Tesque
(Kyoto, Japan). 2,4,6-trinitrobenzensulfonic acid (TNBS), triethylamine, 2-aminoethanol, ethanol, dimethyl
sulfoxide (DMSO), and 10% formalin neutral buffer solution were purchased from Wako Pure Chemical

Industries (Osaka, Japan).

4.2.2. Synthesis of C16-ApGltn

Before the modification ApGltn with hexadecyl groups, the amino group concentration in the gelatin
was quantified by the TNBS method, as previously reported''*"'>!?". Briefly, 100 pL of 0.1 w/v% ApGltn
dissolved in 1:1 DMSO/H,0O was dispensed into each well of a 48-well plate. 100 pL of a solution of 0.1%
TNBS and 0.1% triethylamine in 1:1 DMSO/H,0 was then added to each well. The plate was then shaken for
1 min using a microplate shaker and incubated or 2 h at 37°C. Then, the absorbance at 335 nm in each well
was measured with a microplate reader (Spark 10M; Tecan, Médnnedorf, Switzerland) to calculate the number
of amino groups. 2-aminoethanol (which has a known concentration of amino groups) was used instead of
ApGltn to generate a calibration curve.

117,129,168

C16-ApGltn was synthesized by reductive amination as described previously''? (Figure A-8).
Briefly, 20 w/v% ApGltn was dispersed in a 30% ethanol aqueous solution and dissolved by heating at 50°C.
Hexadecanal and 2-picoline borane were dissolved in ethanol and added to the ApGltn solution in 1.5-fold

molar excesses relative to the remaining amino groups in the ApGltn. The reaction was carried out for 18 h.

The reaction solution was then added dropwise to cold ethanol (10 times the reaction solution volume) to
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precipitate the C16-ApGltn, which was then isolated by suction filtration using a glass filter. The C16-ApGltn
was then re-dispersed in ethanol three times to remove remaining the hexadecanal and 2-picoline borane. The
C16-ApGltn precipitate was finally vacuum-dried at 25°C, yielding a white powder. Unmodified ApGltn (Org-
ApGltn) was prepared by the same protocol used for C16-ApGltn without the addition of hexadecanal and 2-
picoline borane. The modification ratio of hexadecyl groups in C16-ApGltn was quantified using the TNBS
method and comparing the absorbance at 335 nm with that of Org-ApGltn. The degree of modification was

further confirmed by '"H nuclear magnetic resonance (‘"H-NMR) (JNM-AL300; JEOL, Tokyo, Japan).

4.2.3. Fabrication and Characterizations of C16-FS

Microfiber sheets were fabricated by electrospinning the gelatin solution. Briefly, Org-ApGltn was
dissolved in a 40% aqueous ethanol solution at 30 w/v%, and C16-ApGltn was dissolved in a 50% EtOH
aqueous solution at 15 w/v%. Electrospinning was conducted using a NANON-03 instrument (MECC, Japan)
at room temperature (25 ° C) (Figure 4-1A). Org- and C16-ApGltn solutions were extruded from an 18G

needle at a feed rate of 1 ml/h with voltages of 20 and 25 kV, respectively. The obtained Org-FS and C16-FS
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Figure 4-1. Fabrication and characterization of electrospun fiber sheets '®.
(A) Electrospinning of C16-ApGltn into a fiber sheet (FS). (B) SEM images of FSs (scale bar = 10 um). (C-D)
Histograms of the fiber diameters in (C) Org-FS and (D) C16-FS, as quantified using Image J (n=60).
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were observed with a scanning electron microscope (SEM) (S-4800 ultrahigh-resolution SEM, HITACHI,
Japan), and the fiber diameters were measured using Image J software (n = 60). Fourier transform infrared
spectroscopy (FT-IR) (ALPHA II; Bruker Corp., Billerica, MA, USA) was conducted on a C16-FS to confirm
the presence of hexadecyl groups. Fiber sheets were then thermally crosslinked in a vacuum oven at 150°C for

4 h to improve their degradation resistance.

4.2.4. Water Contact Angle Measurements

To evaluate the hydrophobicity of the fiber sheets, water contact angle measurements were conducted
using a DropMaster DM-701 (Kyowa Interface Science, Japan). Contact angle measurement was initiated 0.5
s after a 3 pL PBS droplet was dropped on the fiber sheet and continued for up to 15 s. The surface contact

angle of the PBS droplet on the fiber sheet was then analyzed using FAMAS software.

4.2.5. Swelling Ratio

After 4 h of thermal crosslinking, fiber sheets were cut into 10 mm-diameter circles, each of which
was weighed to determine the dry weight (Wq). Fiber sheets were then immersed in PBS at 37°C for up to
1,440 min. The swollen fiber sheets were weighed at each time point to determine the swollen weight (W5).

Hence, the swelling ratio of each sheet was calculated using the following equation:

W — Wy

Swelli tio =
welling ratio W,

4.2.6. Enzymatic Degradation of C16-FS

The enzymatic degradation of Org-FS and C16-FS was evaluated using collagenase. Briefly, after 4 h

of thermal crosslinking, Org-FS and C16-FS were cut into 10 mm-diameter circles and immersed in PBS at
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37°C for 1 h for pre-swelling. The swollen FSs were then immersed in a solution of 5 U/ml collagenase in PBS
and incubated at 37°C for up to 240 min. The FSs were weighed at each time point to determine the degradation

profiles.

4.2.7. Evaluation of Angiogenesis in Mice

Animal experiments were approved by the Animal Care and Use Committee of National Institute for
Material Science (NIMS), Japan, and were performed in accordance with NIMS Regulations Pertaining to
Animal Testing. To evaluate the angiogenic properties of C16-FS, the FSs were implanted subcutaneously in
mice backs and evaluated by blood flow imaging and histological observation. Thermally crosslinked Org-FS
and C16-FS were cut into 10 mm-diameter circles. A total of 24 hairless mice (Hos:HR-1, female, 4 weeks
old; Hoshino Laboratory Animals, Japan) were anesthetized by isoflurane inhalation. An incision was made in
the back of each mouse, the FS was implanted, and the incision was sutured closed. Sham surgery was also
conducted by making an incision and then sutured without implanting FSs. The FSs were implanted near the
mice’s tail roots to avoid the blood flow instability caused by the movement associated with breathing.

The blood flows around the implant site was measured using an LDPI system (OZ-2, OMEGAWAVE,
Japan) immediately after and 1, 2, 3, 7, 14, and 24 days after the implantation. To stabilize and control the
blood flow rate in the mice for imaging, the isoflurane concentration was adjusted until each mouse’s breathing
rate was 1 breath/s. To analyze the mechanisms of angiogenesis in vivo, immunohistochemical staining was
conducted on different mice from those used for the LDPI experiment. 3 days after the subcutaneous
implantation of Org-FS and C16-FS, the mice were sacrificed using somnopentyl. The FSs and the surrounding
tissue were dissected and fixed in a 10% formaldehyde neutral buffer solution. Tissue sections were stained

with hematoxylin and eosin (H&E); nuclear factor-kB (NF-kB), VEGF, CD31, and myeloperoxidase (MPO)

-53-



CHAPTER 4

were stained as markers of inflammation and angiogenesis. Stained areas of NF-kB, VEGF, and CD31 were

quantified using Image J.

4.2.8. Statistical analysis

Data are shown as mean + standard deviation (SD). Differences between groups were evaluated for
statistical significance with the Student’s t-test. Differences were considered statistically significant when p <

0.05.

4.3. Results and Discussion
4.3.1. Synthesis of Cl16-ApGltn

C16-ApGltn was synthesized by reacting the residual amino groups in ApGltn with hexadecanal
followed by reduction with 2-picoline borane. The yields of Org- and C16-ApGltn were 90.2% and 82.0%,
respectively (Table 4-1). The modification ratio of C16-ApGltn was 24.0 mol%, as measured by the TNBS
method. The 'H-NMR spectra shown in Figure A-9 show peaks at 1.4 ppm in the C16-ApGltn spectrum, which
correlates with a strong peak at the same chemical shift in the hexadecanal spectrum, confirming the

substitution of hexadecyl groups into ApGltn.

4.3.2. FS Fabrication

The FT-IR spectra of the FSs (Figure A-10) show that the absorbance of C-H at 2853 and 2927 cm™!
was increased in the C16-FS spectrum compared with the Org-FS spectrum, which was attributed to the
modification of the alkyl chains with hexadecyl groups in C16-ApGltn. Therefore, C16-ApGltn molecules but
C16-FS were expected to be more hydrophobic than Org-ApGltn and Org-FS. Org-FS and C16-FS were
fabricated by accumulating electrospun fibers into non-woven sheets. The mean thicknesses of Org-FS and

C16-FS were 223 = 17 um and 276 + 26 um, respectively (Table 4-1). The SEM images of Org-FS and C16-
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Table 4-1. Characterization of Org-FS and C16-FS '%.

L Sheet thickness Fiber diameter
Abbreviations
(Hm) (Hm)
Org-FS 223 + 17 0.58 £ 0.20
C16-FS 276 + 26 0.78 £0.20

FS shown in Figure 4-1B show that the fibers were successfully formed and molded into a non-woven fabric-
like structure. The mean fiber diameter of C16-FS (0.78 + 0.20 um) was larger than that of Org-FS (0.58 +
0.20 pm), as measured from the SEM images. Histograms of the fiber diameters are shown in Figure 4-1C
and D; these data show that over 70% of the fibers in the Org-FS were between 0.3 and 0.8 pm, whereas the
same percent in the C16-FS were between 0.5 and 1.0 pm. After the thermal crosslinking, fiber diameters of
Org- and C16-FS were 0.61 £0.13 pm and 0.72 £ 0.29 pum, respectively, which were not significantly different
with that before crosslinking. Besides, fiber morphologies and histograms of Org- and C16-FS were quite
similar to that before crosslinking (Figure A-11). ApGltn has significantly lower sol-gel transition temperature
(21.2° C) than porcine and bovine-derived gelatin (31.2°C) due to the lower content of proline and
hydroxyproline, which contribute to forming the helical structure of gelatin ''®""'". Therefore, ApGltn in FSs
was considered to have a random coil and amorphous structure because electrospinning was conducted at room
temperature (25°C) '”°. The previous study reported that uncrosslinked and thermally-crosslinked gelatin fibers
demonstrated similar dependence on elastic modulus and tan ¢ , which suggested that the thermally-

crosslinked FSs retained amorphous structure ',
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4.3.3. FS Hydrophobicity

The surface contact angle on each FS was measured to evaluate the surface hydrophobicity, which
may affect the water absorption rate. Figure 4-2A shows the behavior of PBS droplets on Org-FS and C16-
FS. 0.5 s after dropping the PBS droplets, the surface contact angle of that on Org-FS was already smaller than
that on C16-FS. The PBS droplets were then quickly absorbed into the Org-FS compared with the C16-FS.
Figure 4-2B shows the rates of decrease in the contact angles of PBS droplets on Org-FS and C16-FS over 15
s. The surface contact angle was consistently higher on C16-FS than on Org-FS over 15 s because the

modification of hexadecyl groups in C16-ApGltn resulted in higher hydrophobicity. Moreover, the hexadecyl
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Figure 4-2. Surface contact angle measurements of Org-FS and C16-FS '%,
(A) Representative images of the behavior of PBS droplets over 15 s on Org-FS and C16-FS after 4 h of thermal
crosslinking. (B) Quantification of the decrease in the contact angle over time. Error bars represent SDs of each

point (n = 3).
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groups in C16-ApGltn were considered to be localized on the surface of the C16-FS because the FSs were

fabricated in air, and hydrophobic molecules tend to move toward air-water interfaces'”

. We previously
confirmed that hydrophobic groups conjugated to gelatin molecules tended to localize on the surfaces of

thermally crosslinked microparticles by X-ray photoelectron spectroscopy'?. Owing to this surface

hydrophobicity, the C16-FS repelled PBS droplets and delayed their absorption into the FS.

4.3.4. Swelling Ratio (A) 30 ®-0Org-FS ©-C16-FS

The swelling ratios of the FSs were 25

20

measured to evaluate the effect of the hexadecyl

groups in C16-FS on its stability in water (Figure
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Figure 4-3. Physicochemical evaluations of FSs '®.
network; higher crosslinking densities result in less ~ (A) Swelling ratios of Org-FS and C16-FS in PBS at
37°C (n=15). (B) Enzymatic degradation rates of Org-FS
swelling, while lower crosslinking densities lead to  and C16-FS. Error bars represent SDs of each point (n =
4).
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increased swelling. However, the crosslinking density of C16-FS was considered to be lower than that of Org-
FS due to the substitution of hexadecyl groups for amino groups, which contributes to amide bonding via
dehydration condensation; this should lead to a higher swelling ratio in C16-FS. Therefore, the relatively
swelling ratio of C16-FS despite its lower crosslinking density was attributed to physical crosslinking between
hexadecyl groups (C16) in the C16-ApGltn molecules. We previously reported that the modification of
hydrophobic groups in gelatin molecules contributes to decreased swelling ratios and increased mechanical

strength in hydrogels, which is consistent with the results of the present study™.

4.3.5. Enzymatic Degradation of F'Ss

The effect of the hexadecyl groups in C16-FS on degradation rate was evaluated by applying
collagenase, an enzyme that cleaves peptide bonds in gelatin and collagen, and measuring the weight over time.
Before the degradation test, Org-FS and C16- FSs were pre-swelled in PBS for 1 h. Figure 4-3B shows the
degradation profiles of Org-FS and C16-FS in a collagenase solution. Results show that the weights of these
FSs gradually decreased with time, and the weight of remaining C16-FS was higher than that of Org-FS after
120 min. These results were attributed to the suppressed swelling ratio of C16-FS for the first 2 h, which lead
the delayed uptake of collagenase molecules into fibers. However, the weights of Org-FS and C16-FS were
not significantly different after immersion in the collagenase solution for 180 min because both FSs broke into

small fragments, leading to rapid degradation.

4.3.6. Angiogenesis Evaluation in vivo

The in vivo angiogenic properties of C16-FS were evaluated using LDPI and histological observations.
Figure 4-4A shows that the LDPI results after subcutaneous FSs implantation in mice, followed by

quantification of blood flow at the implantation site. There were no significant differences between the LDPI
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images or blood flow in mice with Org-FS implanted, mice with C16-FS implanted, and control mice that
received the sham operation (control) immediately after the implantation (Day 0), or on Day 1. However, on
Day 3, the blood flow in the tissues around the C16-FS implantation site was increased, and visible blood
vessels were observed, indicating an angiogenic response; however, the blood flow decreased after Day 3 until
Day 24 (Figure 4-4A). The quantitative analysis of blood flow over 24 days is shown in Figure 4-4B. The

blood flow measured on each day was normalized to that of the sham group on the corresponding; thus, the

(A) Day 0 Day 1 Day 3 Day 7 Day 14 Day 24

High
Sham
P

(B) oSham eOrg-FS eC16-FS

150
S 140 ¢ S 10 | A S 5
; #n #: gx
= 130T £l o F
T 120 | + = =
= S 120 |
@ 110 ¢ =
@ L
Z 100 8% % g M
<
2 0t E‘j 100

80 1 1 1 1 90

0 5 10 15 20 25 1 3 7 14
Days Days

Figure 4-4. In vivo angiogenesis evaluations of C16-FS '®,

(A) LDPI images of mice backs after the sham implantation and implantation of Org-FS or C16-FS. The hues
in images indicate the intensity of blood perfusion: red and blue indicate higher and lower perfusion,
respectively. (B) Blood flow over 24 days, as quantified from the LDPI images. The blood flow values were
normalized to that in the mice treated with the sham operation (control) for each day. Error bars represent SDs
of each point (n = 4-5). (C) Comparison of mean blood flows in different groups on each day (" indicates p <
0.05, ™ indicates p < 0.01, and * indicates p > 0.05).
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sham group was used as a reference and consistently exhibited 100% blood flow. There was no statistically
significant difference in the mice with Org-FS implanted compared with the sham group over 24 days.
However, in the C16-FS group, the blood flow was elevated (122%) on Day 3 and sustained until Day 7, after
which time it gradually decreased to 104% on Day 24. The time-dependent decrease in blood flow around the
C16-FS was attributed to the ongoing enzymatic degradation of the C16-ApGltn molecules in the FS, as
demonstrated in the in vitro degradation test (Figure 4-3B). On Day 24, the blood flow in the C16-FS groups

returned to an approximately normal level, and the C16-FS was considered to be almost completely degraded.
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Figure 4-5. Evaluation of angiogenesis by immunohistochemical studies '*’.

(A) Immunohistochemical studies of FSs and surrounding tissues 3 days after the sham operation and
implantation of Org-FS or C16-FS (* denotes the FS, and the red arrows in the CD31-stained tissue sections
indicate blood vessels). (B-D) Active areas of NF-kB, CD31, and MPO, respectively, as quantified using Image
J (" indicates p < 0.05, ™ indicates p < 0.01, and * indicates p > 0.05).
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We also analyzed the difference in blood flow between groups at several time points (Figure 4-4C).
Although there was no statistically significant difference between the blood flows in the sham, Org-FS, and
C16-FS groups on Day 1, C16-FS induced significantly higher blood flow on Day 3. Moreover, the C16-FS
group sustained significantly higher blood flow up to Day 7 compared with the sham and Org-FS groups.
However, the increased blood flow associated with C16-FS compared with Org-FS was no longer observed on
Day 14. Comparing with the results of our previous study with an angiogenic self-assembled hydrogel®’, the
C16-FS prepared with thermal crosslinking suppressed the subcutaneous spreading of material and
successfully induced sustained localized angiogenesis for 14 days.

Figure 4-5A shows tissue sections with immunohistochemical staining of NF-kB, CD31, MPO, and
HE. The area of NF-«B staining revealed significantly increased NF-kB expression in the tissue around the
C16-FS (Figure 4-5A, B). NF-«xB promotes genes associated with inflammatory cytokines and growth factors,
such as VEGF, and we have previously shown that SFA-modified gelatin stimulates NF-«xB via TLR4-mediated
pathways?’. However, there were no statistically significant differences between the levels of VEGF staining
in the Sham, Org-FS, and C16-FS implanted site, although the higher level of VEGF staining was confirmed
inside of C16-FS compared with Org-FS (Figure A-12). We previously reported an increased affinity of VEGF
to hydrophobically-modified gelatin based on surface plasmon resonance measurements’’. Therefore, VEGF
was considered to be entrapped in the C16-FS by hydrophobic interactions between VEGF and the hexadecyl
groups in C16-ApGltn, which results were correlated with the increased water contact angle of C16-FS.
Furthermore, the level of the stained area of CD31, an endothelial marker, was elevated around the C16-FS
implantation site compared with the sham and Org-FS (Figure 4-5A, C). In addition, the number of blood
vessels (indicated by red arrows in the CD31-stained sections) was higher in the C16-FS sample than in the

Org-FS and sham samples, indicating that the C16-FS enhanced angiogenesis (Figure 4-5A). The H&E
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staining showed that there was blood perfusion inside of the newly formed blood vessels around C16-FS
(Figure 4-5A). We further investigated the accumulation of granulocytes (including monocytes, neutrophils,
and macrophages) by MPO staining, as shown in Figure 4-5A, D. The observed increased accumulation of
granulocytes around C16-FS was attributed to an increased foreign body reaction by the enhanced protein
adsorption on C16-FS or a direct stimulation of inflammatory cells by hexadecyl groups.

In summary, C16-FS activated NF-kB secretion by stimulating TLR4-mediated pathways. NF-«xB then
activated the expression of VEGF, which became entrapped within the C16-FS and gradually released upon
the degradation of C16-FS. The secreted VEGF promoted endothelial cell proliferation and, consequently,
angiogenesis, which gave rise to increased blood perfusion (Figure A-12). Based on these findings, it was
concluded that C16-FS is a promising method to induce angiogenesis for prevascularization in cell or tissue
transplantation without the addition of any growth factors. However, various types of inflammatory cytokines
are secreted in response to VEGF, which is stimulated by NF-«xB; the effects of those cytokines on implanted
cells need to be further assessed in future studies. Moreover, long-term inflammation may lead to fibrosis'*’,
which would be a significant challenge for clinical application. Therefore, the incorporation of anti-
inflammatory drugs may alleviate the inflammatory responses and modulate the balance of pro- and anti-
inflammatory responses to lead the angiogenesis without fibrosis. The modification of cyclodextrin group in
FSs enables not only the incorporation of anti-inflammatory drugs by forming inclusion complexes, but
increased hydrophilicity, which prevents the adhesion of proteins on FSs in vivo followed by the foreign body
reaction ', Furthermore, we are now investigating how changing the thermal crosslinking time may influence

the time-dependent modulation of the angiogenic response elicited by C16-FS.
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4.4. Conclusion

Here, we developed a C16-FS with thermal crosslinking to achieve sustained and localized
angiogenesis in vivo. The C16-FS elicited a high-water contact angle and exhibited a lower water absorption
rate, indicating increased hydrophobicity of the C16-FS compared with the Org-FS. In addition, the C16-FS
was stable in PBS for 24 h due to the thermal crosslinking, but the C16-FS was degraded by collagenase in 4
h (as was the Org-FS). In vivo experiments followed by LDPI observations revealed that the C16-FS induced
significantly higher blood perfusion when implanted subcutaneously in mice compared with the Org-FS.
Moreover, C16-FS induced sustained and localized angiogenesis for up to 7 days, followed by a decrease in
blood flow to a normal level after 24 days. Immunohistochemical evaluations revealed that C16-FS promoted
NF-kB secretion, leading to VEGF secretion, which was entrapped within the C16-FS and released, resulting
in elevated CD31 expression and angiogenesis with blood perfusion. These results demonstrate that the C16-
FS is a promising material for making vascular beads to improve the survivability of implanted cells or tissues

without the need for drugs or growth factors.
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CHAPTER 5: Anti-Inflammatory and Tissue Adhesion
Properties of an o-Linolenic Acid-modified Gelatin-

based in situ Hydrogel

5.1. Introduction

Wound healing processes are always accompanied with inflammation to kill bacteria or enhance tissue
regeneration. Although these remodeling processes are necessary for healing wounds, excess and chronic
inflammation delays the healing processes and induces pain ®**2. Deep burn injury in particular is accompanied
by the stimulation of inflammatory responses including the activation of nuclear factor (NF)-kB and secretion
of various inflammatory cytokines, followed by the production of reactive oxygen species (ROS), which leads
to progressive tissue damage . Rheumatoid arthritis, an autoimmune disorder, involves the progressive
destruction of cartilage and bone in joints caused by accumulation of inflammatory cells and secretion of
excess levels of inflammatory cytokines such as tumor necrosis factor (TNF)-a '"*!'”*. To address these

72,176,177

inflammatory responses, drugs , proteins/peptides '™, and antibodies ' have been incorporated into or

conjugated to biomaterials. Anti-inflammatory drugs incorporated into micro/nano spheres ' or hydrogels '’
have demonstrated significant reduction of inflammation in vivo; however, the rapid diffusion of these low-
molecular weight drugs from biomaterials prevents these systems from exhibiting sustained anti-inflammatory

effects "2. The modification of proteins or antibodies is an alternative approach to suppressing inflammation

by targeting cytokines or their receptors. A hydrogel functionalized with an inhibitory peptide of interleukin
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(IL)-1B receptor significantly reduced cell death in the presence of various kinds of inflammatory cytokines
178 In addition, use of an anti-TNF-o antibody modified hydrogel led to reduced accumulation of inflammatory
cells around a burn injury site and secretion of IL-1p, followed by prevention of progressive tissue damage ',
However, peptides and antibodies have short half-lives due to methionine oxidation under physiological
conditions ", leading to the rapid decrease of their efficacy. In the present study, we aimed to develop the
naturally derived multifunctional biomaterials with anti-inflammatory and tissue sealing properties for clinical
translations including treating severe wounds, burn, and inflammation related diseases.

Poly unsaturated fatty acids (PUFAs)—natural chemicals extracted from fish and nut oils—are another
class of anti-inflammatory '7'®! and antioxidant '*#'%* agents. Although both -3 and -6 PUFAs activate
GPR120, a G-protein coupled receptor, and induce anti-inflammatory effects, these metabolites shows different
inflammatory behaviors '7*'®. On the other hand, »-3 PUFA-derived metabolites have anti-inflammatory
properties, whereas ®-6 PUFA-derived metabolites demonstrate pro-inflammatory reactions and
immunoreactive functions '**!35. Besides, excess internalization of PUFAs and their oxidants induces cell
cytotoxicity by inhibiting the mitochondrial respiratory system '*¢'*¥ Therefore, in this study, ®-3 PUFA -
modified Alaska pollock-derived gelatin (ApGltn) was synthesized to evaluate the cytotoxicity and anti-
inflammatory properties when compared with unmodified PUFA and ApGltn molecules. We previously
reported that hydrophobically-modified Alaska pollock-derived gelatin hydrogel demonstrated significantly
higher bonding strength on tissue than a commercial fibrin adhesive, which suggests that ®-3 PUFA modified
ApGltn-based hydrogel also exert tissue adhesion properties; however, the longer hydrophobic groups caused
a decrease in the bonding strength on tissues due to the self-aggregation of modified gelatin molecules ''*'%~

1 Therefore, we employed a-linolenic acid (ALA), the shortest chain length among natural »-3 PUFAs, to

synthesize ALA-modified ApGltn (ALA-ApGltn), which was thereby crosslinked with a poly(ethylene
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glycol)-based crosslinker to develop ALA-ApGltn based hydrogel (ALA-gel). ALA-ApGltn and ALA-gel
were evaluated on the physicochemical properties, anti-inflammatory effects, and tissue adhesion properties

to assess the potential applications for various medical use.

5.2. Experimental
5.2.1. Materials

ApGltn (molecular weight = 33,000) was purchased from Nitta Gelatin (Osaka, Japan). Collagenase
and Dulbecco’s phosphate-buffered saline (PBS) were acquired from Nacalai Tesque (Kyoto, Japan). ALA,
potassium persulfate, 2, 4, 6-trinitrobenzensulfonic acid (TNBS), triethylamine, 2-aminoethanol, ethanol,
dimethyl sulfoxide (DMSQO), and 4% paraformaldehyde phosphate buffer solution (PFA/PBS) were purchased
from FUJIFILM Wako Pure Chemical (Osaka, Japan). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) hydrochloride and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from
Dojindo  Laboratories (Kumamoto, Japan). N-Hydroxysuccinimide (NHS), 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), and phalloidin-tetramethylrhodamine B
isothiocyanate (TRITC), MitoTracker Orange CMTMRos, CellROX Orange Reagent, and NucBlue Live
ReadyProbes Reagent were purchased from Sigma-Aldrich (USA). Triton™ X-100 was purchased from
Thermo Fisher Scientific (USA). Pentaerythritol poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-

PEG) with a molecular weight of 10,000 was purchased from NOF Corporation (Japan).

5.2.2. Synthesis of ALA-ApGlin

The primary amino groups in ApGltn were quantified using the TNBS method prior to synthesizing
ALA-ApGltn according to our previous method ''*!"*!!5127 Briefly, ApGltn was dissolved in 1:1 DMSO/H,O

at 0.1 w/v%. 100 pL of ApGltn solution was then mixed with 100 puL of 0.1% TNBS and 0.1% TEA in each
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well of a 48-well plate followed by stirring using a plate shaker for 60 s. After 2 h of incubation at 37°C
protected from light, the reaction was stopped by adding 50 puL of 6N HCI. To calculate the concentration of
the primary amino groups in ApGltn, the absorption at 335 nm of each well was measured using a microplate
reader (Spark 10M; Tecan, Mannedorf, Switzerland) and compared with a standard curve. The standard curve
was generated using 2-aminoethanol (which has a known concentration of amino groups) instead of ApGltn.
Lipopolysaccharide (LPS) was purchased from InvivoGen (USA).

ALA-ApGltn was synthesized by activation of ALA with EDC/NHS followed by reacting with the
amino groups in ApGltn (Figure 5-1A, B) '**. Briefly, 10 g of ApGltn was dissolved in 50 mL of 40 %
ethanol/0.2 M pH 9.5 borate buffer. 896 pL of ALA (1 eq to the available amino groups in ApGltn) was
dissolved in 50 mL of aqueous ethanol solution and then 1.5 eq of EDC and 2.0 eq of NHS were added to give
the ALA-NHS ester (Figure 5-1A). After reacting for 3 min, the pH of the reaction solution was adjusted to 4
to degrade unreacted EDC '*°. The activated ALA-NHS ester was then added dropwise to the ApGltn solution
to initiate the modification reaction, which was allowed to run for 18 h at 50°C (Figure 5-1B). The reaction
solution was then added dropwise to 1000 mL of cold ethanol (10 times the reaction solution volume) to
precipitate ALA-ApGltn. The ALA-ApGltn precipitate was then isolated by suction filtration using a glass
filter and re-dispersed in 500 mL of ethanol to remove unreacted reagents, this was repeated 3 times. The
remaining precipitate was dissolved in ultrapure water at 20 w/v% and dialyzed for 24 h using regenerated
cellulose dialysis membrane (MWCO 3,500) (Spectra/Por® 3; Repligen, USA). The resulting white ALA-
ApGltn powder was vacuum-dried at 25°C for 24 h. The modification ratio of the ALA group in ALA-ApGltn
was determined using the TNBS method comparing the absorbance at 335 nm with that of Org-ApGltn. The
modification was also confirmed by 'H nuclear magnetic resonance ('H-NMR) (JNM-ECS400; JEOL, Japan)

and Fourier transform infrared spectroscopy (FT-IR) (ALPHA II; Bruker Corp., Billerica, USA).
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Figure 5-1. Synthesis of ALA-ApGltn via EDC/NHS chemistry '**.
(A) Activation of ALA with EDC/NHS chemistry. (B) Modification of the activated ALA group to ApGltn molecules.
(C) Preparation of ALA-gel using a 4S-PEG cross-linker.

5.2.3. Preparation of the Hydrogels

Org- and ALA-ApGltn were dissolved in 0.1 M pH 9.5 borate buffer at 20 w/v%. The amount of 4S-
PEG was fixed at 0.5 eq of the residual amino groups in ALA-ApGltn. The same volume of Org- or ALA-
ApGltn solution and 4S-PEG dissolved in 0.01 M pH4 phosphate solution were mixed to give Org- and ALA-

gel (Figure 5-1C).

5.2.4. Viscoelastic Properties of the Hydrogels

To evaluate the effect of AL A modification on the viscoelastic properties of the hydrogel, the rheology
of Org- and ALA-gel was measured using a rheometer (MCR301; Anton Paar GmbH, Graz, Austria). Org- and
ALA-ApGltn/4S-PEG mixtures were applied to the rheometer stage at 37°C and then a PP10 parallel plate
was lowered to give a 1.0 mm gap before the hydrogels were cured. After waiting for 5 min, excess sample
was removed, and the measurement was started. To determine the linear viscoelastic (LVE) region, strain

sweep measurements were initially conducted at frequency (®) = 10 rad/s and strain (y) = 0.01%-1000 % "3*.
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Then a frequency sweep was measured using the specific strain value within the LVE region (10 %) and o =
0.1%—-100 %. We also evaluated the rheology of swollen hydrogels using a PP10 plate with waterproof
sandpaper (C947H, Noritake Coated Abrasive, Japan) to prevent slipping during measurements. Org- and
ALA-gel were cured at 1 mm thickness and then immersed in PBS at 8°C for 24 h. Swollen hydrogels were
placed on the stage and sandwiched with a PP10 plate with sandpaper. A frequency sweep was conducted under
the same conditions as for the measurement of the hydrogels that were not swollen. To assess the effect of ALA
modification and swelling on the rheology, the storage modulus at 10 rad/s, which is defined as the elastic

modulus '8, and tan § at the same frequency were compared.

5.2.5. Swelling Ratio of the Hydrogels

The effect of ALA modification on the swelling ratio was evaluated using a previously reported
method. Briefly, Org- and ALA-gels were prepared and cut into disks with 7 mm diameter and 1 mm thickness,
and were weighed to give the initial weight. Hydrogels were separately immersed in PBS at 37°C using 5 mL
tubes. At certain time points the PBS was discarded, remaining PBS around the hydrogels was wiped away,
and the swollen weight of the hydrogels was measured. After weighing at 48 h, hydrogels were immersed in
ultrapure water for 24 h to remove the remaining salt and then freeze dried. The freeze-dried hydrogels were

weighed to give the dried weight. The swelling ratio was calculated using the following equation.

W — Wy

Swelling Ratio =
welling Ratio W,

where W, and W indicate the weight of swollen and dried sealants, respectively.

5.2.6. Degradation Properties of the Hydrogels

The enzymatic degradation of the hydrogels was evaluated using collagenase, which cleaves peptide

bonds in gelatin molecules. After preparation of the hydrogels, they were cut into 7 mm diameter and 1 mm
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thick disks and allowed to pre-swell in PBS at 8°C for 24 h. The initial weights of the swollen hydrogels were
denoted the 100 % fraction. The hydrogels were then immersed in 3 U/mL collagenase/PBS solution and
weighed at predetermined time points. The percentage of the gel fraction was calculated by comparing with

the initial weights of the swollen hydrogels.

5.2.7. Tissue Adhesion Properties of Hydrogels

The tissue adhesion properties of the hydrogels were evaluated on collagen sheets (casing) and porcine
blood vessels. The tissue adhesion test was conducted according to the American Society of Testing and
Materials (ASTM) F2392-04 '*°, as we previously reported '*-1°*!> Briefly, collagen sheets and porcine blood
vessels were cut into 30 mm diameter disks and then a 3 mm hole was punched in the center. The hydrogels
were applied to the collagen sheets and porcine tissue before curing and molded into 15 mm diameter, 1 mm
thicknesses using a silicone ring. After curing for 5 min, the tissue and hydrogel samples were placed in the
testing apparatus. Saline was flowed at 2 mL/min to load pressure from the bottom of the hydrogels. The
maximum pressure when the hydrogels were broken, or saline leakage was confirmed, was defined as the burst

strength.

5.2.8. Antioxidant Properties

The antioxidant properties of ALA-ApGltn were evaluated using ABTS according to the procedure in
a previous study with a minor change '*°. Briefly, ABTS was dispersed in ultrapure water at 7 mM and then
2.45 mM potassium persulfate was added to generate ABTS™". After mixing for 5 min, 100 pL of solution was
dispensed into a 96 well plate. Org- and ALA-ApGltn were dissolved in PBS at 0.03~1.0 w/v%, and 50~800
uM of ALA conjugated to BSA at a 5:1 molar ratio was also dissolved in PBS. 100 pL of each solution was

mixed with ABTS™ in a well plate and then incubated for 24 h at 37 °C. The absorbance of the resulting
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solution at 734 nm (Absx) was measured using a microplate reader (Spark 10M, Tecan, Méannedorf,
Switzerland). PBS mixed with ABTS™ was used as the control absorbance (Abspss). The radical scavenging

efficiency was calculated using the following equation:

S ing (%) = (1 Absy )x 100
cavenging (%) = AbSpps

In addition, the required radical inhibitory concentrations (IC) 80% were calculated using each approximate

curve.

5.2.9. Invitro Anti-Inflammatory Activity of ALA-ApGltn and Hydrogels

The anti-inflammatory effects of ALA-ApGltn were evaluated using mouse macrophage-like cells
RAW264.7 (purchased from the European Collection of Authenticated Cell Cultures (ECACC)). Cells were
cultured in RPMI 1640 supplemented with 10% FBS and 1% PenStrep. Cells were seeded in a 96-well plate
at 2.0x10* cells/well and then incubated for 24 h at 37°C in 5% CO,. The culture media was then replaced with
new media supplemented with various concentrations of Org- and ALA-ApGltn/PBS solutions and ALA/BSA
complex (5:1 molar ratio) '*"'*®. LPS dissolved in PBS was then added to the culture (final concentration 10
ng/mL). After incubating for 24 h, the culture supernatants were separated for the enzyme-linked immune
sorbent assay (ELISA) and replaced with WST-8 reagent (Nacalai Tesque, Kyoto, Japan) 10x diluted in new
culture media. The culture plate was incubated for 2 h, and its absorbance at 450 nm was measured using a
microplate reader (Spark 10M, Switzerland). The calibration curve was generated by serial dilutions of cell
suspensions. The cell viability (%) was calculated by comparing with the cell number of the control group.
The concentration of TNF-a in the culture supernatants was measured using an ELISA kit (R&D Systems,
USA), following the manufacturer’s instructions.

The cell viability on the hydrogels was measured using Org- and ALA-gels and the same conditions
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as for other experiments. After swelling in PBS for 24 h, hydrogels were cut into 10 mm diameter samples,
placed in 48-well plates and UV sterilized for 60 min. RAW264.7 cells were seeded on the hydrogels at 6.0x10*
cells/well, and LPS was added to give a final concentration of 10 ng/mL. After incubating at 37°C in 5 % CO;
for 24 h, the cell viability and ELISA of TNF-a were measured.

Following the cell viability measurement, cells on the well plate and hydrogels were fixed with 4 %
PFA/PBS for 15 min and then permeabilized with 0.1 % Triton-X100/PBS for 20 min. Actin filaments in the
cells were then stained with 5 pg/mL of phalloidin-TRITC in PBS solution for 30 min. In addition, cell nuclei
were stained with 1 pg/mL DAPI/PBS solution for 20 min.

Mitochondria and intracellular ROS were visualized to assess the cellular activity and anti-
inflammatory effects. Briefly, RAW264.7 cells were seeded in a 96-well plate at 2.0x10* cells/well and cultured
for 24 h. Various concentrations of Org- and ALA-ApGltn/PBS solutions as well as ALA/BSA complex (5:1
molar ratio) were added to the cell culture and then incubated for 24 h. Subsequently, the cell supernatants
were replaced with new media supplemented with 30 nM of MitoTracker Orange CMTMRos or 5 pM of
CellROX Orange Reagent. After incubating for 30 min at 37°C, the culture media was replaced with new

media containing NucBlue (2 drops/mL) and then sample were incubated for 20 min.

5.3. Results and Discussion
5.3.1. Synthesis of ALA-ApGlin

ALA-ApGltn was synthesized by condensation between the carboxy groups of ALA and amino groups
of ApGltn through EDC/NHS chemistry. The yield of ALA-ApGltn was 80.6 g/g%, and the modification ratio
of ALA groups to the total amino groups in ApGltn, determined using the TNBS method, was 44.6 mol%. The
FT-IR spectra of Org- and ALA-ApGltn are shown in Figure A-13. The difference spectrum between the Org-

and ALA-ApGltn spectra indicates that the increase of absorption at 2850~3000 cm ™' was attributed to C-H
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stretching, which was enhanced by the ALA modification. In addition, the '"H-NMR spectra of Org- and ALA-
ApGltn showed that peaks at 2.43, 3.24, and 5.18 ppm emerged following ALA modification (Figure A-14).
The peak at 2.43 ppm was attributed to the a-methylene of ALA. The peak at 3.24 ppm was attributed to the
e-methylene of lysine, which was shifted downfield from 2.86 ppm by modification with the carbonyl group
of ALA and the resulting decrease in electron density. Besides, the peak at 5.18 ppm in the ALA-ApGltn
spectrum was attributed to the vinylic protons of the ALA molecule. Therefore, ALA-ApGltn was successfully

synthesized by EDC/NHS chemistry.

5.3.2. Viscoelastic Properties of the Hydrogels

The bulk strength of hydrogels plays an important role in tissue adhesion. Hence, we assessed the
effects of ALA modification on the rheological properties before and after swelling to evaluate the mesh
structure of the ALA-gel. A strain sweep of the Org- and ALA-gels was initially measured to determine the
LVE region (Figure A-15). As the strain range of 0.1~10 % was found to be LVE region, the frequency sweep
measurement was conducted at 1 % strain. Figure 5-2A, B show the frequency sweeps for Org- and ALA-gels
with and without swelling, respectively. The rheology before and after swelling showed that the storage
modulus (G') of both the Org- and ALA-gels exceeded their loss modulus (G") over the whole frequency range,
indicating characteristic hydrogel properties resulting from successful crosslinking. The elastic modulus of the
Org- and ALA-gels was taken at 10 rad/s to compare their bulk strength (Figure 5-2C). No significant
difference between Org- and ALA-gel was observed before or after swelling, indicating that neither
introduction of the ALA group into ALA-ApGltn nor swelling led to significant change in the elastic moduli.
We previously reported that saturated fatty acid (SFA)-modified ApGltn hydrogels ha d a significantly higher

elastic modulus compared with Org-ApGltn hydrogel owing to the increased physical crosslinking points
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provided by hydrophobic interactions between SFA moieties ''>!'>1!. SFAs contain a linear hydrocarbon chain
and can easily form lateral packing structures, which correlates with their relatively high melting point. In
addition, the conformational freedom of hydrocarbon chains in SFAs is relatively high, leading to the formation
of physical crosslinking points and enhancement of the bulk strength of the hydrogels. However, PUFAs
contain at least one double bond in the hydrocarbon chain leading to a bent structure, which results in lower
packing densities. Therefore, the intermolecular physical crosslinking between ALA groups was easily

disrupted by loaded force and insufficient to significantly change the elastic modulus of the ALA-gel. We also
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Figure 5-2. Rheological measurements of hydrogels '**.

Viscoelastic properties of Org- and ALA-gel with (A) and without (B) swelling. Comparison of elastic modulus
(C) and tan 6 at 10 rad/s (D). n.s. indicates no significant difference (p>0.05). * and ** indicate significant

differences with p<0.05 and p<0.01, respectively.
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measured tan d, which is a ratio of G” to G’, to evaluate the morphological change when force was applied to
the hydrogels (Figure 5-2D). Although tan o of the swollen Org-gel was not significantly different to that of
the pre-swollen state, both were significantly lower than tan & of ALA-gel with and without swelling. These
observations are attributed to energy dissipation by the intermolecular interaction and rearrangement of ALA
moieties in ALA-ApGltn. When force was applied to the ALA-gel, the stacked ALA moieties are thought to
have deformed and rearranged with other ALA groups, leading to increases in G” and tan 6. However, Org-gel
was elastically deformed by the force because it had no additional physical crosslinking, resulting in lower G”
and tan d. In addition, tan § of the swollen ALA-gel was significantly lower than that of the pre-swollen state.
It is thought that in the swollen state the ALA groups were less likely to form the stacked state as easily owing
to the expanded mesh structure of the hydrogel, leading to a decrease in energy dissipation properties and a

lower value of tan d.

5.3.3. Swelling Ratio of Hydrogels

The swelling ratios of Org- and ALA-gels were measured to assess the effect of swelling on tissue
adhesive properties. Figure 5-3A shows that the swelling ratio of Org- and ALA-gel reached a plateau after 8
and 2 h, respectively. In addition, the swelling ratio of ALA-gel exceeded that of Org-gel throughout the
measuring time. Although the ALA modification did not significantly affect the elastic modulus of ALA-gel,
it significantly enhanced the resistance to swelling owing to the increase of physical crosslinking points and
the hydrophobicity of ALA-ApGltn molecules, leading to the inhibition of hydrogel mesh network expansion
and the repulsion of water molecules. However, the swelling of materials inhibits the tissue adhesion properties
because swelling exerts shear force on the interface between the tissue and the adhesive. ALA-gel has a lower

swelling ratio than Org-gel and is suitable for tissue adhesion under physiological conditions.

-75-



CHAPTER 5

5.3.4. Degradation Properties of Hydrogels

The degradation profiles of Org- and ALA-gel

were measured to assess the degradation profile under

physiological conditions. Figure 5-3B shows the

degradation profiles of Org- and ALA-gel, it can be

seen that ALA-gel has a slower degradation rate than

Org-gel. To compare the degradation of Org- and

ALA-gels, their half-lives were calculated using the

approximate curves. The half-life of Org-gel was 2.88

h, whereas, that of ALA-gel was 3.6 h. In addition, the

complete degradation times of Org- and ALA-gel were

6 and 8 h, respectively. The difference between these

findings is attributed to inhibition of collagenase

molecule entry into the hydrogel by the increased

physical crosslinking between the ALA groups in

ALA-ApGiltn, in addition to the swelling. Therefore,

ALA-gel is considered appropriate for use as a tissue

adhesive for wound closure because it can remain

stable under physiological conditions for a relatively

long period.

(A) 35
e Org-gel e ALA-gel

30| l
25

Q [
E 20
215 &
)
2 10
(V)]

5

ol - .

0 10 20 30 40 5C
Time (h)

(B)

100 e Org-gel e ALA-gel
80
Half-life

g 0rg:2.88 h
B 60 1 ALA:3.60 h
I e N R
L 40
=X

20 r

0 1 1

0O 1 2 3 4 5 6 7 8
Time (h)

Figure 5-3. Swelling and degradation properties
of FSs '™,

Time course change of swelling ratio (A) and
enzymatic degradation behavior (B) of Org- and ALA-
gel.
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5.3.5. Tissue Adhesion Measurements

ALA modification of the gel was expected to enhance the burst strength since SFA-modified ApGltn-
based adhesive showed significantly higher burst strength than both non-modified adhesive and a
commercially available adhesive, as we reported previously ''*'%71°! Hence, the burst strength of ALA-gel
was evaluated using collagen casing and porcine aorta tissue with a 3 mm hole (Figure 5-4A) and ASTM
F2392-04 apparatus (Figure 5-4B). Figure 5-4C shows the burst strength of Org- and ALA-gel as well as
commercially available fibrin adhesive, on a collagen casing. Although the storage modulus of fibrin adhesive
was reported to be 2~3 kPa ', which was compatible with that of Org- and ALA-gel, the burst strength of
fibrin adhesive was 19.1 £ 13.3 cmH>O, which was significantly lower than that of Org- and ALA-gel. This is

expected to be the result of fibrin adhesive having insufficient interfacial adhesion, whereas, 4S-PEG
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Figure 5-4. Burst strength test using ASTM F2392-04 ',

(A) Image showing the dimensions of tissue with a hole following ASTM. (B) Test apparatus for burst strength
test. Burst strength of Org- and ALA-gel on collagen casing (C) and porcine aorta (D). * and ** indicate
significant differences with p<0.05 and p<0.01, respectively.
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crosslinker can react with amino groups in tissue matrices as it crosslinks ApGltn molecules, enhancing the
interfacial adhesion. ALA-gel demonstrated a significantly higher burst strength (56.4 + 7.4 cmH,0) than Org-
gel (42.1 + 6.1 cmH»0) because the introduction of hydrophobic moieties in ApGltn enhanced its interaction
with hydrophobic amino acid-rich sequences in collagens '***,

We also measured the burst strength on porcine aorta using a similar method (Figure 5-4D). The burst
strengths of Org- and ALA-gel were significantly higher than the previously reported value for fibrin adhesive
(29.3 + 10.5 mmHg) '*. In addition, similarly to the results of burst strength on a collagen casing, ALA-gel
demonstrated a significantly higher burst strength (74.3 £ 1.5 mmHg) than Org-gel (56.0 +2.6 mmHg). These
observations were a result of the enhanced interaction of the ALA group with porcine aorta tissue. We
previously reported that SFA-modified ApGltn demonstrated increased interactions with cells and extracellular
matrices (ECM) '*!. Therefore, in the case of ALA-ApGltn it was assumed that the ALA moieties interacted
with the hydrophobic components of the cell membrane and ECM such as collagen, tropoelastin, and
fibronectin. In addition, the followability of ALA-gel to porcine tissue increased. Upon porcine tissue swelling
as a result of the loaded pressure during the burst strength test, ALA-gel followed the swelling tissue well and
was prevented from peeling by its higher loss modulus and tan §. Based on the normal human systolic (120—

139 mmHg) and diastolic (80-89 mmHg) blood pressures 2!

, the burst strength of ALA-gel was not sufficient

to close blood wounds alone. Therefore, ALA-gel could be clinically applied as a supportive adhesive or a

hemostatic sealant to accompany suturing.

5.3.6. Antioxidant Properties of ALA-ApGltn

The antioxidant properties of ALA-ApGltn were measured to evaluate whether the antioxidant

properties of the ALA molecule were maintained after modification on ApGltn. Figure 5-5A shows the
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Figure 5-5. Measurements of antioxidant
modification ratio of 45 mol%. We also compared properties using ABTS ',

Radical scavenging activities in terms of gelatin
the antioxidant properties of ALA/BSA complex and  ¢concentration (A) and ALA concentration (B).
ALA-ApGltn in terms of the molar ratio of ALA moieties. Figure 5-5B indicates that the scavenging
percentage of ALA-ApGltn reached a plateau around 330 pM, whereas, the ALA/BSA complex required 600
uM to reach a plateau. The IC80 concentration of ALA moieties in ALA/BSA and ALA-ApGltn was 555.1 and
192.9 uM, respectively, indicating that ALA-ApGltn exerted more effective radical scavenging properties than

ALA/BSA by the natural antioxidant properties of ApGltn. Therefore, both Org- and ALA-ApGltn were

expected to efficiently scavenge ROS in cells or tissue to reduce continuous inflammation.
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5.3.7. In Vitro Anti-inflammatory Effects

The anti-inflammatory effects and the advantage of ALA modification in ALA-ApGltn were also
evaluated. Figure 5-6A, A-17 indicates the cell morphology of LPS-activated RAW264.7 cells cultured with
ALA/BSA complex, Org-, and ALA-ApGltn. The size of LPS-activated cells was increased by Toll-like
receptor (TLR)-4 mediated pathways including myeloid differentiation primary response 88 (MyD88) and
JNK as well as p38 MAPK **, leading to an increase in the number of vacuoles ***. ALA/BSA conjugate
suppressed the enlargement of cells and was expected to have anti-inflammatory responses. Despite the
antioxidant properties of Org-ApGltn, it did not affect the morphological changes of LPS-activated cells;
however, ALA-ApGltn successfully suppressed the enlargement of RAW264.7 cells, which was attributed to
be the suppressive effect on LPS-mediated inflammation. The cell viability quantified by WST-8 indicated the
significant cytotoxicity of ALA/BSA complex in a dose dependent manner, whereas, other groups did not show
significant lower viability except for ALA-ApGltn at 1.0 w/v% (Figure 5-6C). The cytotoxicity of high
concentrations of ALLA was attributed to the oxidized product of ALA. An increase of intracellular PUFA level
leads to lipid peroxidation by enzymatic and non-enzymatic reactions to produce cytotoxic oxidized products
186188 " Oxidized DHA induced apoptosis by inhibiting the mitochondrial respiratory system ' and activation
of caspase due to the increased ROS production caused by lipid peroxides followed by the activation of
caspase-8 and -9 '%*'%" Hence, ALA, which is also an omega-3 PUFA, was expected to inhibit mitochondrial
activity, leading to cell apoptosis. Figure 5-6B (left column) shows that lower mitochondrial activity (red
staining) was confirmed when cells were cultured with ALA/BSA at 600 uM compared with the other groups,
indicating that the significant cytotoxicity was based on the mitochondrial dysfunction. On the other hand,
ALA-ApGltn did not negatively affect the mitochondrial activity. This phenomenon was seemingly due to the

suppressed cell internalization of ALA moieties by the introduction of them to ApGltn.
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Figure 5-6. Cell responses on Org- and ALA-ApGltn "**,

(A) Microscopy of RAW264.7 cells cultured with each group. Scale bar = 50 pm. (B) Intracellular mitochondrial
and ROS activities. Scale bar = 100 um. (C) Cell viability of RAW264.7 cells cultured with different
concentration samples. * indicates a significant difference from the viability of TCPS control. (D) Secreted
amount of TNF-a per cell. ** indicates significant difference from the TNF-o/cell of LPS (p<0.01).
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The secreted amount of TNF-a per cell is shown in Figure 5-6D, A-16. LPS strongly stimulated the
secretion of TNF-a (0.245 ng/cell) compared with the TCPS control (0.027 ng/cell). The ALA/BSA complex
demonstrated no significant decrease in TNF-a/cell even at concentrations of 600 or 800 uM, despite having
antioxidant effect. This result was due to the enhanced inflammatory response and TNF-a secretion caused by
the strong cytotoxicity of those concentrations. In contrast, Org-ApGltn did not inhibit the inflammatory
response despite the natural antioxidant properties of ApGltn, whereas, ALA-ApGltn at 0.5 and 1.0 w/v%
significantly reduced the TNF-a secretion. The ALA concentrations in 0.5 and 1.0 w/v% ALA-ApGltn were
659 and 1318 uM, respectively, indicating that ALA-ApGltn demonstrated comparable anti-inflammatory
activity to ALA/BSA at the same concentration, while maintaining higher cell viability. The anti-inflammatory
effect of ALA-ApGltn was attributed to the interaction between ALA and GPR120 or GPR40, leading to the
suppression of NF-kB and its downstream signaling pathways '”. We also observed the intracellular ROS level
(Figure 5-6B right column), which indicated that ROS production was significantly enhanced by LPS
stimulation. The sustained high level of intracellular ROS when cultured with ALA/BSA at 600 uM was due
to the increased cytotoxicity and production of ROS by lipid peroxidation '*”. Org-ApGltn also had a low
intracellular antioxidant effect despite the prominent antioxidant properties of ApGltn because the cell
internalization of ApGltn was lower than that of smaller molecules such as ALA. This result correlated with
the higher TNF-a secretion. However, ALA-ApGltn significantly suppressed intracellular ROS to the normal
level, which was correlated with the inhibited secretion of TNF-a by ELISA. Therefore, the anti-inflammatory
effects of ALA-ApGltn were ascribed to the dominant inhibition of NF-xB pathways as a result of binding
ALA moieties to GPR120 or GPR40 receptors, followed by suppressed TNF-a secretion and ROS production.

We also evaluated the effect of ALA-gel on cell viability and anti-inflammatory effects. The cell

morphology of LPS-activated cells on Org- and ALA-gel indicated the significant suppression of cell
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enlargement and formation of lamellipodia (Figure 5-7A) ****%. Figure 5-7B shows the cell viability on Org-
and ALA-gel with different final concentrations of Org- and ALA-ApGltn, indicating that no significant
difference was confirmed among those groups. ALA-gel did not demonstrate significant cytotoxicity despite
the cytotoxicity of ALA-ApGltn at 1.0 w/v% in Figure 5-6C, indicating that crosslinking with 4S-PEG reduced
the internalization of free ALA-ApGltn molecules and suppressed cytotoxicity. Moreover, ALA-gel with 5-15

w/v% significantly suppressed the secretion of TNF-a from LPS-activated RAW264.7 cells compared with
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Figure 5-7. Anti-inflammatory activity of ALA-gel '™,

(A) Microscopy of LPS-activated RAW264.7 cells cultured on Org- and ALA-gel. Scale bar = 50 um. (B) Cell

viability of RAW2647 cells on Org- and ALA-gel. n.s. indicates no significant difference (p<0.05). (C) The

secreted concentration of TNF-a. ** indicates significant differences at each gelatin concentration. (p<0.01)
-83-




CHAPTER 5

Org-gels (Figure 5-7C). These results indicated that the immobilization of ALA molecules in ApGltn led to
prominent anti-inflammatory effects and cell viability even after forming the hydrogel. Therefore, ALA-gel is
a potential multifunctional biomaterial with tissue adhesive and anti-inflammatory properties to suppress
severe inflammation and enhance wound healing. Although the radical scavenging activity of ApGltn was not
exerted in cell experiments, it is thought to scavenge ROS in the ECM rather than inside the cell, leading to
sustained antioxidant activity until the complete degradation of ALA-gel in vivo. However, different kinds of
PUFA have different bioactivity, including anti-inflammatory and cytotoxic properties, therefore, the anti-
inflammatory effects can be optimized through PUFA selection and modification ratio. On the other hand,
since PUFAs are reported to have antimicrobial properties, ALA-gel is expected to prevent infection during
surgery. Therefore, further evaluations of the antimicrobial activity of ALA-gel is required to assess its
potential as a multifunctional device with not only anti-inflammatory and tissue adhesive properties but

antimicrobial activities, which lead to prevent medical device-associated infections.

5.4. Conclusion

We developed an ALA-gel that exhibits anti-inflammatory and tissue adhesion properties. ALA-gel
had energy dissipating properties owing to its high tan § value. In addition, ALA-gel exhibited greater tissue
adhesion compared with Org-gel. Furthermore, ALA-ApGltn supported greater cell viability and
mitochondrial activity compared with non-conjugated ALA, while maintaining suppressed TNF-a secretion.
Moreover, cells cultured on ALA-gel also showed retained cell viability and reduced TNF-a secretion.
Therefore, ALA-gel has potential as a multifunctional biomaterial with tissue adhesion and anti-inflammatory

properties, not only for wound sealing and burn injury treatment, but also for treating rheumatoid arthritis.
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CHAPTER 6: Concluding Remarks

The aim of this study was the development of angiogenic materials and anti-inflammatory materials
to promote soft tissue regeneration by promoting transplantation efficacy and inflammation resolving.
Regenerative medicine is one of the most promising approaches to regenerate damaged/dysfunctional tissues
and organs. Transplantation of healthy cells or stem cells to target organs/ tissues are mainly conducted;
however, there are difficulties in survivability and retention of transplanted cell, resulting in low treatment
efficacy. Although generating vascular bed to supply oxygen and nutrients to transplanted cells by delivering
growth factors have been demonstrated to improve the cell survivability, the short half-life of growth factors
limits their practical realization. To overcome those challenges, the angiogenic materials stimulating the
inflammatory response and endogenous secretion of growth factors by mimicking LPS structure was proposed
to achieve angiogenesis.

In chapter 2, hm-ApGltn with different alkyl chain length was synthesized to evaluate the effect of
angiogenic responses. Hydrated C12-ApGltn formed self-assembled hydrogel, while Org-, C6- and C18-
ApGltn solutions did not form hydrogel. In vitro experiments demonstrated that C12-ApGltn stimulated
macrophages to secrete significantly higher amount of VEGF than Org-ApGltn and other hm-ApGltns. When
TLR4 of macrophages is inhibited by blocking peptides, the VEGF secretion induced by C12-ApGltn was
suppressed. Moreover, C12-ApGltn hydrogel promoted angiogenesis in mouse subcutaneous without using

growth factors. Histological observations of the C12-ApGltn hydrogel implanted site showed the significantly
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higher expression of VEGF, NF-kB and CD31, suggesting the angiogenic responses are induced through

activation of TLR4 and NF-«kB followed by VEGF secretion and capillary formations.

Although C12-ApGltn hydrogel induced angiogenesis, the degradation and dispersion of the hydrogel

in mouse subcutaneous limited sustained angiogenesis. In order to improve the degradation resistance, C12-

ApGltn was made into the microparticle to demonstrate the sustained angiogenesis in chapter 3. C12-ApGltn

microparticle (C12-MP) was prepared by coacervation method followed by the thermal crosslinking. The

spherical structure of C12-MP was confirmed by SEM observations. The rheological measurements of C12-

MP suspensions showed that C12-MP and Org-MP suspensions formed hydrogel with thixotropic properties.

Similar to the in vitro experiment in chapter 2, C12-MPs also promoted secretion of VEGF from macrophages

through activation of TLR4. In vivo experiments using LDPI demonstrated that C12-MP3 hydrogel stimulated

acute angiogenic responses by day 2, whereas C12-MP6 and MP9 hydrogels induced sustained angiogenesis

for up to 22 days. Those results suggested the time course of angiogenesis was adjustable by changing the

thermal crosslinking time.

In chapter 4, C16-ApGltn was synthesized by the modification of octadecyl groups, which also binds

to TLR4 to induce inflammatory responses and angiogenesis. C16-ApGltn was made into fiber sheets (C16-

FS) by electrospinning followed by the thermal crosslinking to increase the contact surface area to tissue and

the degradation resistance. C16-FS demonstrated sustained angiogenesis in mouse subcutaneous for up to 14

days. Those growth factor-free angiogenic materials are potential therapeutic biomaterials to not only generate

a vascular bed for cell/tissue transplantations but treatments for ischemic diseases.

From a different perspective, the anti-inflammatory biomaterial was proposed to resolve inflammatory

responses and promote tissue regenerations upon injuries. In chapter 5, ALA-ApGltn was synthesized by

reacting ApGltn and ALA, which exert anti-inflammatory and antioxidant properties. ALA-ApGltn was
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crosslinked by 4S-PEG to form ALA hydrogel. The viscoelastic measurements of ALA hydrogel showed no

significant difference in storage modulus with Org hydrogel; however, the loss modulus of ALA hydrogel was

significantly higher than that of Org hydrogel, indicating ALA hydrogel had energy dispersing ability. The

anti-inflammatory ability of ALA-ApGltn was evaluated using activated macrophages by LPS. ALA-ApGltn

significantly suppressed the secretion of TNF-a when compared with control and Org-ApGltn. Moreover, the

secretion of TNF-a was also inhibited when activated macrophages were cultured on the ALA hydrogel.

Furthermore, mitochondrial toxicity of ALA-ApGltn was greatly lower than that of ALA molecules, which

was advantageous over drug-loaded materials and potential application for biomedical use.

In summary, an angiogenic and anti-inflammatory biomaterials were developed to promote tissue

regeneration from different perspectives. The induction of endogenous growth factor secretion and

angiogenesis by C12-ApGltn is accompanied by pro-inflammatory secretions, which may lead to induce

various complications such as pain and toxicity. Therefore, the combination of C12-ApGltn and ALA-ApGltn

may not only mitigate the adverse effects of C12-ApGltn but also control inflammatory level after injury,

leading to achieve faster soft tissue regenerations.
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Appendix — Supplementary Figures
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Figure A-1. Characterization of Org- and hm-ApGltn.

Fabricated hydrogels were characterized by (A) FT-IR and (B) IH-NMR. (A) Broken lines at 1195 and 1300
cm !indicate C-H rock and C-H scissoring, respectively. (B) The strong peak at 1.25 ppm correlates to (C) the
spectra of fatty aldehvydes.
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Figure A-2. Strain sweep measurement on C12-ApGltn hydrogel at 20 w/v% in PBS.
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Figure A-3. Characterizations of Org- and C12-ApGltn

(A) "H-NMR spectra of Org- and C12-ApGltn with identification of amino acids. (B) The structural change
before and after the synthesis. e-methylene of lysine in gelatin was highlighted in green. (C) The magnified
spectra of dashed box in (A). Blue area indicated Arg peak, which integration was utilized as normalized
peak for each spectrum. The integra of e-methylene of lysine in gelatin (Green highlighted) was decreased
by the modification of dodecyl group.
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Figure A-4. FT-IR spectra of Org- and C12-MP.
Inset: magnified region in dotted line and the absorbance difference of Org- and C12-MP.
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Figure A-5. Residual amino group in Org-MP and C12-MP after the thermal crosslinking.
The residual amino group of C12-MP without thermal crosslinking was correlated with C12-ApGltn (33 mol%
modification ratio. *p<0.05, **p<0.01, *p>0.05
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Figure A-6. Strain sweep measurements of (A) Org-MP hydrogels and (B) C12-MP hydrogels.

Strain at 1 Hz was within the LVE region
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Figure A-7. The effect of Org- and C12-MP on cell viability with various crosslinking time.

The viability of TCPS control (Ctrl) was defined as 100 % viability. * indicates significant decrease in viability
compared with Ctrl. *p<0.05.
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Figure A-8. Synthesis of C16-ApGltn by reductive amination.
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Figure A-9. 'H-NMR spectra of Org- and C16-ApGltn.
The inset graph indicates the magnified spectra of the boxed region.

I
| —Org-FS
|

/\,\,\;\ — C16-FS

[
/\,\/'\:'\ —Difference
|
[
[
[
[
|

Absorbance
w
L &
(@]
w
8 | %
o |
N
3
o

_.._.._....._._-/

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm)

Figure A-10. FT-IR spectra of Org- and C16-FS.
(inset : magnified region in boxed area and the absorbance difference of Org- and C16-FS.)
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Figure A-11. The microstructure observation of FSs.

(A) SEM observation of Org- and C16-FS after the thermal crosslinking. (x3000) Scale bar = 5 um. The fiber
diameter histograms of (B) Org- and (C) C16-FS measured by Image J. (n=60).
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Figure A-12. Immunohistochemical observations after the in vivo experiments.

Evaluation of immunohistochemical expression of VEGF in (A) tissue and (B) FSs 3 days after the
implantation of Org- and C16-FS. Scale bar =200 um. The VEGF expressed area in tissue and FSs was shown
in (C) and (D), respectively. (n=10) *p>0.05, **p<0.01.
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Figure A-13. FT-IR spectra of Org- and ALA-ApGltn.

The spectra inset indicates the magnified region of the dashed box.
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Figure A-14. "H-NMR spectra of ALA, Org- and ALA-ApGltn.

The inset shows the extended region of the dashed box.
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Figure A-15. Strain sweep measurement of Org- and ALA-gel.
Strain at 1% was within the LVE region and employed for the frequency sweep measurement.
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Figure A-16. The concentration of secreted TNF-o from RAW264.7.
The concentration of ALA/BSA complex and Org-/ALA-ApGltn indicated the molarity of ALA moieties and

ApGltn concentration in PBS, respectively.
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