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Chapter 1

General Introduction



1.1 Clay nanotubes

Clay minerals are defined as hydrated phyllosilicates (sheet silicates) consisting of the
fine-grained fraction of rocks, sediments, and soils, which impart plasticity to clay and
harden upon drying or firing.! Among them, halloysite, imogolite and chrysotile are
representative examples of naturally occurring clay minerals with tubular structures
(Figure 1-1). Their unique structure and chemical properties make them useful in several
industrial fields. However, chrysotile is regarded as a type of asbestos which have health
risk issues, and it is restrictive in its use. Unlike chrysotile, imogolite and halloysite is
much safer in health risk aspect, which make it possible in numerous industrial
applications as a nanotube material.? Synthetic nanotubes, e.g. carbon nanotubes and
inorganic nanotubes including MoS2, WS2, and TiS2 have found important applications
such as catalysis, electronics, polymer nanocomposites, adsorption and sensing
applications.’> However, time-consuming preparation and small amount production of
nanotubes lead to high material costs and, consequently, limit their actual applications. In
contrast, Halloysite and Imogolite can be good candidates as industrial advanced
nanotube materials because of their interesting properties such as large specific surface
area, high surface reactivity and mechanical strength, low cost, and, moreover,
environmentally friendly green materials.’
Nanocomposites are multiphase solid materials where they contain at least one of the
phases with nano-scale domain. The most attractive thing about nanocomposite is that
they show synergistic properties which are significantly different from those of the
individual components. Small amounts of clay minerals dispersed in a polymer matrix
can enhance the performance of the polymers in the clay-based polymer nanocomposites.

For the last several decades, most of the nanocomposite researches were mostly devoted
2



to the 2:1 phyllosilicates comprising the smectite clays. However, clay nanotubes such as
halloysite, 1:1 phyllosilicate, and imogolite have been intensively studied in polymer
nanocomposite technology recently. One of the major challenges to optimize the
performance of the polymer nanocomposites are to obtain the highest aspect ratio of the dispersed
nanoparticles in the polymer matrix i.e. exfoliated nanocomposites. There are three representative
dispersion models in clay-based polymer nanocomposites (CPN) (Figure 1-2).% In particular, the
interfacial interaction between the clay minerals and polymer matrix as well as the nature and structure
of the clay mineral should be considered to design the CPN because these factors play a vital role in
the enhancement of the desired properties. From this point of view, highly surface active clay

nanotubes can be the prospective nano-scale materials to shed a bright light on CPN development.

Figure 1-1. FE-SEM image of clay nanotubes: (a) Halloysite, (b) Imogolite, (c) Chrysotile.”
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Figure 1-2. Schematic of representative dispersion state of clay mineral nanoparticles in polymer

matrix.°



1.2 Imogolite and halloysite nanotubes

Imogolite is a hydrous aluminosilicate material with the composition of
(OH)3A1203S10H (Figure 1-3). Imogolite has a hollow nanotubular structure with an
external diameter of ca. 2 - 2.5 nm and an internal diameter of less than 1 nm, resulted
from a curling of the gibbsite-like sheet. Imogolite has high aspect ratio and large surface
area with length ranging from sub to several micrometers. The outer and inner surface of
imogolite is composed of Al-OH groups and Si-OH groups, respectively. The charge
density of imogolite surface varies with ionic strength of solvent since Al-OH and Si-OH
are protonated. The dispersity of imogolite in water changes dramatically depending on
the pH, i.e. imogolite disperses as monofilament or thin bundle in acidic water (below pH
5) due to the electrostatic repulsion of charged surface. In contrast, imogolite assembles
into thick bundle or network with an increase of pH.*!! The high surface area and
remarkable surface chemistry makes this nanotube very attractive for biomedical
applications. Imogolite/DNA and fish gelatin gels were developed for potential
biomedical applications (Figure 1-4).!%!* Also, imogolite was evaluated that it has good

cytocompatibility in osteoblast-like cell culture .'4



Figure 1-3. Schematic illustration of Imogolite nanotube structure. White atoms, H; red, O; blue, Al,

yellow, Si."
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Halloysite is a naturally occurring green material and its aluminosilicate sheets are rolled into tubes.

The remarkable feature of halloysite is the different surface chemistry at inner and outer sides of the

tube. The outer silica surface is charged negatively and the inner alumina surface is charged positively

in pH range of 2 — 9. The wall consists of 1-15 bilayers of aluminum and silicon oxide. Halloysite

dimensions vary depending on the deposit. Generally, They have an aspect ratio of ca.20 and a length

of 0.2-1.5 pm. Outer and inner diameter is in the ranges of 40-70 nm and 10-30 nm, respectively

(Figure 1-5). This unique bivalent morphology and large specific surface area makes halloysite

nanotube a promising biomaterials for drug delivery and tissue scaffolds.'®!” The inner side of

aluminol groups can be easily modified by organophosphonic acid and, subsequently, hydrophobic

molecule can interact with the inner lumen. Furthermore, outside silanol groups can be further

modified by silane coupling agent resulting in bifunctionalized HNTs (Figure 1-6)."°
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1.3 Clay-based hybrid hydrogels

Great attention has been paid to the hydrogels for their unique properties such as capacity of
absorbing and maintaining high water content, highly porous structure, viscoelasticity, good
bioadhesivity and biocompatibility, and biodegradability to safe products.?’?” Therefore, hydrogels

22,28,29

have been actively used in energy & environmental area , and biomedical applications including

33-35 36,37

regenerative medicine,>? drug delivery, and diagnostics.
Nanocomposite hydrogels are hydrated polymeric networks either physically or chemically cross-
linked with each other and/ or with nanoparticles or nanostructure. They have superior physical,
chemical, electrical and biological properties compared to the conventional polymeric hydrogels.
Recently, nanocomposite hydrogels have been extensively studied because they present the synergistic
effect by combining advantageous components with different physicochemical properties in hydrogels.
Especially, they have been widely used in biomedical application such as tissue engineering, drug

delivery, and biomedical devices. There can be divided into 4 types of nanocomposite hydrogels based

on carbon-based nanomaterials, polymeric nanoparticles, inorganic nanoparticles, and metal/metal-

) 38,39

oxide nanoparticles (Figure 1-7

eSS
©
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Figure 1-7. Schematic illustration of a type of engineered nanocomposite hydrogels



Nanocomposite hydrogels have been developed to substitute and repair biological tissues. Among
these, several new attempts have been extensively made on designing self-assembled and smart
nanocomposite hydrogels that respond to external stimuli such as optic, temperature, mechanical,
electric and magnetic fields. The sensitivity of these hydrogels to external stimuli is very important
for the design of smart implants and drug delivery systems as well as new bio-technologies including

biosensors, actuators, in vitro diagnostics, cell culture matrixes, contrast agents and bioassays.**4?

A variety of clay-based nanocomposite hydrogels are fabricated by the combination of inorganic
nanoparticles with synthetic or natural origin polymers. Silicate nanoparticles (clay) have been
extensively used to improve the mechanical properties of synthetic and natural polymers. The resulting
clay-based nanocomposite hydrogels often show significant improvements in structure, modulus,
strength and toughness, of which properties cannot be achieved by using the polymer hydrogel alone.
Thus, polymers commonly used for biomedical applications have been reinforced by the addition of
silicate nanoparticles. Clay minerals can be used as fillers or cross-linkers to improve the mechanical
properties of polymer hydrogels and enhance the biological compatibility due to their unique
morphology and physicochemical properties.* Especially, one-dimensional clay nanotubes have been
actively exploited as biological scaffolds component due to their high specific surface area, rigidity,
and biocompatibility for boosting mechanical properties of scaffolds and cellular interaction.** Thus,
one-dimensional clay nanotubes provide promising approaches in biomedical areas as the scaffold

materials with the superior mechanical properties and good biocompatibility.

10



1.4 Clay-based drug carriers

Entrapping of the drug molecules in micro- and nano-particulate systems is a helpful strategy for
protecting drugs against chemical and enzymatic degradation, and modulating release into the body.
As a result it facilitates aqueous solubility, taste and odor masking, and reduces dissolution rate, and

permits site specific delivery.*’

Over the last decades, clays and biopolymers have been proposed as interesting materials for new
drug delivery systems to encapsulate or entrap the drug molecules. A lot of efforts have been devoted
to modify polymers by incorporation of inorganic fillers to obtain composites with improved
properties.*® In the last few decades, hybrid systems composed of clay particles dispersed in a polymer
matrix have been designed to obtain polymer-clay nanocomposites with new and improved properties
which may not be found in the materials composed of each component. One of the problems for the
design of drug delivery is the burst release of encapsulated or entrapped drugs. By controlling the
release kinetics of drug, therapeutic effects of the drug can be optimized and its biological activity also
can be modulated. Silicate based polymer nanocomposites demonstrate good barrier properties due to
the tortuous diffusion pathways where drug molecules must travel in order to pass the material. The
release rate is controlled by the interaction between the clay and the polymer matrix, which led to an
increase in the tortuosity. This property of the nanocomposites can be exploited towards the

development of sustained drug release applications.*”*®

Halloysite and Imogolite clay nanotubes allow the design of smart composite materials with the
controlled release of chemically active agents due to their unique surface chemistry and tubular
structure. Their inner lumen can store and release molecules in a controllable manner making these
nanocontainers attractive for applications in drug delivery and regenerative medicine, self-healing

composites, and antimicrobial materials.** Controlled release of drug molecules from nanotubes

11



embedded in a polymer matrix provides new long lasting properties to material composites. The
release time of drug molecules may be adjusted from tens of hours to months providing sustained
functionality.’® Above all, clay nanotube-based polymeric composites allows the design of smart
composite materials with synergistically improved mechanical and rheological properties, and
adhesivity combined with controlled release of drug molecules for targeted drug delivery. Thus, it is
very perspective for functional tubule biocomposites useful for oral and transdermal drug formulation,

skin care, medical implants and dentistry.

12



1.5 Scope of thesis

This thesis deals with the representative clay nanotubes, i.e. imogolite and halloysite
nanotubes as structural nano-fillers for hyaluronic acid hybrid hydrogels. Hyaluronic acid
is naturally occurring biopolymer which is used in various biomedical application areas
from cell and therapeutic delivery to in vitro scaffolds for creating and controlling the
cellular environments. Compared to the other polysaccharides, hyaluronic acid
nanocomposite hydrogels exploiting clay nanotubes have not been studied until now
because of its unique properties such as high viscosity and extremely sticky and slippery
behavior. In this thesis, this study aims to investigate the physiological properties of clay
nanotube/hyaluronic acid hybrid hydrogels based on the interfacial interaction of organic-
inorganic network architecture. Additionally, curcumin as one component of turmeric,
which has powerful antioxidant and anti-inflammatory benefits but poorly absorbed in
the body due to its hydrophobic nature, is chosen as a model drug for investigating the
efficient curcumin loading into and sustained release from halloysite to fully exploit the
advantage of nanotubular structure of halloysite. In chapter 2, finely dispersed imogolite
is entrapped in the hyaluronic acid polymer network by crosslinking reaction of EDC
chemistry. Preparation mechanism and characterization of imogolite/hyaluronic acid
hybrid hydrogels are described. In chapter 3, halloysite surface are modified with silane
coupling agent for photo-crosslinking reaction in the hyaluronic acid polymer matrix to
overcome the charge repulsion. The optimal mechanical properties are characterized by
changing the ratio of modified halloysite. In chapter 4, the release kinetics of curcumin
loaded into selectively modified halloysite lumen are described. Finally, concluding

remarks are given in chapter 5.
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Chapter 2

Effect of Imogolite Nanotubes as Nano-fillers on Hyaluronic Acid

Hybrid Hydrogels
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2.1 Introduction

Hydrogels derived from natural polysaccharides are ideal tissue engineering scaffold materials as
they resemble the extracellular matrices (ECM) of tissues consisting of various glycosaminoglycans
(GAGs).! Scaffolds should mimic the structure and biological function of native ECM.? Well-known
feature of native ECM is the nano-scaled dimensions of their dynamic structure which offers structural
and anchoring support to the cells to improve tissue architecture.’ There are still challenges to design
the nanostructured scaffold materials that can match the mechanical properties, tissue-specific
structural signals, controlled degradation profile, and cell-scaffold/ECM interaction when they are

engineered to the native ECM.*

Nanocomposite polymer hydrogels are defined as cross-linked polymer networks swollen with water
in the presence of nanoparticles or nanostructures. Nanoparticles play a role in not only crosslinking
the hydrogel, adsorbing or attaching to polymer chains, but also adding new properties to the hydrogel

by being combined with the polymeric network.>¢

Clay nanocomposite hydrogels are very attractive biomaterials for a biotechnology when it comes to
designing mechanically strong gels and scaffolds with long-term biocompatibility and controlled
biodegradability for tissue engineering.”® Clay nanotubes such as imogolite (IG), which are frequently
used in nanocomposite materials as a nano-filler, showed a good cell adhesion and growth in human
osteoblast like cells cultivation.’. IG is an aluminosilicate nanotubular clay mineral which has a high
aspect ratio and specific surface area. It has a unique surface chemistry that outer and inner surfaces
are composed of aluminol groups (AI-OH) and silanol groups (Si-OH), respectively. These features

make it attractive for utilization in biomedical applications.!”

Hyaluronic acid (HA) hydrogels are good candidate for articular cartilage repair because they are the

component of extracelluar matrix cartilage tissue in human body. HA is a linear polysaccharide that

19



consists of repeating disaccharide units of D-glucuronic acid and N-acetyl glucosamine linked by
glucosidic bonds. They are abundant in articular joint, vitreous humor, and synovial fluid in human
body.!""!? Due to the short half-life of HA in the body, HA should be first stabilized by crosslinking to
obtain non-soluble hydrogels with longer residence time and a mechanical strength.!*!* Hyaluronic
acid interacted with biopolymer or clay materials resulted in the composite hydrogels as a scaffold

with the good mechanical strength and space for cellular activity.!>!¢

In the current study, freeze dried imogolite is dispersed in neutral HA buffer solution to get a finely

dispersed hybrid hydrogels. Imogolite is entrapped in the crosslinked HA network by EDC chemistry.

This study aims to characterize the physicochemical properties of imogolite/hyaluronic acid hybrid

hydrogels for potential biomedical applications.
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2.2 Experimental
2.2.1 Materials

HA (My, = 1.6x10° D) was purchased from Sigma-Aldrich (USA). Tetraethyl orthosilicate (TEOS),
acetic acid, hexamethylenediamine (HMDA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxybenzotriazole (HOBt), 2-morpholinoethanesulfonic acid (MES),
bovine testes hyaluronidase were purchased from Tokyo Chemical Industry (Japan). Aluminum
chloride hexahydrate (AICl3*6H>0), sodium hydroxide (NaOH), hydrochloric acid (HCl; 1N),
phosphate buffered saline solution (PBS; 0.01M, pH 7.2 — 7.4) were purchased from Wako Pure

Chemicals (Japan). All chemicals were used as received without further purification.
2.2.2 Preparation of IG

IG was synthesized according to the methods reported by Farmer et al. Briefly, aqueous solution of
tetracthyl orthosilicate [Si(OEt)4] was stirred for an hour as to be entirely hydrolyzed. After then,
Aluminum chloride hexahydrate [AICl3 - 6H,O] was mixed with the above solution. Aqueous sodium
hydroxide (0.1 M) was slowly added to the mixture solution until the solution reach the pH 5.
Subsequently, the cloudy mixture solution was then reacidified by 1 mmol of hydrochloric acid and 2
mmol of acetic acid and adjusted the solution volume to 1 L with deionized water, resulting in the

transparent solution with the concentration of 2.4 mmol L™ with regard to Al and 1.4 mmol L' for Si.

The solution was then refluxed at 369 K for 4 days. After being cooled to room temperature, saturated
NaCl (8.6 mmol L) solution was added to the mixture solution. The gelated solution was filtered and
rinsed with deionized water thoroughly. The obtained imogolite gel was redispersed in weak acidic
solution by sonication. A cotton-like imogolite was finally obtained by freeze-drying the dispersed

solution.
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2.2.3 Preparation of hydrogels
2.2.3.1 Preparation of HA-HMDA hydrogels (1G-0)

HA hydrogels were prepared according to a procedure reported by Yeom et al with slight
modification.*” HMDA was dissolved in 0.01 M MES buffer solution (pH 6.7) containing 0.154 M
NaCl. HA powder was dissolved in the HMDA solution, and the concentration was adjusted to 2.0 %
(w/v). Molar ratio of HMDA to carboxyl groups in HA was 1/1. EDC (4 molar equivalent to HA) and
HOBLt (2 molar equivalent to HA) were dissolved in deionized water, and added to the HA solution.
The solution pH was adjusted to 6.7 by the addition of 1 M HCI, and the solution was stirred vigorously
for 10 minutes. The precursor solution was incubated at 310 K for 1 hour to complete the cross-linking
reaction. The as-prepared self-standing hydrogels were used as samples for rheology test and
compression mechanical test. The self-standing hydrogels (denoted as IG-0) were dialyzed with PBS
solution for 24 hours at 310 K in incubator at a rotation speed of 100 rpm to remove the unreacted

reagents, and the purified gels were used for swelling test and enzymatic degradation test.
2.2.3.2 Preparation of IGIHA-HMDA hybrid hydrogels (1G-1, 1G-5, 1G-10)

IG was finely dispersed in MES buffer solution at pH 6.7. MES buffer solution with IG contents of
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0.02, 0.1, and 0.2 % (w/v) were prepared. HA was dissolved in the HMDA dissolved MES buffer
solution containing IG, and the HA concentration was adjusted to 2.0 % (w/v) to make IG to HA
content 1, 5, 10 % (w/w). Subsequent cross-linking was performed by the same procedure as hydrogel
preparation described in the above section. Resulting cross-linked hybrid hydrogels were denoted as

IG-1, IG-5, 1G-10 with respect to IG contents.
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Figure 2-2. Schematic presentation for the preparation of IG/HA hybrid hydrogels.

Figure 2-3. Cross-linked native HA hydrogel IG-0 (a), and IG/HA hybrid hydrogels

IG-1 (b), IG-5 (c), and IG-10 (d)
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2.2.4 Characterization of hydrogels
2.2.4.1 Measurements

Fourier transform infrared (FTIR) spectra were measured by Spectrum 100 spectrometer (Perkin
Elmer Inc., Waltham, MA, USA) using KBr pellets method. IR spectra were recorded by averaging
64 scans between 4000 and 500 cm™ with the resolution of 4 cm™'. Scanning electron microscopy
(SEM) observations were conducted by Real Surface View VE7800 (Keyence Co., Ltd, Osaka, Japan)
with applied voltage of 5 kV. The cross-section of hydrogels was obtained by splitting freeze-dried
hydrogels immediately after freezing by liquid nitrogen. The cross-sectioned samples were sputter-
coated with an osmium layer using HPC-1SW Hollow Cathode Plasma CVD (Shinkuu Device Co.,
Ltd, Ibaraki, Japan). Compressive mechanical test was carried out by a tensile tester (EZ-Graph,
Shimadzu Co., Ltd, Kyoto, Japan) with 50 N load cell at the loading rate of 1 mm/min. The dimension
of the samples was cylinder shape with a diameter of 12 mm and a height of 12 mm. Compression
tests were performed 6 times for each case of sample at room temperature until the rupture of hydrogels
was recorded. The strain was measured from the displacement of the crosshead. Dynamic
viscoelasticity was measured by oscillatory rheometer (Physica MCR 101, Anton Paar, Graz, Austria).
The dimension of the samples was cylinder shape with a diameter of 16 mm and a height of 2 mm.
Parallel plate with a diameter of 20 mm was used and temperature was controlled to 298 K. Amplitude

sweep and frequency sweep tests were performed three times for each case of sample.

2.2.4.2 Swelling test

Freeze-dried hydrogels were immersed in PBS buffer solution (0.01 M, pH 7.4), and incubated at

310 K at the rotation speed of 100 rpm to set in vivo environment. Hydrogels were picked up at pre-

determined time points and weighed after the removal of excessive surface water. The equilibrium
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swelling ratio was calculated according to the following equation (1)

Swelling Ratio = (W, - Wa)/Ws (1)

where W and Wy are the weights of the hydrogels in swollen and dry state, respectively.

2.2.4.3 Enzymatic degradation test

Freeze-dried hydrogels were immersed in PBS buffer (pH 7.4) containing hyaluronidase from bovine

testes with the concentration of 4 Unit/ml, and incubated at the rotation speed of 100 rpm at 310 K. At

pre-determined time point, hydrogels were picked up from the enzymatic solution, and washed three

times to remove the salts and enzyme on the surface of hydrogels. The hydrogels were immersed in

ethanol for 2 hours and dried for 1 day at room temperature. The percentage of the weight loss was

calculated according to the equation (2).

Weight Loss (%) = [(Wi-Wa)/Wi] X100 % )

where W; is the weight of the initial freeze dried hydrogel and Wy is the weight of the remained dried

hydrogel.
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2.3 Results and discussion

2.3.1 Preparation of hybrid hydrogels

IG has an interaction with anionic charged polymers in acidic environment because its isoelectric point
is around pH 7. Cross-linking reaction of HA with HMDA is very sensitive to pH because ester
intermediate coupling for amide bond formation is generated around neutral pH and the intermediate
is necessary to accomplish stable cross-linking reaction of carboxyl groups. Also, buffer solutions
without carboxylic groups have to be chosen for stabilization of pH because carboxylic groups in
buffer solution are also involved in the carbodiimide-mediated amidation reaction. To balance the
stable dispersion and interaction potential of IG with HA and the efficient carbodiimide-mediated
cross-linking reaction, pH of the MES buffer solution was adjusted to 6.7. Surface charge of 1G is
almost neutral at that pH, whereas HA is net negative. Therefore, the hydrophilic IG disperses in the
aqueous solution, whereas the electrostatic interaction does not exist in that pH condition, and the
neutral charged I1G well interacts with negatively charged HA chains by mainly hydrogen bonding and
van der Waals interaction. Scheme 1 illustrates the fabrication of the IG/HA hybrid hydrogels through
mixing and chemical cross-linking process. A series of hybrid hydrogels with different IG content
were prepared, whereas the concentration of HA was unified to 2.0 % (w/v) in this study. The higher
amount of IG was incorporated in the hybrid hydrogels, the more turbid hybrid hydrogels were
obtained because of the refractive index contrast between the IG aggregates and HA matrix (Figure 1).
Because of the absence of electrostatic repulsive interaction of net neutral IG, mutual aggregation of

dispersed IG occurs in the large content.

2.3.2 FTIR analysis

Interaction between IG and HA was investigated by FTIR spectroscopy (Figure 2-4). Pristine HA has
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a broad OH stretching absorption at 3400 cm™ and a C-H stretching absorption at 2910 cm™'. These

peaks were also shown in all the cross-linked hydrogels. IG shows two OH absorption peaks at 3515

and 1635 cm™ which correspond to the OH stretching and a HOH deformation band due to the tubular

structure of 1G. C=0 stretching absorption of amide I band and C-N stretching absorption with N-H

bending absorption of amide II band in HA were observed at 1615 cm™ and 1560 cm!, respectively.

These peaks were shifted to 1620 and 1565 in all the cross-linked hydrogels, and absorption intensity

of the amide II band increased compared with the pristine HA because N-H bending absorption of

amide bonds introduced by cross-linking reaction was overlapped with N-H peak of HA acetamide

groups. OH absorption of IG were not seen in the cross-linked hybrid hydrogels because of the overlap

with OH stretching vibration and amide I band of HA. C-O stretching and N-H bending vibration of

amide III band were observed at 1380 and 1325 cm™ in HA and all the cross-linked hydrogels, but

absorption of N-H bending at 1325 cm™! was increased only in all the cross-linked hydrogels because

of the overlap with N-H absorption introduced by cross-linking reaction. The characteristic absorption

peak of Al-O-Si in IG was observed as two split peak at 990 and 940 cm™!. These characteristic

absorptions shifted to 995 cm™ in hybrid hydrogels. The absorption peaks of C-O-C stretching

vibration at 1040 cm™ in HA and hydrogel without IG (IG-0) were shifted to 1045 cm™ in all the hybrid

hydrogels. These spectroscopic changes indicated that IG does not interrupt the cross-linking reaction

and it interacts with HA chains by hydrogen bonding.
28



(a) 1.HA, 2.1G-0, 3. IG-1,
4.1G-5,5.1G-10,6. 1G
3400 2910

Mﬂ1
J\,\Jw\,ﬂz

p— A\
P i S MA I\
/ ~— § I\
/ N \ ™ N\
/ —~— | IV P L § N
— - P

Abs. /a.u.
!
(
(&%)

3500 2500 1500 500
Wavenumber / cm-!

(b)
1615 1y 940
1080 | |
11560 1405350 1150 l
M
] 1
© .4-"/_7 ™~ N\ = A\ 4
= / s WY 4 i
o |3
<
(L

1800 1600 1400 1200 1000 800
Wavenumber / cm-!

Figure 2-4. FTIR spectra of HA (1), cross-linked hydrogels without IG (IG-0) (2), IG/HA
hybrid hydrogels with a variety of IG content IG-1 (3), IG-5 (4), IG-10 (5), and IG (6) in

the full scale (a) and the region from 800 to 1800 cm™ (b).

29



2.3.3 Morphology of hybrid hydrogels

SEM cross-section images of the hydrogels were shown in Figure 2-5. HA showed the smallest pore

size and high porosity, but dry HA was easy to rupture without cross-linking reaction. The hybrid

hydrogel with low IG content (IG-1) showed almost similar morphology with the native cross-linked

hydrogel without 1G (IG-0), whereas the hybrid hydrogels with high IG content (IG-5 and 1G-10)

showed drastically different morphology as compared with the IG-0. The IG-0 and I1G-1 represented

homogeneous pore size and interconnected porous network, and the average pore size was over 200

um. In the case of cross-linked hybrid hydrogels with high IG content, inhomogeneous randomly

collapsed pores with large size distribution were observed. Fibrous aggregates were observed on the

porous wall of IG-5 and IG-10 hybrid hydrogels, indicating that too much IG content induce

aggregation of IG in the HA solution to form IG bundles. This result is well consistent with the opaque

visual of the IG-5 and 1G-10 hydrogels. The highly wrinkled transformed porous wall in the hybrid

hydrogels indicates that rigid IG strongly interacts with HA network or each other and it renders the

mechanical strength to the hybrid hydrogels.
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Figure 2-5. SEM cross-section images of HA (a), cross-linked hydrogels 1G-0 (b),

IG-1 (¢), IG-5 (d), IG-10 (e), and IG (f). Scale bars indicate 200 pum.
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2.3.4 Swelling properties

Diffusion of nutrients and waste, and cellular migration associate with the swelling ratio and pore

size of hydrogel scaffolds. Swelling capability of the hydrogels was measured in the equilibrium

swollen state. Time course of swelling ratio of the hydrogels is shown in Figure 2-6. All the hydrogels

showed the rapid increase of weight in 2 hours. This relatively rapid swelling continued until 8 hours,

and then the water uptake rate became slow and finally reached the equilibrium swollen state within

72 hours from the view point of the weight of swollen hydrogels. IG-0 showed the highest equilibrium

swelling ratio whereas 1G-10 showed the lowest swelling equilibrium swelling ratio. The more 1G

contents shows the less swelling ratio, and the order was kept throughout the swelling process. The

swelling behavior is well associated with the morphology. The higher porosity and larger pore size

hydrogels shows the higher water uptake. Although the IG-10 had the smallest swelling ratio, it still

kept 82 % swelling ratio of IG-0. This result indicates that the incorporation of IG into hydrogels still

retains the good water uptake capacity due to the hydrophilicity of IG networks.
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Figure 2-6. Evolution of swelling ratio of native hydrogel IG-0 (1) and IG/HA hybrid hydrogels IG-1

(2),1G-5 (3), and IG-10 (4) in PBS buffer solution with pH 7.4 at 310 K. Error bars represent standard

deviation (n = 3).
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2.3.5 Compressive mechanical properties

Mechanical properties of hybrid hydrogels were investigated by compression test (Figure 2-7).
Compression strength of the 1G-5 hybrid hydrogels was 4 times the 1G-0 hydrogels, and the stress at
break increased along with the IG contents, indicating that the IG network reinforces the bio-organic
charged polymer network. But the IG-10 hybrid hydrogels showed lower strain at break than the 1G-
5 hybrid hydrogels. The large IG bundle-like aggregates in IG-10 would induce fracture through the

generation of voids at the interface of IG aggregates and HA hydrogel matrix.
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Figure 2-7. Stress-strain curves for native hydrogels IG-0 (1), and IG/HA hybrid hydrogels IG-1 (2),

1G-5 (3), and IG-10 (4) (n = 6).
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2.3.6 Rheological properties

Frequency sweep test was performed over a physiological frequency range (0.1 — 100 rad/sec) with
the fixed strain amplitude of 5 % in the linear viscoelastic region (Figure 6). Storage modulus (G') was
higher than the loss modulus (G") all over the frequency ranges in all the hydrogels, which corresponds
to the general gel-like behavior indicating stable self-standing hydrogel with well-developed global
network structures. IG-1 showed lower elastic modulus than that of IG-0 in the full frequency ranges.
But the values are within the error bound, therefore we can regard that rheological behavior of these
two hydrogels are almost the same, indicating that small amount of IG hardly makes a reinforcement
of hydrogel network. Whereas 1G-10 showed the highest storage modulus which is 3 times the IG-0
because of the additional rigid inorganic network structure. In the case of 1G-0 and 1G-1 hydrogels,
G" increased along with the frequency. That is regarded as typical fluid-like behavior, so that the high
frequency impact energy dissipates as thermal motion. On the other hand, IG 5 and IG 10 hydrogels
showed higher G" values at lower frequency which is a typical viscoelastic behavior of high
concentration clay suspension. The drastic increase of G" in IG 5 and IG 10 hydrogels indicate that IG
builds inorganic network structure in the organic polymer network. Because the chemical cross-linking
of HA and HMDA was conducted in the presence of well dispersed IG network, so-called
interpenetrating hybrid polymer network structure was constructed. Rigid inorganic network was built
up via cross-section of well-dispersed fibrous inorganic rigid nanotube. The IG interacted with
chemically cross-linked HA/HMDA network to stabilize the network structure as shown in the
rheological behavior in Figure 2-8. But the inorganic network was separated momentarily from the
organic polymer network at higher stress resulting in the fluid-like behavior of a single organic

polymer network.
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Figure 2-8. Frequency sweep test of native hydrogels (IG-0) (1) and IG/HA hybrid hydrogels IG-1

(2), 1G-5 (3), IG-10 (4) in the fixed strain amplitude of 5 % at 25 C (n=3).
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2.3.7 Enzymatic degradation

Hydrogels are normally used as scaffolds for tissue regeneration and they should be either degraded
or adsorbed to the body after injection or implantation. Whereas hydrogels need to keep the mechanical
strength over a certain period of time to maintain the shapes during the fulfillment of sufficient cell
function or wound healing against the cell culture or enzyme activity. Figure 2-9 shows the in vitro
enzymatic degradation behavior of hydrogels designating the percentage of weight loss according to
the incubation time. The IG-0 and IG-1 hydrogels degraded rapidly in the first 6 hours, and degraded
entirely within 48 hours due to the weak mechanical strength as seen in the compressive and the
rheological properties. IG-5 and 1G-10 hybrid hydrogels showed a significant delay in the initial
degradation stage, and the degradation rate is obviously slower than that of the IG-0 and I1G-1. The
IG-5 and IG-10 remained about 20% after 24 hours, whereas the 1G-0 and IG-1 almost completed the
degradation at the same time period. After 48 hours, the IG-5 and IG-10 remained ca. 3.8 % and ca.
8.5 % of their initial weight, respectively. The inorganic network of IG significantly prevents the
progress of the enzymatic degradation. The hyaluronidase is net negative in physiological condition
(pH 7.4 buffer solution) because the isoelectric point ranges from 5 to 6. The outer surface of IG has
weak positive charge around pH 7.4. Therefore, the IG network would interact with the hyaluronidase
by electrostatic interaction, and the enzymatic activity would reduce. The steric hindrance of the 1G
network would disturb the diffusion of enzyme into the HA matrix to lead to the contact frequency
reduction. The delay in the degradation rate is attributed to the synergetic effect of the reduction in

enzymatic activity and contact frequency.
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Figure 2-9. Time course of weight loss of native hydrogels (IG-0) (1) and IG/HA hybrid hydrogels
IG-1 (2), IG-5 (3), IG-10 (4) in PBS buffer solution of pH 7.4 containing 4 U/ml hyaluronidase in a

shaking incubation with 100 rpm at 310 K (n = 3).
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2.4 Conclusion

In this chapter, hybrid hydrogels were prepared at neutral pH condition to balance the stable reaction
and dispersion of IG in the HA polymer matrix. IG was finely dispersed without significant
aggregation. IG reinforced the hydrogel matrix via interfacial interaction between HA chains and
inorganic rigid network structure based on the result of compression and rheology test. Higher amount
of 1G affected the increment of shear modulus and fracture strain up to 5 wt % which indicate the
optimal mechanical properties. The gap of fracture stress between IG-5 and IG-10 was not so much
big. IG/HA hybrid hydrogels retains the good swelling capacity as much as native hydrogels due to
the hydrophilicity of IG network which is an essential factor in regenerative scaffold application.
Hybrid hydrogels with higher IG content showed the slower degradation rate because of the steric
hindrance of inorganic network and electrostatic interaction of surface charge leading to lower contact
frequency to HA network and the reduction of enzymatic activity. Overall, optimal formulation of IG

can affect the performance of HA hybrid hydrogels that is highly requested in biomedical applications.
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Chapter 3

Hybrid Hydrogels Based on Halloysite Nanotubes and Hyaluronic Acid
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3.1 Introduction

In this chapter, halloysite nanotubes (HNTs), another analogous to imogolite nanotube, was applied
to preparation of hyaluronic acid hybrid hydrogels. The outer surface of HNTs is composed of silanol
groups (Si-O-Si), while the inner surface is aluminol groups (Al-OH). Contrary to the structure of
imogolite, the inner surface of HNTs is positively charged to capture the negatively charged molecules
in the lumen, whereas the outer surface is negatively charged to interact with the positively charged
molecules.

HA-based hydrogels encapsulating functional nanoparticles are promising candidate for artificial
extracellular matrix for cellular growth and regeneration in tissue-engineered constructs. However, its
weak mechanical properties restrict the range of applications.’

HA/HNTs hybrid hydrogels with improved mechanical properties were suggested in the current
study. HA was modified with 2-aminoethylmethacrylate (AEMA) for photo-crosslinking reaction
which can facilitate the encapsulation of functionalized nanoparticles or biomolecules.** HNTs were
also modified with a silane coupling reagent which has an acrylate group.>”’ Hybrid hydrogels were
prepared by photo-crosslinking reaction exploiting acrylate groups of modified HA and HNTs. This

study investigated how the modified HNTs affect the physicochemical properties in HA polymer

networks compared to pristine HNTs.
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3.2 Experimental
3.2.1 Materials

HA (My, = 1.6 X 10°Da) and 2-aminoethylmethacrylate hydrochloride (AEMA), Irgacure 2959 (2-
hydroxy-4p-(2-hydroxyethoxy)-2-methyl-propiophenone) were purchased from Sigma-Aldrich
(USA). 3-acryloxypropyltrimethoxysilane (APTMS), hydroquinone, 2-morpholinoethanesulfonic
acid (MES) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
purchased from Tokyo Chemical Industry (Japan). N-hydroxysuccinimide (NHS), sodium hydroxide
(NaOH), hydrochloric acid (HCI; 1N), and phosphate buffered saline solution (PBS; 0.01M, pH 7.2—

7.4) were purchased from Wako Pure Chemical (Japan).
3.2.2 Modification method of HA-AEMA

Carboxylate group of HA repeat unit was conjugated by amide bond as reported previously. Briefly,
HA 0.3 g was dissolved in MES buffer solution (0.1% w/v, pH 6.5) including 50 mM MES and 0.5 M
NaCl. Subsequently, NHS 4.6 mmol and EDC 9.2 mmol were added to the solution. After 5 min,
AEMA 4.6 mmol was added to the solution and the mixture was stirred for 24 h. HA modified with
AEMA (HA-AEMA) solution was dialyzed for 3 days in deionized water using dialysis bag (MWCO

6-8 kD), filtered, and freeze-dried.
3.2.3 Modification method of mMHNTs

The surface of HNTs was modified with 3-acryloxypropyltimethoxysilane coupling agent. The
surface of HNTs was activated by stirring HNTs in 2N HCI for 2 h before silanization. Dried HNTs
(1.0 g) were dispersed in dry toluene (40 mL) which contained hydroquinone (0.001 g) as an inhibitor.
3-Acryloxypropyltrimethoxysilane (APTMS, 2.0 mL) was dissolved in dry toluene (40 mL), and the

APTMS solution was introduced to the HNTs dispersion. The suspension was refluxed at 80 °C under
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stirring for 20 h. HNTs powder modified with APTMS (denoted as mHNTSs) was purified by washing
with toluene and ethanol/water (30:70) mixed solvent. mHNTs were filtered and dried overnight at
110 °C under vacuum.

3.2.4 Photo-crosslinking reaction of hybrid hydrogels

HA-AEMA with and without mHNTs. The freeze-dried HA-AEMA was dissolved in a mixed solvent
(ethanol/water:30/70) including mHNTs and 0.05% (w/v) Irgacure 2959. HA-AEMA concentration
was adjusted to 2.0% (w/v). The mHNTs ratio to HA-AEMA was adjusted to 0%, 2.5%, 5%, 10%, and
20% (w/w). Photo-crosslinking reaction was triggered by 365 nm UV light irradiation for 5 min at the
intensity of 1 mW/cm?. The photo-crosslinked hydrogels with the different mHNTs content were
designated as HA-mHNTs 0, 2.5, 5, 10, and 20, respectively. Hybrid hydrogels with 10% (w/w)
pristine HNTs (HA-HNTs 10) were also prepared as a control sample through the same preparation

process.
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Figure 3-1. Schematic representation of the photo-crosslinking reaction of HA-mHNTs hybrid

hydrogels.
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Figure 3-2. Photo of photo-crosslinked hydrogels : IG-0 (a), IG-1 (b), IG-5 (¢), IG-10 (d), IG-20 (e).

3.2.5 Characterization
3.2.5.1 'H NMR spectra

The degree of substitution (DS) of methacrylate group in HA-AEMA was determined by '"H NMR
spectroscopy with a 400 MHz BRUKER spectrometer (Bruker Biospin GmbH, Rheinstetten,

Germany).
3.2.5.2 Wide angle X-ray diffraction measurement

. The Wide angle X-ray diffraction (WAXD) patterns of HNTs and mHNTs were obtained by X-ray

diffractometer SmartLab (Rigaku, Osaka, Japan) using Cu Ka (A= 0.154 nm) radiation.
3.2.5.3 FTIR measurement

Fourier transform infrared (FTIR) measurement was carried out by Spectrum 100 Spectrometer

(Perkin Elmer Inc., Waltham, MA, USA) with a resolution of 2 cm™ at room temperature. IR data were
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collected using 64 scans in the range of 4000 — 450 cm™' with KBr powder method.
3.2.5.4 Rheology

Dynamic oscillatory shear tests were performed by Physica MCR 101 (Anton Paar, Graz, Austria).
Linear viscoelastic region was previously determined by amplitude sweep test at 1 Hz. The
temperature was set to 298 K and gap between the upper plate and the sample was 1 mm. The sample
was fully swollen in PBS buffer solution (pH 7.4). Parallel plate with a diameter of 20 mm was used

for amplitude and frequency sweep test.
3.2.5.5 Compression test

Compression tests were performed by EZ-Graph (Shimadzu Co., Ltd, Kyoto, Japan). Hydrogels for
compression test were fully swollen in PBS buffer solution (pH 7.4) before measurement. 50 N load
cell was used at the loading rate of 1 mm/min. The dimension of the samples was cylinder shape with

a diameter of 10 mm and a height of 10 mm.
3.2.5.6 Swelling test

For swelling test, freeze-dried hydrogels were immersed in PBS buffer solution (0.01 M, pH 7.4),
and incubated at 310 K at the rotation speed of 100 rpm. Equilibrium swelling ratio was determined
as follows : (W5 - Wq)/W;, (Ws . the weight of fully swollen hydrogel, Wq : the weight of fully dry

hydrogel)
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3.3 Results and discussion
3.3.1 HA modification by AEMA

Degree of substitution (DS) of methacrylate group in HA-AEMA was calculated from the integral

ratio of b and c. DS was approximately 40%.
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Figure 3-3. 'H NMR spectrum of HA-AEMA
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3.3.2 Wide-angle X-ray diffraction profiles

The tubular structure of mHNTSs was verified to be identical to the activated dried HNTs and pristine
HNTSs based on wide-angle X-ray diffraction measurement. mnHNTs maintained 0.72 nm wall-packing

spacing.
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d=1.05nm ' 32N HCI-HNTs 4.mHNTSs
,/:I ‘L | \\'-,.,/’4"\-.\,-. P,

/‘:\ - “\*_'w ’_::;._v.‘ ~ - S e — i . 1
= d= 0.79nm
=
=
[
b~ N AN 2
7 —
= d=0.72 nm
¥
N
=
[Som)

d=0.72nm 3

d=0.72nm 4

T ] T T T T T T T T 1
5 25 45 65
20 (degree)

Figure 3-4. Wide-angle X-ray diffraction profiles of pristine HNTs (1), dried pristine HNTs (2), HNTs

activated by soaking in 2N HCI (3), and mHNTs (4).
3.3.3 FTIR analysis

FTIR spectra demonstrated that HNTs were successfully modified with 3-
acryloxypropyltrimethoxysilane (APTMS), and confirmed the formation of hybrid hydrogels (Figure
3.5). mHNTs had absorptions at 2950 cm™, 1710 cm™!, 1385 cm, and 1315 cm! assigned to the
stretching vibration of CH, and C=0, and deformation vibration of CHz and Si-CH of APTMS,

respectively. The HOH bending vibration band was observed at 1625 cm™ due to the tubular structure
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of HNTs. The absorption of the stretching vibration of C=C bond in the acrylate groups around 1620

! was overlapped with the absorption of HOH bending vibration of adsorbed water in HNTs

cm
interlayer ( Figure 3-5; 8 and 9). A shoulder peak at 1705 cm™ is assigned to C=0 stretching vibration
of the amide bond in HA-AEMA. The absorption peak at 3695 and 3615 cm™! are ascribed to the
stretching vibration of inner-surface and inner hydroxyl groups of Al-OH, respectively.’!® These
characteristic peaks were strongly observed in the high content mHNTSs hybrid hydrogels (HA-
mHNTs 10 and HA-mHNTs 20). The in-plane Si-O stretching vibration at 1015 ¢cm™!, and O-H

deformation vibration of inner hydroxyl groups of AI-OH at 910 cm™! were not clearly observed in the

hybrid hydrogels due to the overlap of C-O-C and C-C stretching vibration of HA.

—1.HA -2.HA-AEMA 3.HA-mHNTs 0
4. HA-mHNTs 2.5 —5.HA-mHNTs S5 —6.HA-mHNTs 10
—7.HA-mHNTs 20 —8.mHNT's —9.HNTs
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Figure 3-5. FTIR spectra of HA (1), HA-AEMA (2), a native hydrogel without mHNTs (HA-mHNTSs
0) (3), hybrid hydrogels with a different content of mHNTs: HA-mHNTs 2.5 (4), HA-mHNTs 5 (5),

HA-mHNTs 10 (6), HA-mHNTSs 20 (7), mHNTs (8), and pristine HNTs (9).
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3.3.4 Rheological properties

Dynamic oscillatory shear test revealed the mechanical properties of the viscoelastic hybrid
hydrogels as a function of frequency after photo-crosslinking reaction. Viscoelastic properties
were evaluated in the frequency range of 0.1-10 Hz at 298 K. All the hydrogels showed higher
storage modulus (G’) than loss modulus (G") in a whole frequency region and relatively plateau
G’ values indicating a typical elastic gel. Especially, G’ values of HA-mHNTs 10 were
predominantly larger than those of the other hydrogels indicating the highest stiffness and
effective reinforcement of the hybrid hydrogel by mHNTs (Figure 3-6a-4). All the hydrogels
except HA-mHNTs 10 showed a frequency-dependent gradual increase in G’ values from 5 Hz
indicating the stiffening of HA entanglement network (shear thickening). Interestingly, G” values
in the hybrid hydrogels increased along with the mHNTSs content up to 10%, suggesting effective
energy dissipation in the network reinforced by mHNTs. G’ of HA-HNTs 10 (Figure 3-6a-6) and
HA-mHNTs 20 (Figure 3-6a-5) showed a similar trend but much lower values. G” of HA-HNTs
10 (Figure 3-6b-6) showed a significant frequency-dependence. The observed softening in the
HA-mHNTSs 20 and HA-HNTs 10 is attributed to the low crosslink density due to the aggregation
of nanotubes. The incorporation of excessive amount of nanotubes in HA-mHNTSs 20 disturbed
the dispersion and interaction of the nanotubes with the polymer matrix resulting in the reduced
storage and loss moduli. In the case of HA-HNTs 10, the electronegative repulsion between
unmodified HNTs surface and HA carboxylate groups may have hindered the dispersion of the

nanotubes leading to the aggregation and poor interaction with the polymer matrix.''
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Figure 3-6. Frequency dependence of viscoelasticity of hydrogels: (a) Storage modulus (G’) and (b)
Loss modulus (G") as a function of frequency for HA-mHNTs 0 (1), HA-mHNTs 2.5 (2), HA-mHNTs
5 (3), HA-mHNTs 10 (4), HA-mHNTs 20 (5), and HA-HNTs 10 (6). Strain amplitude was set to 1%

within the linear viscoelastic region at 298 K (n=3).
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3.3.5. Compressive mechanical properties

Compressive mechanical properties of the hybrid hydrogels were evaluated by uniaxial compression
test (Figure 3-7). All the hydrogels showed a non-linear elastic behavior attributed to the typical strain
stiffening of the polysaccharide-based hydrogels. The fracture stress increased with the increment of
the mHNTSs content up to 10%. HA-mHNTSs 10 showed a significant increase of compressive stress
with the similar fracture strain, indicating the best mechanical performance attributed to the structure
integrity and the strong interaction between organic and inorganic networks. On the contrary, HA-
mHNTSs 20 showed a lower compressive strength than HA-mHNTs 0. In the case of HA-HNTs 10,
they exhibited an adverse effect of nano-filler on the mechanical strength resulting in a very brittle
hybrid hydrogel. The electronegative repulsion between HA and HNTs promotes the separation and
HNTs aggregation. In other words, excessive content of mHNTSs and pristine HNTs induce their
aggregation in the polymer matrix. We attribute this result to the inhomogeneous organic-inorganic

network structure.
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Figure 3-7. Compression test of hybrid hydrogels at 298 K with the compression rate of 1mm/min:
HA-mHNTs 0 (1), HA-mHNTs 2.5 (2), HA-mHNTs 5 (3), HA-mHNTs 10 (4), HA-mHNTs 20 (5),

and HA-HNTs 10 (6) (n=3)
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3.3.6 Swelling behavior

Figure 3-8 shows the time course of swelling ratio of hybrid hydrogels. All the hydrogels reached
the equilibrium swelling state within 3 days and showed a relatively similar swelling kinetic and
pattern. HA-mHNTSs 0 showed the highest equilibrium swelling ratio attributed to the low crosslink
density of the organic polymer chains, while the hybrid hydrogels showed the reduction of the water
uptake capacity in proportion to the mHNTSs content. This trend suggests that the crosslink density
was increased by the introduction of the mHNTSs. The well dispersed inorganic nanotubes can limit
the polymer chain mobility by covalent bonding resulting in the reduction of water absorption ability.
In addition, hard nanotube phase is impermeable to the water molecules, which resists the water uptake.
However, the reason for the lower swelling ratio of HA-mHNTSs 20 can be explained that higher
amount of inorganic nanotubes causes the lower diffusion and permeability of water molecules and
thus the highest resistance to swelling. In contrast, HA-HNTs 10 may have the predominance of
desorption of water molecules over the sorption because of the increase in mobility of the most loosely

crosslinked polymer chains resulting in the decrement of the swelling ratio.
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Figure 3-8. Equilibrium swelling ratio of hybrid hydrogels in PBS solution at 310 K: HA-mHNTs 0

(1), HA-mHNTs 2.5 (2), HA-mHNTs 5 (3), HA-mHNTs 10 (4), HA-mHNTs 20 (5), HA-HNTs 10 (6)

(n=3).
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3.3.7 Morphology of hybrid hydrogels

SEM observation elucidates morphology of the hybrid hydrogels (Figure 3-9). Native crosslinked
hydrogels exhibit the regular pore structure with regular pore size (Figure 3-9a). HA-mHNTs 2.5
hybrid hydrogels retain similar pore structure to native hydrogels (Figure 3-9b). The pore structure of
HA-mHNTs 5 started to change into the thicker and collapsed pore structure with smaller size in part.
HA-mHNTSs 10 hybrid hydrogels show drastic change in the morphology. The pore of HA-mHNTSs
10 was almost clogged and collapsed, and the vicinity of pore became thicker and the smallest but it
still maintained the shape of honeycomb like pore structure elucidating the strong interaction between
the HA network and mHNTs by covalent bonding. HA-mHNTSs 20 hybrid hydrogels exhibit irregular
morphology that consists of big and small pore because of the aggregation of mHNTSs in the polymer
matrix resulting in hydrogels with weaker mechanical strength than HA-mHNTs 10 despite the high
inorganic contents. HA-HNTs 10 hybrid hydrogels showed the largest pore size irregularly resulting
in hydrogels with the weakest mechanical strength. The large pore size is associated with the weak
mechanical strength of the hydrogels.!>!> HA-HNTs 10 hybrid hydrogels have the repulsive
interaction with HA polymer chain leading to the poor crosslinking density. Thus, they formed the

inhomogeneous interconnectivity and larger pore size in the crosslinked polymer matrix randomly.
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Figure 3-9. SEM images of cross section of HA-mHNTs 0 (a), HA-mHNTs 2.5 (b), HA-mHNTs 5

(c), HA-mHNTs 10 (d), HA-mHNTSs 20 (e), and HA-HNT 10 (f) hybrid hydrogels.
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3.4. Conclusion

The surface modification of HNTs provided the good mechanical strength and increased fracture
strain to the hybrid hydrogels. However, excessive amount of incorporation of HNTs make the
hydrogel brittle and easily broken at the lower strain. Pristine HNTs hardly improve the mechanical
properties of hybrid hydrogels because of the strong repulsive interaction between negatively charged-
HNTSs and -HA. Repulsive interaction predominates the hydrogen bonding between hydroxyl group
of HNTs and carboxylate group and hydroxyl group of HA. Covalent bonding derived from acrylate
groups makes the polymer chains strongly immobilized on the surface of HNTs resulting in the
enhanced mechanical strength and better viscoelastic properties. Optimal formulation of mHNTSs in
the hybrid hydrogels boosted the mechanical properties still retaining good swelling capability that
are the prominent factors for scaffolds in biomedical application. SEM photos of microstructure pore
reveals that optimally formulate hybrid hydrogels showed the smaller pore size with the ordered
interconnectivity because of higher crosslink density between HNTs and HA.

In this study, mHNTSs surface functions as a crosslinking point to bond strongly with the polymer

matrix resulting in the increased crosslinking density in the polymer matrix.
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Chapter 4

Drug Nanocarriers Based on pH Sensitive Halloysite

Nanotubes
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4.1 Introduction

Nanocarrier platforms for the controlled delivery of substances have been extensively studied for a
couple of decades as they have shown promising results in the area of active anticorrosion,"? drug
delivery,>* biosensor,” and gas storage.® There are several types of nanocarrier such as polymer
containers, layered double hydroxides, mesoporous inorganic materials, and halloysite clay nanotubes
(HNTs).”” Among them, HNTSs can be a prospective candidate as a nanocarrier for the targeted drug
delivery and controlled release of biologically active molecules, and chemically active agents.'” As
mentioned in previous chapters, HNTs are regarded as a nanoscale container for the encapsulation and
controlled release of drugs due to their unique tubular structure and interesting features such as large
aspect ratio, rich functionality, good biocompatibility, and high mechanical strength. Especially,
selectively modified HNTs can load the hydrophobic active molecules efficiently into the lumen and

they can perform the controlled release.'""'

Curcumin, the principal curcuminoid of turmeric, is widely used as spice, food coloring agent and
traditional medicine. It has been extensively studied as an anti-oxidant, anti-bacterial, anti-
inflammatory, and anti-tumor material for a couple of decades.'*'* However, curcumin has limitations
in clinical applications on account of hydrophobicity, poor absorption, less bioavailability, and rapid
metabolism. These problems can be solved by the encapsulation into nanoparticles, liposomes,
micelles, and phospholipid complexes which improve the circulation period.'>"'® Curcumin exists in
the keto form in the acidic and neutral condition, and in the enol form in the basic condition.!” The
two C=C bonds between 1,3-dicarbonyl and 3-methoxy, 4-hydroxyphenyl parts on each side are

important sites for pharmaceutical activities of curcumin.'®
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Important moiety to show anticancer activities

OCH,

Scheme 1. Keto-enol tautomerism of curcumin

In this chapter, HNTs was studied as a curcumin nanocarrier with stimulus responsive property for
controlled release. Dopamine groups was bound to curcumin by Schiff base reaction. The dopamine
chemisorbed to inner lumen of HNTs has the reversible interaction according to the pH condition.
Curcumin attached to this inner lumen of HNTs was released in controlled and sustained manner

compared to the pristine HNTs.

64



4.2 Experimental

4.2.1 Materials

HNTs were purchased from Sigma-Aldrich (Mo, USA) and used after acid treatment for surface
activation. Dopamine hydrochloride and curcumin (synthetic), trimethylamine were purchased from

Tokyo Chemical Industry (Tokyo, Japan) and used without further purification.

4.2.2 Preparation of dopamine-curcumin Schiff base (DC)

Curcumin (0.135 mmol; 50 mg) was dissolved in 20 ml of methanol. Dopamine hydrochloride (1.05
mmol; 200 mg) was dissolved in 10 ml of methanol. The dopamine hydrochloride solution was added
to the curcumin solution dropwise and refluxed at 50 C with the addition of equivalent molar amount
of trimethylamine to dopamine for 6 hr under constant stirring. The mixture solution was cooled to
room temperature and evacuated. The collected solid was washed with deionized water thoroughly,

filtered, and vacuum dried at 50 °C.

4.2.3 Dopamine-Curcumin Schiff base loading into HNTs (HNTs-DC)

The dried DC 50 mg was dissolved in 20 ml of methanol. Purified HNTs 500 mg was introduced into
the DC solution and stirred for 1 hr. Subsequently, the HNTs suspension was evacuated three times
and kept stirring for vacuum state for 1 hr. After evacuation, the suspension was stirred for 24 hr. After
stirring, the suspension was centrifuged at 8000 rpm, and the precipitate was washed with deionized
water two times and filtered. Supernatant and filtered water was collected to calculate the drug

encapsulation efficiency and loading efficiency.

® Encapsulation efficiency (EE, wt %) = [(C;- Cs),C¢] X100 (1)

Where C; is the total weight of curcumin and C; is the weight of curcumin in the supernatant.

® [oading efficiency (LE, wt %) = (Ci,Cy) x100 (2)
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Where C; is the weight of loaded curcumin in HNTs and C;, is the total weight of used HNTs.
4.2.4 Curcumin loading into HNTs (HNTs-C)

Curcumin 50 mg was dissolved in 20 ml of methanol. Purified HNTs 500 mg was introduced into the
curcumin solution. Curcumin was loaded into the HNTs with the same method as DC loading. After
stirring for 24 hr, the suspension was centrifuged at 8000 rpm, and washed with deionized water two
times and filtered. Supernatant and filtered water was collected to calculate the drug encapsulation

efficiency and loading efficiency.
4.2.5 HNTs-DC loading into hyaluronic acid (HA-HNTS)

HNTs-DC 1mg was dispersed in 5 ml of deionized water containing HA-AEMA (2% w/v) and
Irgacure 2959 (0.05 % w/v) (chapter 3). Photo-crosslinking reaction was triggered by 365 nm UV light
irradiation for 5 min at the intensity of 1 mW/cm?. The loading amount was determined according to

the HNTs-DC loading efficiency for release comparison.
4.2.6 Curcumin loading into hyaluronic acid (HA-C)
As a control, pristine curcumin 0.1 mg loaded photo-crosslinked hydrogels were also prepared.
4.2.7 Drug release

DC and curcumin release from HNTs was performed by the dialysis bag diffusion method in the
mixture of PBS and ethanol (pH 7.4 and 5.0, 50% v/v). Curcumin 0.1 mg loaded HNTs were dispersed
in 2 ml PBS/ethanol mixture and the suspension was introduced into a dialysis bag. Dialysis bag was
soaked in 50 ml release medium and incubated at 37 “C with a rotation of 100 rpm. As a control, free
curcumin 0.1 mg in dialysis bag was also prepared as a control. At regular time intervals, 1 ml of the
external release medium was taken and supplemented with the same amount of fresh medium. The

release test was conducted at different pH conditions, pH 7.4 and 5.0. The concentration of released
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curcumin was measured by UV-vis spectrometer at 430 nm, using 1 ml of pure medium as a blank.

The cumulative amount of drug release was calculated in the course of dialysis time as follows

® Drug release (%) = Cs/ Ci X100 3)
Where C; is the sum of released curcumin weight and C; is the weight of curcumin loaded into HNTs.
Ci was calculated from LE of HNTs.

4.2.8 Characterization

4.2.8.1 UV-vis spectroscopy measurement

The drug encapsulation and loading efficiency was determined by UV-vis spectrometer (Shimadzu
UV-3600). A calibration curve (R* > 0.999) of curcumin finely dissolved in release medium was

determined at 430 nm using a pure release medium as a blank.

4.2.8.2 Thermogravimetric analysis (TGA)

TGA was conducted on a SII-EXSTAR 6000 TG/DTA 6200 in temperature range of 30 to 600 C

under 200 mL min™' of N flow rate.

4.2.8.3 Fourier Transform Infrared spectroscopic measurement (FTIR)

Fourier Transform Infrared spectroscopy (FTIR) was recorded by Spectrum One (Perkin-Elmer
Japan Co., Ltd) with a resolution of 2 cm™! at room temperature. FTIR data was collected by averaging

64 scans between 4000 and 450 cm™!. The sample disc was prepared by KBr powder method
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4.3 Results and discussion
4.3.1 Schiff base reaction between dopamine and curcumin

The C=0 of curcumin enol group has the capability to form the imine group (C=N) with the primary
amines by Schiff base reaction. This reaction is very versatile to form a different various substituents,
which make it attractive in coordination chemistry.!® This reaction was performed by the addition of
equivalent molar amount of triethylamine to dopamine and subsequently the new imine group was
formed between dopamine and curcumin. Schiff base reaction is reversible to be hydrolyzed again into
ketone and amine group, respectively according to pH. At acidic pH, imine bond is dissociated into
ketone and amine forms.?® Figure 4-1 shows the schematic illustration for Schiff base reaction between
dopamine and curcumin and the Schiff base compound entrapment into inner lumen of HNTs.
Dopamine catechol group has the high affinity to the metal or aluminum surface and it strongly
interacts with the halloysite lumen.?! Schiff base reaction between dopamine and curcumin was
observed by FTIR spectroscopy (Figure 4-2). HNTs show the typical absorption peaks at 3695 and
3620 assigned to O-H stretching of inner surface hydroxyl groups and O-H stretching of inner
hydroxyl groups. The peaks at 1025 and 910 cm™ correspond to O-H stretching of in-plane Si-O
stretching and O-H deformation of inner hydroxyl groups. After Schiff base reaction, C=0 intensity
of DC at 1625 cm! became smaller and new C=N peak at 1580 cm "' appeared. The band of aromatic

C=C appeared around 1500 cm! in both of dopamine and curcumin.
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Figure 4-1. Schematic illustration of Schiff base reaction and drug loading into the Halloysite lumen
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Figure 4-2-A. FTIR spectra of dopamine (1), curcumin (2), DC (3), HNTs-DC (4), HNTs (5) in the

full scale region.
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Figure 4-2-B. FTIR spectra of dopamine (1), curcumin (2), Dopamine-Curcumin (DC) (3), HNTs-DC

(4), HNTs (5) in the range of 1300 and 2000 cm™'.

Another evidence for formation of Schiff base reaction and dopamine binding to aluminol group was
displayed in Figure 4.3. When aluminum plate was immersed in methanol including DC, the solution
color changed into brown after 1 week at 37 “C incubation. But DC methanol solution including Si
wafer did not change the color. The color of curcumin dissolved in methanol including Al plate and Si
wafer did not change. This indicates that DC combined with Al by dopamine. When the catechol group
of dopamine is oxidized, the color of dopamine solution change into dark brown. The catechol
groups adsorb onto the surface of the metals via chemisorption-type interaction.’>** XPS spectra in
Figure 4.4 also show the strong interaction of dopamine and DC onto Al surface compared to Si wafer.

Dopamine chemisorbed Al plate showed the decreased intensity of A12p compared to the bare Al plate
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but the dopamine was not found in Si plate, which indicates that dopamine has selective interaction to

Al. Moreover DC still attached to after rinsing the Al plate surface. Surface chemical composition of

the samples are shown in Table 4-1.

(c) (d)

(a)

\‘

Curcimin

o - Al secianin e
o= |

Figure 4-3. Photos of dopamine-curcumin-Al (a), dopamine-curcumin-Si (b), curcumin-Al (c), and

curcumin-Si (4) after incubation at 37 “C for 1 week in the dark.
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Table 4-1. Atomic percent concentration (%) of Al and Si substrate after treatment of dopamine and

dopamine-curcumin

Atomic % Ols Al2p Si2p Cls Nls
Substrate
Al plate 65.7 22.1 - 12.1 <0.1
Si wafer 51.9 - 39.6 8.4 <0.1
Rinse+Sonication
dopa+Al 47.6 16.3 - 34.9 1.2
dopa+Si 52.7 - 36.1 11.1 <0.1
DC+ALl 57.3 17.7 - 24 0.9
DC+Si 51.9 - 36.6 11.5 -
(a) (b)
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Figure 4.4. XPS spectra of dopa-Al (1), dopa-Si (2), DC-Al (3), DC-Si (4).
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4.3.2 Stability of dopamine-curcumin Schiff base

Curcumin has a peak at 430 nm and a shoulder at 360 nm. The peak at 430 nm is attributed to the

enol group while the peak at 360 nm was attributed to the keto group of curcumin.?* Figure 4.5 shows

the UV-vis spectra of curcumin and DC to indicate the stability of curcumin after Schiff base reaction.

They did not degraded after Schiff base reaction and dry process at 50 C.

Absorbance

-0.02

curcumin

0.16 -

0.14 -

0.12 -

0.1 -

0.08 -

0.06 -

0.04 -

0.02 -

A/ nm

Figure 4.5. Absorbance spectra of curcumin and DC in ethanol

4.3.3 Curcumin loading efficiency

The encapsulation efficiency of HNTs-DC was 85.23 % and loading efficiency was 4.26 %. In the

case of HNTs-C, encapsulation efficiency was 92.52 % and 4.62 %, respectively. There was almost no

difference in loading weight. However, the weight difference measured by TG between pristine HNTs

and HNTs-C was 2.24 %. The gap of loading amount compared to UV-vis determination might be

attributed to the error of collecting supernatant after rinsing.
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Figure 4-6. TG curves of HNTs (1), HNTs-C (2), HNTs-DC (3), Dopamine (4), and Curcumin (5).

4.3.4 Kinetics of the curcumin release

In vitro release of curcumin was investigated in the PBS and ethanol mixture solution by dialysis bag
method. In case of pure PBS solution, curcumin did not come out of the dialysis bag. HNTs-DC,
HNTs-C, free curcumin (FC), photo-crosslinked hyaluronic acid hydrogel encapsulating HNTs-DC
(HA-HNTs) and FC (HA-C) was examined on their release in the different pH mixture solution of pH

7.4 and pH 5 for 48 hr.

FC was almost released into both the medium of pH 7.4 and pH 5.0 within 8 hr. At pH 7.4, HNTs-

DC showed slower release than HNTs-C at initial level and sustained drug release during 48 hr (Figure
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4-7). HNTs-DC showed the same release pattern regardless of the pH value during initial 6 hr,
thereafter curcumin was released faster than pH 7.4 condition. Because Schiff base imine (C=N) is
hydrolyzed easily at acidic medium than neutral conditions, it showed the faster release pattern (Figure
4-8). Curcumin is a hydrophobic material that is separated easily from the hydrophilic surface of HNTs.
Curcumin is weakly attached on the outer surface and most of the amount was entrapped in the lumen
of HNTs. Curcumin shows the fast release from the hydrophilic lumen of HNTs because it is weakly
attached onto the aluminol groups of the lumen in case of HNTs-C. However, DC has a selectively
reactive catechol groups, which has strong affinity onto the surface of aluminol groups. Dopamine has
been reported to have a strong affinity to the aluminum surface. DC accumulated strongly onto the
HNTs lumen. In neutral condition they are hydrolyzed slowly and detach, and also the tube structure
hinders the diffusion of curcumin molecules. When the pH become lowers, DC detach easily from

halloysite lumen because of the cleavage of C=N bond resulting in faster release.

To analyze the mechanism of drug release kinetics, in vitro drug release profiles was plotted in three
mathematical models such as first order, Higuchi, and Korsmeyer-Peppas models (Figure 4-9, 4-10,

4-11 and Table 4-2,4-3,4-4).

First order : log (100 - Q) = log 100 — kit 4)
Higuchi kinetics : Q = kit (5)
Korsmeyer — Peppas equation : M,/ M, = kt" (6)

Where ki, kn, and k are drug release rate constants and Q is the percent of the released drug at time t.

M:; / M., is the fractional amount of released drug and n is the release exponent.
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Figure 4-7. Curcumin release profile of free curcumin (FC), HNTs-DC, and HNTs-C at pH 7.4 and

pH 5.0.
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Figure 4-8. Comparison of curcumin release profile between HNTs-DC and HNTs-C at pH 7.4 and

pH 5.0
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Table 4-2. Release kinetic of FC

Release medium  First order Higuchi Korsmeyer-Peppas
ki R? k R? k n R?
(h') (h') (h')
pH 7.4 9.24 0.912 34.36 0.973 0.380 0.494 0.985
pH 5.0 10.63 0.900 39.57 0.996 0.214 0.773 0.983
Table 4-3. Release kinetic of HNTs-DC
Release medium  First order Higuchi Korsmeyer-Peppas
ki R? k R? k n R?
(h') (hh (h'h
pH 7.4 2.34 0.862 8.86 0.971 0.106 0.483 0.982
pH 5.0 3.02 0.942 11.14 0.994 0.108 0.524 0.986
Table 4-4. Release kinetic of HNTs-C
Release medium  First order Higuchi Korsmeyer-Peppas
ki R? k R? k n R?
(h'h) (hh) (hh)
pH 7.4 3.48 0.801 13.37 0913 0.207 0.416 0.972
pH 5.0 3.83 0.834 14.62 0.936 0.182 0.480 0.973
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Figure 4-9. First order release kinetics of FC (pH 7.4) (a), FC (pH 5.0) (b), HNTs-DC (pH 7.4) (c),

HNTs-DC (pH 5.0) (d), HNTs-C (pH 7.4) (e), HNTs-C (pH 5.0) (d).

79



(a) FC (pH 7.4) (b) FC (pH 5.0)
< 100 < 100 —
E\-, . . i 1 e
Z 2 80
g 80 g 80 1 ‘o
£ E y=39.573x-15.625 &
¥ . o~ Eﬁ 60 R =0.9967 &
= e ¥ = 34.366x + 54728 i ] -
2 40 o R®=0.9732 o 04
= Z 1
© oy . ) .
0 0.5 1 1.5 2 15 0.5 1 1.5 2 2.5 3
Time (h'?) Time (h'?2)
© HNTs-DC (pH 7.4) @ HNTs-DC (pH 5.0)
307 40
2 &
‘a y= 8,8‘6063 +2.5336 . o . :
g 0 fomnos . £ 30 y = 11148 + 0.1177 e
i ’ ] R*=0.99 -
E‘ = o
< £ 20 =
Z 10 4 @ L
= . =
E % 10 o« .
= ]
o =
0 0 Pa—— ,0,_5. PR ; Fa—— .l,sj —— 2 PR .2.5 ..... o 0 ——— I — i
’ T ’ 0.5 1 1.5 2 25 3
Time &%) Time (h!2)
© HNTs-C (pH 7.4 (f)
o SCEHTH HNTs-C (pH 5.0)
< 50 £ 50
4 ;= —
g 40 | y ];;3:90"; 3&7915 o MTe g y = 14.62x + 5.1467 e
= . .. . g 40 R*=0.9361 . .
= o .
) =
=30 . e 30 '
= = ..
] g
£ 201 g e
2 . £ :
Z 10 = 10
S -
0 i [ S ] - - -
0 1 2 1 2 3

Time (h'2)

Time (h'?)

Figure 4-10. Higuchi release kinetics of FC (pH 7.4) (a), FC (pH 5.0) (b), HNTs-DC (pH 7.4) (c),
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Figure 4-11. Korsmeyer-Peppas release kinetics of FC (pH 7.4) (a), FC (pH 5.0) (b), HNTs-DC (pH

7.4) (c), HNTs-DC (pH 5.0) (d), HNTs-C (pH 7.4) (¢), HNTs-C (pH 5.0) (d).
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The diffusion of drug release can be explained by either Fickian or non-Fickian. In Fickian diffusion,
release rate is independent of the drug concentration. In non-Fickian diffusion, however, several
factors can affect the drug release rate. The most ideal drug delivery mechanism with controlled release

is a zero-order release in which a drug is released at a constant rate.

First order kinetic model describes absorption and elimination of certain drugs, which explains that
the concentration with respect to time is dependent only on concentration. The fitted correlation
coefficient (R?) values of first order kinetics were very low for all the samples (Table 1-3). FC, HNTs-
C and HNTs-DC followed the Higuchi and Korsmeyer-Peppas release kinetic mechanism during initial
9 hr because R? is almost the same in FC and HNTs-DC. FC has higher rate constant in both
mechanism than HNTs-DC indicating faster release. In Higuchi and Korsmeyer-Peppas model, HNTs-
DC at pH 5.0 has higher rate constant value than pH 7.4 indicating pH sensitive faster release behavior
whereas HNTs-C did not show the pH sensitive release pattern, consequently it was released fast at

any pH condition, and finally reached the equilibrium concentration fast as much as FC.

Higuchi model has the conditions such as : (a) the drug concentration in the matrix is initially much
higher than the solubility of the drug, (b) drug diffusion takes place only in one dimension (edge effects
are negligible), (c) the thickness of the dosage form is much larger than the size of the drug molecules,
(d) the swelling and dissolution of the matrix is negligible, (e) the diffusivity of the drug is constant,
(f) and perfect sink conditions are always attained in the release environment.?> Higuchi model does
not consider the swelling or contracting of the matrix, edge effect of the matrix and the pore formation
or collapse during the release. Therefore, Higuchi equation is not appropriate to applied to the HNTs
which has lumen and rolled structure that does not follow the Fickian diffusion. In case of the
Korsmeyer-Peppas equation, the diffusion exponent n characterizes the transport mechanism and

different release for cylindrical shaped matrices. The value of n less than 0.45 indicates the drug release
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follows the Fickian diffusion of swelling-controlled system from cylindrical particles, whereas values
in the range of 0.45 <n < 0.89 corresponds to the non Fickian diffusion.?>2” HNTs-DC has a value of
0.483 and 0.527 at pH 7.4 and pH 5.0, respectively which indicates that HNTs-DC was released in
anomalous transport manner at both pH conditions. Curcumin from HNTs-DC at pH 5.0 was released

faster in anomalous diffusion manner than pH 7.0 attributed to the factor of faster hydrolysis of imine

bond.

Hydrogels encapsulating HNTs-DC showed the much slower release at the initial stage compared to
the hydrogel containing the curcumin only (Figure 4-12). This can be explained that curcumin
molecule in HA-HNTs should pass the multiple paths, i.e. halloysite lumen and polymer matrix.
Moreover it should overcome the interaction with halloysite inner lumen and polymer chain. Thus,
double barrier structure consisting of clay nanotube encapsulated within hydrogels, containing the

drug molecules in- and outside the clay nanotubes, can contribute to the sustained drug delivery.
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Figure 4-12. Curcumin release profile from HA-HNTSs (1, 2) and HA-C (3,4) at pH 7.4 and pH 5.0
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4.4 Conclusion

HNTs-DC are expected to be useful in sustained and controlled drug delivery system as a prodrug
because it shows the pH sensitive behavior at lower pH. Curcumin combined to the dopamine by
Schiff base reaction and the catechol group is selectively bond to the aluminol surface. It was
encapsulated in the HNTs lumen and subsequently chemisorbed to the inner surface. This curcumin
prodrug showed the sustained and controlled drug release because of imine bond cleavage at acidic

condition, resulting in the pH sensitive curcumin release profile.

In the release kinetic analysis, HNTs-DC was fitted well with the Korsmeyer-Peppas release model.
The release exponent was slightly increased at pH 5.0 which means the multiple release pattern was
included. Curcumin from HNTs-DC at pH 5.0 was released faster than pH 7.0 attributed to the factor

of faster hydrolysis of imine bond.

HNTs-DC showed sustained drug release compared to the free curcumin and simply curcumin loaded
HNTs. HNTs-DC showed sustained curcumin release at neutral pH but it was released faster at acidic
pH. HNTs-DC showed more sustained drug release when it is encapsulated in the hyaluronic acid
hydrogel because of the increment of diffusion paths and interaction with the environment. This leads

to the sustained drug release that is essential for tissue engineering.
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Chapter 5

Conclusions and perspectives
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In this thesis, the physicochemical properties of two types of hybrid hydrogels were investigated. In
Chapter 2, imogolite/hyaluronic acid hybrid hydrogels, prepared by adjusting the optimal pH, showed
increased mechanical properties maintaining good swelling properties because hydrophilic properties
of imogolite network make it possible to interact strongly with crosslinked hyaluronic acid networks.
The effect of reinforcement on Imogolite/hyaluronic acid hydrogel was characterized by compressive
mechanical test and dynamic oscillatory shear test. Imogolite/hyaluronic acid hydrogels showed
enhanced strain at break and fracture stress, and effective energy dissipation and restoration when the

stress was given.

In Chapter 3, through the surface modification of halloysite, halloysite network interacts strongly
with hyaluronic acid network by covalent bonds to overcome the repulsive interaction between them.
The mechanical properties of halloysite/hyaluronic acid hydrogels were optimally adjusted by the
content of halloysite amounts. The excessive amount of halloysite reduced the mechanical strength
because of the aggregation of halloysite resulting in the formation of numerous void of network

structure.

In Chapter 4, halloysite nanotubes showed the sustained and controlled drug release through pH-
stimuli responsive properties. Curcumin was functionalized with dopamine by Schiff base reaction
and it was selectively reacted to the halloysite nanotube lumen. This prodrug showed the sustained

and controlled drug release at acidic condition.

Bioactive molecules rapidly diffuse out of hydrogel polymer networks when they are simply
dispersed within the gels without any covalent or non-covalent interactions, resulting in the fast release.
Bioactive molecules entrapped inside the micro- or nano- particles have to diffuse through two barriers,
i.e. particle vehicles and hydrogels to be released into surrounding media, which can reduce burst

release effect and prolong the release duration. Hybrid hydrogels have been used to modulate the
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release of small molecule drugs, genetic material, proteins, and vaccines. These systems also allow

multiple delivery of different bioactive agents with independent release rates.

Aluminosilicate nanotubes can be not only a potential drug delivery device but also biological
nanocomposite scaffolds component for therapeutics and tissue engineering repair. Because of their
high surface activity and intrinsic nanotube structure, multifaceted nanocomposite materials can be

kept developing in other industrial area as well as biomedical applications.
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