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ABSTRACT

Ca-deficient hydroxyapatite (CDHA) nanoparticles were incorporated with poly(methyl
methacrylate) (PMMA), bovine serum albumin (BSA) and chitosan-based materials to
explore the influence of filler-filler interaction, nanocarrier-protein interaction and
filler-polymer interaction on the physical properties and drug release behaviors of the
bioactive nanocomposites. Rheological behaviors of the PMMA-CDHA melting suspensions
were systematically investigated in termsyof-solid*loading and aspect ratio of the CDHA
nanoparticles. It was found :that an increase in solid contents causes pronounced
shear-thinning behavior. This result suggests-that a strong interaction, including van der Waals
attraction and mechanical interlocking, 'between the CDHA nanoparticles makes the
nanocomposite mixture more non-Newtonian. In addition, the packing efficiency and yield
strength in the suspension were strongly influenced by the aspect ratio of nanoparticles. For
the BSA-incorporated CDHA nanocarrier, the amount of BSA uptake by CDHA decreases
with increasing pH. Besides, the release profile showed a bursting behavior for the
nano-carrier prepared via the ex-situ process, which is probably due to the desorption of BSA
molecules. In contrast, for the sample synthesized via the in-situ process at a higher pH level,
a slower release profile without bursting behavior due to the dissolution of the
BSA-incorporated CDHA crystal as seen from high solution TEM that indicates different
extent of interaction between BSA and CDHA.

In addition, the effect of CDHA nanofiller on drug release kinetics of chitosan-CDHA
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nanocomposite monolithic membrane was investigated. It demonstrates that the drug diffusion
mechanism is altered by the CDHA-chitosan interaction which is strongly influenced by both
the synthesis process and the concentration of the CDHA nanofiller in the membrane. In order
to encapsulate the partially hydrophobic agents to prevent the agent from denature in acid
environment, a novel carboxymethyl-hexanoyl (NOCHC) hydrogel with amphiphatic nature
and pH-sensitivity was synthesized. The cell viability results indicate that
carboxymethyl-hexanoyl chitosan did not show any sign of cytotoxicity in vitro. The degree
of hexanoyl substitution did not affect the number of vital cells. In addition, the amount of
fibroblast with spread out morphology increased with degree of the hexanoyl substitution. On
the other hand, the hexanoyl substitution affected significantly the water-absorption ability by
altering the number of water-binding sites and the state of water under low humidity and the
fully-swollen state, respectively. Moreover, the presence of hydrophobic hexanoyl substitution
retarded significantly water mobility during deswelling, causing better water-retention ability.
Besides, compared with that of ‘pristime chitosan and- N, O-carboxymethyl chitosan (NOCC),
the encapsulation efficiency of ibuptofen (IBU;partially hydrophobic agent) was significantly
enhanced with the incorporation of the hexanoyl group. However, the bursting release of IBU
was less prominent for the NOCHC samples with high degree of carboxymethyl substitution.
Moreover, the pH-sensitivity was more pronounced for NOCHC than NOCC. In order to
regulate the bursting release behavior of the NOCHC hydrogel in a highly swollen state, the
release kinetics of microsphere-embedded hydrogel prepared by NOCHC and O-hexanoyl
chitosan (OHC) was further investigated by incorporating various amounts of CDHA
nanoparticles. It was found that the release duration of IBU from NOCHC was prolonged
with the amounts of CDHA. On the contrary, the release duration of IBU from OHC
(hydrophobic phase) was shortened through increasing the CDHA amount, which is due to the
hydrophilic nature of the CDHA nanoparticles, destroying the intermolecular hydrophobic
interaction and accelerating OHC degradation.
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CHAPTER 1

Introduction

1.1. Introduction to bioactive composite for drug carrier

Synthetic bioactive and biodegradable composite materials are becoming increasingly
important as scaffolds for tissue engineering. Next-generation biomaterials should combine
bioactive and biodegradable properties to activate in vivo mechanisms of tissue regeneration,
stimulating the body to heal itself and leading to replacement of the scaffold by the
regenerating tissue. The key successful point of the implantable devices for tissue
regeneration is not only the suitable matrix with sufficient bioactivity and mechanical strength
for progenitor cells, but also theisustained release of antibiotics and growth factors to
eliminate infection and insure cell differentiation, respectively. Hence, drug-loaded implants
with controlled release function were:developed.to optimize the therapeutic concentration of
drug to the specific site of action, which eliminates the need for multiple intravenous
injections and maintains the biological activity of the agents with short half-life such as
platelet-derived growth factor and fibroblast growth factor.

Synthetic biocompatiable and biodegradable polymers are easily fabricated into complex
structure via injection molding or solution casting method, yet insufficient bioactivity and
mechanical strength are hard to meet the demands of surgery and in vivo physiologic
environment. On the other hand, certain bioactive ceramics such as hydroxyapatite (HA) react
with physiologic fluids to form tenacious bonds with hard tissue. However, these bioactive
materials are relatively stiff, brittle, and difficult to be fabricated into complex shapes.
Therefore, the tailored properties of bioactive composites such as rheological behavior,
molecular relaxation kinetics, biologic response, mechanical strength and drug release profile
as well as predictable degradation behavior can be manipulated through incorporating
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bioactive inorganic phases into biomedical polymers. Moreover, the characteristics of
polymers can be further manipulated through chemical modification by which both biological
responses to implants and material responses to the physiological environment can be

regulated.

1.2. Motivation of this dissertation

Poly(methymethacrylate) (PMMA), a self-curing cement, is the current standard for
cement held prostheses, providing immediate structural support. However, the clinical use of
this type of bone cement is typically accompanied by several complications. These
complications are a result of the cement’s limited mechanical properties and poor adhesion
with bone which may lead to implant failure and periprosthetic osteolysis. On the other hand,
chitosan (CS) is abundant in nature and currently receiving a great deal of attention for
medical and pharmaceutical applications due to its'biodegradable nature and biocompatibility,
allowing its use in various medical iapplications such as bone substitute and drug-loaded
scaffolds for bone tissue engineering: Nevertheless, chitosan lacks sufficient mechanical
strength, which restricts its uses for load-bearing applications, especially in orthopedics. On
this base, many researchers proposed that the incorporation of hydroxyapatite particles (HAp)
into PMMA and chitosan can enhance osteoconductivity and mechanical strength to meet the
requirement of orthopedic application. However, natural bone mineral is essentially a
calcium-deficient apatitic structure (Ca-deficient hydroxyapatite, CDHA) with a Ca/P ratio of
about 1.5. Therefore, CDHA is considered to be a candidate material with respect to both
mechanical reinforcement and biological activity for orthopedic application. In this study,
CDHA nanoparticles were incorporated into PMMA and chitosan to understand the role of
CDHA nanoparticles in the rheological behaviors of the PMMA-CDHA nanocomposite and
the drug release behaviors of the chitosan-CDHA nanocomposite, which are very important
for the fabrication of bone-fixation devices and drug-loaded scaffolds, respectively.
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Secondly, chitosan is one of the most abundant natural materials and has been used for
wound dressing, cartilage tissue engineering and drug-loaded implants due to its
glycosaminoglycan-like structure and low price. However, insufficient swelling ability in
neutral physiological condition, poor solubility in organic solvents, and lack of amphiphatic
nature have limited its uses. In addition, chitosan is a cationic polysaccharide with an
isoelectric point (IEP) of 6.2. It is soluble in diluted acids and the resulting gelled-solution
aggregates under neutral physiological conditions, which is unfavorable for incorporating
CDHA nanoparticles and encapsulating the bioactive agents such as DNA and protein whose
conformation will be altered in acidic environments. Therefore, it is necessary to develop a
water-soluble chitosan-based hydrogel with amphiphatic nature to encapsulate the bioactive
agents with a wide range of hydrophilic/hydrophobic nature and the agent will denature in
neutral environment. In this study,a novel carboxymethyl-hexanoyl chitosan hydrogel was
developed to meet above-mentioned requirement., ' The basic properties of hydrogel were
systemically investigated in termsy of —the —degrees of carboxymethyl and hexanoyl

substitutions.

1.3. Outline of this dissertation
1. Influence of the aspect ratio of bioactive nanofillers on rheological behavior of
PMMA-based orthopedic materials.

In this investigation, calcium-deficient hydroxyapatite nanocrystals with needlelike
geometry were synthesized and incorporated with poly(methyl methacrylate), PMMA, to
form CDHA-PMMA nanocomposites. Rheological behaviors of the PMMA-CDHA melting
suspensions were systematically investigated in terms of the solid content and the aspect ratio

of the CDHA nanoparticles.

2. BSA-loaded calcium-deficient hydroxyapatite nano-carriers for controlled drug
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delivery.

Calcium-deficient hydroxyapatite nano-crystals incorporated with bovine serum albumin
(BSA) to form BSA-loaded nano-carriers were synthesized via both in-situ and ex-situ
processes. The amount of BSA uptake by the CDHA nano-crystals and the subsequent release

behaviors of the BSA-loaded nano-carriers were investigated.

3. Drug release behaviour of CDHA/Chitosan nanocomposites-Effect of CDHA
nanoparticles.

With the aim of the manipulation of release kinetics via bioactive nanofillers for
orthopedic drug-loaded implants, the effect of CDHA nanofiller on drug release kinetics was
studied by adopting vitamin Bj, as a model drug for chitosan/Ca-deficient hydroxyapatite
(CS/CDHA) nanocomposite membranes prepared in terms of different synthetic processes, i.e.

in-situ and ex-situ routes, and various'amounts.of CDHA.

4. Synthesis and characterization of amphiphilic carboxymethyl-hexanoyl chitosan
hydrogel.

Carboxymethyl-hexanoyl chitosan (NOCHC) amphiphatic hydrogel with excellent
water-absorption and water-retention abilities in neutral condition was successfully
synthesized for the first time and then employed as a carrier for delivering amphiphatic agents.
NOCHC is a water-soluble chitosan derivative bearing the carboxymethyl (hydrophilic) group
and the hexanoyl (hydrophobic) group. Water-absorption ability (W.), water-retention ability,
and drug encapsulation efficiency of the NOCHC hydrogel were investigated in terms of the

degrees of carboxymethyl and hexanoyl substitution.

5. Synthesis and characterization of amphiphilic carboxymethyl-hexanoyl chitosan
hydrogel: pH sensitivity and drug release behavior.

4



Carboxymethyl-hexanoyl chitosan (NOCHC) amphiphatic hydrogel with excellent
swelling ability in neutral condition was successfully synthesized using N, O-carboxymethyl
chitosan (NOCC) as the starting precursor. Swelling ratio under various pH values
(pH-sensitivity) and release behaviors of the NOCHC hydrogel were investigated in terms of

the degrees of carboxymethyl and hexanoyl substitution.

6. Sequential release behaviors of carboxymethyl-hexanoyl chitosan/O-hexanoyl chitosan
hydrogel: Role of hydroxyapatite nanoparticles.

In order to explore the effect of nanofiller on the regulation of the drug release behavior
from microsphere-embedded hydrogel prepared by carboxymethyl-hexanoyl chitosan
(NOCHC) and O-hexanoyl chitosan (OHC), the release kinetics was investigated in terms of

various amounts of calcium-deficient hydroxyapatite nanoparticles incorporated.



CHAPTER 2

Literature Review

2.1. Inorganic nanomaterials for orthopedic application
2.1.1. Introduction to nanomaterials

Nanoscience/nanotechnology is the science of fabricating, characterizing, and utilizing
structures at the atomic, molecular and supramolecular levels in order to understand, create
and use material structures, devices and systems with fundamentally new properties and
functions resulting from their small structure. Nanomaterials are functional materials
comprised of objects with at least one dimension on a scale of 1-100 nm (although the upper
limit of 100 nm may be relaxed to greater sizes insome cases, depending on the material and
the specific property being investigated) | I]. These objects may be either nanoparticles (small
ensembles of molecules) or even individual molecules. One of the most exciting aspects of
nanoobjects is that the remarkable.effectsson novel properties (catalytic, magnetic,
ferroelectric, mechanical, optical and electronic) may arise from the critical size reduction. It
occurs as we reduce the dimensions from a practically infinite (and periodic) solid crystal to a
system composed of a relatively small number of atoms. For example, silver nanoparticles
show biological (antimicrobial) activity whereas silver metal does not [2]. Similarly the
conductivity of metal particles undergoes a marked change as their size decreases and the
optical and electronic properties of inorganic semiconductor nanoparticles are known to
depend upon the particle size [3]. The definition of some terms used in the field of

nanostructureed materials are presented in Table 2-1 [4].

2.1.2. Bioceramics and calcium phosphate ceramics
Many kinds of surgical intervention with the involvement of an internal device or
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prosthesis require that the objects to be implanted be made of ceramic materials. Bioceramics
are generally very well tolerated and integrated by living tissues and have no significant
toxicity. In general, there are three types of tissue response to a biomaterial as shown in Table
2-2 [5]. The present uses of bioceramics are shown in Table 2-3 [6].

Inert bioceramics are those which do not exert any influence on tissues and are not
influenced by them. Their function is generally to sustain high mechanical loads. Differently
from inert bioceramics, those which are defined as bioactive ceramics are able to exert some
biological influence on tissues and are influenced by them. They are chemically composed
with atomic species managed by the biological cycles, and generally they are calcium
phosphates. Calcium phosphates ceramics (CPCs) were taken into consideration in early
bioceramic studies for surgical application on bone [7-10]. Several calcium phosphate
cements (CPC) have been developed and have potential use in orthopedic field as shown in
Table 2-4 [11]. The most utilized are hydroxyapatite<(HA) and tricalcium phosphate (TCP).
The stable phases of calcium phosphate‘ceramics depend considerably upon temperature and
the presence of water, either dufing. processing or in the use environment. At body
temperature, only two calcium phosphates are stable when in contact with aqueous media
such as body fluids. At pH < 4.2, the stable phase is CaHPO4 ¢ 2H,0 (dicalcium phosphate
dehydrate or hrushite, C,P), while at pH > 4.2 the stable phase is Ca;o(PO4)s(OH), (HA). At
higher temperatures, other phases such as Ca3(PO,), (B-tricalcium phosphate, Cs;P, or B-TCP)

and CasP,0y (tetracalcium phosphate, C4P) are present.

2.1.3. Hydroxyapatite and Ca-deficient hydroxyapatite

The main constituents of bone are collagen (20 wt. %), calcium phosphate (69 wt. %),
and water (9 wt. %). Additionally, other organic materials, such as proteins, polysaccharides,
and lipids are also present in small quantities. Collagen, which can be considered as the
matrix, is in the form of small microfibers. The diameter of the collagen microfibers varies
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from 100 to 2000 nm. Calcium phosphate in the form of crystallized hydroxyapatite and/or
amorphous calcium phosphate (ACP) provides stiffness to the bone [12]. The hydroxyapatite
crystals, present in the form of plates or needles, are about 40-60 nm long, 20 nm wide, and
1.5-5 nm thick. They are deposited parallel to the collagen fibers, such that the larger
dimension of crystals is along the long axis of the fiber [12].

Hydroxyapatite (HA, chemical formula Ca;o(PO4)s(OH),) is the main mineral constituent
of teeth and bones. Hydroxyapatite is one of apatites with the lattice parameters: a;=a,=
0.9432 nm and ¢= 0.6881 nm [13]. Apatite is a general name for compounds having symmetry
P63/m and chemical formulas A;¢(BO4),X;. A is cations of 1 to 3 valences, B anions have 3 to
7 valences and X denotes anions of 0 to 3 valences, where A: Ca, Pb, Cd, Sr, Ni, Eu, AL Y, La,
Ce, Na, K, B: P, As, V, Cr, Si, C, AL, S, Re and X: OH, F, Cl, Br, I, O, N, COs, H,O, vacancy
[13-16]. A structural model along the [0001] zone-axis projected along the c-axis is shown in
Figure 2-1 [16], from where the Ca atoms- occupy two series of non-equivalent sites.
Hydroxyl groups (OH’) are situated on-‘the 6-fold c-axis. These ions are slightly below and
above the mirror planes at Z=1/4 and 3/4. Posner et al. first refined the structure of HA and
reported the coordination of different Ca atoms in HA [14]. The Ca(1) atoms are coordinated
by nine oxygen atoms situated in six different phosphate tetrahedral. The Ca(2) atoms,
situated around the hexagonal screw axes, each has an irregular sevenfold coordination with
six oxygen of five phosphate groups in addition to the hydroxyl ion. Elliott ef al. reported that
the space group of HA has three kinds of vertical or columnar symmetry [15]. There are
columns of Ca®" ions spaced by one half of the c-axis parameter along three-fold axes which
account for two fifths of the Ca® ions in the structure. These ions are given as Ca(1). The
Ca®" ions are linked together by POy tetrahedra in which three oxygen atoms come from one
column and the fourth comes from an adjacent column. The result is a three-dimension
network of PO, tetrahedra with enmeshed Ca®’ ions, and channels that contain the residual
calcium, Ca(2), and ions such as OH™ which make up the HA structure. The substitution of
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phosphate ions (PO,)’" by hydrogenophosphate ones (HPO4)* allows a continuous variation
of the Ca/P atomic ratio between 9/6 and 10/6 [17]. This leads to calcium deficient
hydroxyapatites (CDHA, Cajox(PO4)s-x(HPO4)x(OH),«, with 0=x=1). CDHA powders can
be precipitated from conventional wet chemical methods and decomposed into a mixture of
HAp and TCP by thermal treatment above 700°C.

From the point of view of biocompatibility, hydroxyapatite seems to be the most
appropriate ceramic material for artificial teeth or bones due to excellent biocompatibility and
bioactivity. HA ceramics does not exhibit any cytotoxicity. It shows excellent
biocompatibility with hard tissues and also with skin and muscle tissues. Moreover, HA can
directly bond to the bone. Unfortunately, mechanical properties of pure HA ceramics are poor.
For example, fracture toughness (Kj;.) does not exceed the value of about 1.0 MPa- m'?
(human bone: 2-12 MPa'm'? ). Additionally, {the Weibull modulus () is low in wet
environments (n=5-12) which indicates low reliability of HA implants. Presently, the HA
ceramics cannot be used as heavy-leaded implants; such as artificial teeth or bones. Its
medical applications are limited “to=small unloaded implants, powders, coatings, and
low-loaded porous implants [18]. In order to improve the reliability of HA ceramics, various

reinforcements (ceramic, metallic, or polymer) have been used. Moreover, HA-coated metals

have been introduced as artificial bones or teeth.

2.2. Polymer-based orthopedic materials
2.2.1. Acrylic bone cement

Acrylic based bone cement was developed in the early 1960s by Charnley and Smith
[19]. Acrylic bone cements are based on polymethyl methacrylate (PMMA) which is accepted
as a biocompatible polymer when cured. The bone cement is usually prepared by mixing the
two components of the dose: a transparent liquid and a white powder. The main ingredients
are shown in Table 2-5 [20]. The N,N-dimethyl-para-toluidine (DMPT) acts as accelerant of
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the polymerization reaction, which activates the initiator mixed with the powder. The
hydroquinone (OHC¢H4OH, HQ) 1is an inhibitor, which prevents the premature
polymerization of the monomer. The benzoil peroxide (COCcHsOOCCsHsO, BP) acts as the
initiator, producing free radicals when it reacts with the amine (DMPT). BaSO4 or ZrO, are
added in order to obtain a radio-opaque cement. The diameter of most of the PMMA particles
in the cement ranges between 30 and 150 « m and their shape depends on the manufacturing

process used.

2.2.2. PMMA-HAp nanocomposites

PMMA is a bio-inert material thus causing weak linkage between bone and cement. It is
also a brittle material with relative low fracture energy which causes the failure of implant
[21]. In order to solve these problems, many PMMA-CPCs composites have been used in
surgery to fix joint replacements into the bone. Hydroxyapatite particle filled PMMA
composites are the most common-used, materials-in clinical applications. Dalby et al. proposed
that HAp/PMMA was a better substrate for-human osteoblast (HOB) cells, resulting in
increased proliferation and alkaline phosphatase (ALP) activity [22]. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) showed that HOB cells
cultured on the HAp-filled PMMA preferentially anchored to HA particles exposed at the
cement surface, with a close intimacy observed between HAp and HOB cells. Aizawa et al.
fabricated the HAp-PMMA hybrid material having mechanical properties similar to those of
the cortical bone, using porous HA ceramics with well-controlled pore sizes and bulk
polymerization of MMA monomer without solvents [23]. Lee et al. studied a hydroxyapatite
filled 4-META/MMA-TBB adhesive bone cement [24]. In this study, histologic examinations
showed that the exposed HA particles at the surface of the cured cement were generally
associated with intimate attachment to bone without fibrous tissue, as well as interdigitation
of cement to bone. Moursi reported similar results [25]. Extracellular matrix production was
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examined by immunohistochemistry which indicated that osteoblasts cultured on
PMMA/HAp showed a more distinct networked pattern of organized fibronectin.
Histochemical staining of mineralization was examined by confocal microscopy which
demonstrated a higher degree of mineralization in nodules formed on PMMA/HAp as
compared to PMMA. Together, these results indicate that the addition of HAp in a PMMA
matrix improves osteoblast response as compared to PMMA alone. Liu showed that the
surface hydroxyl groups of hydroxyapatite have the ability to react with organic isocyanate

groups. It provide a good reason to use HAp as a reinforce agent in PMMA bonecement [26].

2.2.3. Chitosan and its derivatives

Polysaccharides are aboundant in nature. Their molecular structures and hence their
properties vary over a broad range. Of the many kinds of polysaccharides, cellulose and chitin
are the most important biomass resources; cellulose is synthesized mainly in plants, whereas
chitin is synthesized mainly in lower animals..Chitin is structurally similar to cellulose, but it
is an amino polysaccharide having deetamide groups at the C-2 positions in place of hydroxyl
groups (Figure 2-2) [27]. Chitin is a co-polymer of N-acetyl-glucosamine and N-glucosamine
units randomly or block distributed throughout the biopolymer chain depending on the
processing method used to derive the biopolymer. When the number of N-acetyl-glucosamine
units is higher than 50%, the biopolymer is termed chitin. Conversely, when the number of
N-glucosamine units is higher, the term chitosan (CS) is used [27-29].

The presence of amino groups in chitosan is highly advantageous for providing
distinctive biological functions and for conducting modification reactions. Recent progress
regarding some typical chemical modifications including acylation, phthaloylation, tosylation,
alkylation, Schiff base formation, reductive alkylation, O-carboxymethylation,

N-carboxyalkylation, silylation, and graft copolymerization have been reported.
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2.2.3.1. Hydrophobic Modification

In order to resolve the issue that poor solubility in organic solvents, chemical
modification of chitosan, in particular, N-alkylation [30, 31], N-acylation [32, 33],
O-acylation [34], and N-carboxyalkylation [35], has been studied. For example, Fujii et al.
have reported on the acyl modification of chitosan reacted with long-chain acyl chloride for
improving the organic solubility [36, 37]. Nishimura et al. [38] have also reported on

phthaloylation of chitosan with phthalic anhydride.

2.2.3.2. Hydrophilic modification

On the other hand, a special emphasis has been placed on the chemical modifications to
prepare several chitosan derivatives with higher solubility in water, such as O,
N-carboxymethyl-chitosan [39], N=carboxymethyl=chitosan [40], O-carboxymethyl-chitosan
[41], N-sulfate-chitosan [42], O-sulfate chitesan [43]; O-butyryl-chitosan [44], N-methylene
phosphonic chitosan [45], hydroxypropyl__chitosan [46], N-trimethyl chitosan [47],
N-succinyl-chitosan [48], N-carboxyethyl chitosan | 49], N-benzyl phosphoryl chitosan [50],

and O-succinyl chitosan [51].

2.2.3.3. Amphiphatic modification

Special attention was paid to chemical modification preparing several chitosan
derivatives with amphiphatic nature. Lee et al. reported a non-covalently cross-linked
palmitoyl glycol chitosan hydrogel evaluated as an erodible controlled release system for the
delivery of hydrophilic macromolecules [52]. Ramos et al. introduced an alkyl chain onto a
water soluble modified chitosan (N-methylene phosphonic chitosan) offer the presence of
hydrophobic and hydrophilic branched for controlling solubility properties [53]. A series of
novel chitosan derivative carrying long chain alkyl groups as hydrophobic moieties and
sulfated groups as hydrophilic moieties (N-alkyl-O-sulfate chitosan) were synthesized as a
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carrier to encapsulate taxol [54]. In addition, an amphiphilic chitosan derivative,
0,0 -dipalmitoyl chitosan (DPCT), was synthesized and its miscibility with cholesterol of

DPCT were studied by Tong et al.[55].

2.2.4. Chitosan-HAp nanocomposites

There were many researchers has reported HAp-Chitosan nanocomposite. Li et al.
prepared the HAp-filled Chitosan composite by in-situ precipitation [56]. It was observed that
the mechanical properties of the composite in the dry condition improved as the percentage of
CS content increased. Mechanical properties of such CS/HAp composite rod are much better
than that prepared via traditional method. They also showed that the water absorption of
CS/HAp composite decreased when adding of HA powders into CS matrix, which contributes
to postponing the attenuation of mechanical properties of CS/HAp composite under moisture
condition. This result provides very useful information for HAp-CS drug delivery system.
Chen et al. also proposed that the nane-structure of hydroxyapatite/chitosan composite will
have the best biomedical properties ‘in the biomaterials applications [57]. Zhao et al. prepared
a biodegradable scaffold by phase separation method for bone tissue engineering which used
hydroxyapatite/chitosan-gelatin network (HAp/CS-Gel) composite [58]. Histological and
immunohistochemical staining and scanning electron microscopy observation indicated that
the osteoblasts attached to and proliferated on the scaffolds. Extracellular matrices including
collagen I and proteoglycan-like substrate were synthesized, while osteoid and bone-like
tissue formed during the culture period. This report provided a powerful methodology to
characterize the scaffolds by the presence of ECM. Sivakumar et al. proposed that the a-axis
lattice constant of coralline hydroxyapatite-chitosan composite may decrease with the
increase in the amount of chitosan [59]. This result indicated the interaction of the polymer
backbone with HAp. The mechanical properties of chitosan-HAp nanocomposite was studied
[60]. It showed that the typical aggregation length corresponded approximately to a chitosan
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molecule length and the c-axes of the constituent HAp crystallites were well aligned in
parallel with the chitosan molecules. The growth of the HAp crystallites is considered to
occur at the nucleation sites that were most probably the complexes of amino groups on
chitosan bounded with calcium ions. The compact composites obtained have been found
mechanically flexible, and this flexibility has been further improved by heating at 120 degrees

C in an autoclave with saturated steam pressure.

2.3. Drug release kinetics
2.3.1. Undegradable matrices
2.3.1.1. Monolithic systems (Matrix systems)

In these systems, the drug is distributed, ideally uniformly, throughout a solid polymer.
Diffusion in polymers is complex and the diffusion rates should lie between those in liquids
and in solids, which depends strongly on the concentration and degree of swelling of polymers.
The first mathematical treatment of diffusion-was established by Fick [61] who developed a
law for diffusion in one dimension:

J=-Aj=-AD(0c/0z) 2-(1)
where J is the mass flow, j the flux per unit area, A the area across which diffusion occurs, D
the diffusion coefficient, ¢ the concentration, z the distance and (0c/0z ) the gradient of the
concentration along the z axis. This equation is also known as Fick’s first law. In the case of
diffusion without convection and a unitary area, Eqn. 2-(1) can be written as

J=-D(0c/0oz) 2-(2)

In the study of solvent diffusion in polymers, different behaviors have been observed. It is
known that the diffusion of the solvent is linked to the physical properties of the polymer
network and the interactions between the polymer and the solvent itself. Wang et al. proposed
a classification according to the solvent diffusion rate and the polymer relaxation rate: Fickian
(Case I) and non-Fickian (Case II and anomalous) diffusions [62]. The amount of solvent
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absorbed per unit area of polymer at time t, M, is represented by

M=kt" (Power low) 2-(3)
where k is a constant and n a parameter related to the diffusion mechanism, the value of which
lies between 1/2 and 1 for the sample with slab geometry [63].

A. Fickian diffusion

The influence of matrix relaxation and the diffusion process on drug release can be
estimated by the Deborah number De:

De=M6 2-(4)
where De is the ratio of a characteristic relaxation time (L) to a characteristic diffusion time
(0). Eqn. 2-(4) indicates that De << 1 is obtained when the relaxation is much faster than the
diffusion, and in this case drug release is controlled by diffusion in the fluid filling the
swollen matrix. This condition usually occurs with swellable systems well above the glass
transition temperature (Tg) that swell rapidly and teach equilibrium before drug release takes
place. De>> 1 indicates that the-matrix“is-characterized by a very long relaxation and drug
release is controlled by diffusion inan-unchanged matrix. The drug diffuses in fact from an
unswollen region, such as from a matrix in the glassy state (well below the Tg). In the cases
of De<< 1 and De>> 1, the drug is released by diffusion through a system with constant
boundary conditions. The relaxation process does not interact with drug release, so the same
speculations reported above for Fickian diffusion release from undegradable and unswellable
devices can be applied. This process is also defined as Case I transport. The diffusion distance
is proportional to the square-root of time (Higuichi model) [64]

M=kt 2-(5)
B. Non-Fickian diffusion

A second case of drug release from swellable and undegradable matrices is observed
when the glassy fraction of a swelling system relaxes with observable rate, but much more
slowly than the diffusion of the drug in the rubbery fraction of the matrix. In this process,
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defined as Case II transport, the release kinetic is controlled by the relaxation of the glassy
fraction of the matrix. For a thin film, the diffusion distance is directly proportional to time

M=kt 2-(6)

When the characteristic relaxation time and diffusion time are comparable (De~1), the
relaxation interacts with the diffusion process and drug release takes place under nonconstant
boundary conditions. This anomalous non-Fickian transport is observed when the drug is
released during a change of the matrix from a glassy to a rubber state. Anomalous diffusion
lies in between and is characterized by the following equation:

M=kt" and 0.5<n<1. 2-(7)

Thus, Eqn. 2-(7) has two distinct physical realistic meanings in the two special cases of
n=0.5 (indicating diffusion-controlled drug release) and n=1.0 (indicating swelling-controlled
drug release). Values of n between 0.5 and 1.0-.can be regarded as an indicator for the
superposition of both phenomena (anomalous transport). The two extreme values for the
exponent n, 0.5 and 1.0, are only valid for slab_geometry. For spheres and cylinders different

values have been derived [65, 66], as-listed in Table 2-6.

2.3.1.2. Reservoir systems

In this type of system, a core of drug is sourrounded by a polymer and diffusion of the
drug through the polymer is the rate-limiting step. In other words, reservoir systems are
usually designed so that the drug is contained in an oversaturation concentration in the core of
the system and release is controlled by diffusion through a surrounding undegradable
membrane. Release is defined by the first Fick’s law, which describes the flux of a substance
through the membrane at a steady state:

J¢= -Ddc/dx 2-(8)
The first Fick’s equation can be elaborated for matrices with different geometrical shape. For
a cylindrical device of height h, inner radius r;, and outer radius 1, the rate of drug release can
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be expressed as:

dM/dt=2 7 hK4(C;-C;)/In(r¢/17) 2-(9)
where Ky is the membrane/medium distribution coefficient (i.e., membrane permeability,
K4=DK where D is the diffusion coefficient, and K the partition coefficient), C; is the drug
concentration in the core, and C, is the drug concentration in the external medium. For a
spherical reservoir of radius r;, sorrrounded by a spherical membrane of radius ry,

dM/dt=4 7= K4(C1-Cy)ror1/(ro-11) 2-(10)
Assuming that the drug has the same solubility in the system core and in the external medium,
the release for a sandwich or slab reservoir is described by

M= Sq Ka(C-Co)t/l 2-(11)
where M; is the released amount of drug at time ¢, Sq is the releasing surface area, / is the

thickness of the polymeric membrane [61].

2.3.2. Biodegradable matrices

Hopfenberg assumed that the rate of -drug release from the erodible system is
proportional to the surface area of the device which is allowed to change with time [67]. All
mass transfer processes involved in controlling drug release are assumed to add up to a single
zero-order process (characterized by a rate constant, ky) confined to the surface area of the
system. This zero-order process can correspond to a single physical or chemical phenomenon,
but it can also result from the superposition of several processes, such dissolution, swelling,
and polymer chain cleavage. A good example for systems Hopfenberg’s model can be applied
to is surface eroding polymer matrices where a zero-order surface detachment of the drug is
the rate limiting release step. Hopfenberg derived the following general equation, which is
valid for spheres, cylinders and slabs:

My M=1-(1-(kot/Cya))" 2-(12)
M, and M, are the cumulative amounts of drug released at time t and at infinite time,
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respectively; Cy denotes the uniform initial drug concentration within the system; a is the
radius of a cylinder or sphere or the half-thickness of a slab; n is a ‘shape factor’ representing
spherical (n=3), cylindrical (n=2) or slab geometry (n=1).

Heller and Baker developed a mathematical model describing drug release from
water-insoluble polymers that undergo hydrolytic backbone cleavage, during which the
polymer chains are converted into small, water-soluble molecules [68]. They assumed that for
polymer matrices undergoing bulk erosion, degradation can be described by first-order
kinetics.

dMy/dt=A/2 * (2P, ‘exp(k t) Co/t)"? 2-(13)
here, M; is the cumulative absolute amount of drug released at time t; k is the first order rate
constant; Py is the initial drug permeability and C, is the initial drug concentration within the

system.
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Table 2-1. Definitions of the terms used in nanostructured materials [4].

Terms Definition

Cluster A collection of units (atoms or reactive molecules) of up to about 50 units.
Cluster compounds are such moieties surrounded by a ligand shell that
allows isolation of a molecular species.

Colloid A stable liquid phase containing particles in the 1-1000 nm range. A
colloidal particle is one such 1-10000 nm sized particle.

Nanoparticle A solid particle in the 1-1000 nm range that could be nanocrystalline, an
aggregate of crystallites, or a single crystallite.

Nanostructured | Any solid material that has a nanometer dimension;

material Three dimensions: Particles

Two dimensions: Thin films
One dimension: Thin wire
Zero dimension: Quantum dot(A-particle that exhibits a size quantization

effect in at least.one dimensions)
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Table 2-2. Types of implant-tissue response [5].

Types Tissue response Example
Bioinert, It has minimal interaction | stainless steel, titanium,
(nontoxic and biologically | with  its  surrounding | alumina, partially
inactive) tissue. A fibrous capsule | stabilized zirconia, and
forms around a bioinert | ultra  high  molecular
implant. weight polyethylene.
Bioactive, It interacts with the | synthetic hydroxyapatite,

(nontoxic and biologically

surrounding bone and the

glass-ceramic A-W, and

bioactive), soft tissue. An interfacial | Bioglass.
bond forms.
Bioresorbable, It dissolve (resorbed) | tricalcium phosphate,

(nontoxic and dissolves),

slowly. The surrounding

tissue replaces it.

Calcium oxide, calcium

carbonate (coral),
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Table 2-3. Present uses of bioceramics [6].

Application Material
Orthopedic load-bearing ALO;
Coatings for tissue ingrowth ALO;

(Cardiovascular, orthopedic, dental and

maxillofacial prosthetics)

Coatings for chemical bonding
(Orthopedic, dental and maxillofacial
prosthetics)

HA, Bioactive glasses, Bioactive

glass-ceramics

Temporary bone space fillers

Tricalcium phosphate, Calcium and

phosphate salts

Dental implants

ALOs;, HA, Bioactive glasses

Periodontal pocket obliteration

HA, HA-PLA composite, Trisodium
phosphate; Calcium and phosphate salts,

Bioactive glasses

Alveolar ridge augmentations

ALO;, HA, HA-autogenous bone
composite, HA-PLA composite,

Bioactive glasses

Maxillofacial reconstruction

ALO;, HA, HA-PLA composite,

Bioactive glasses

Otolaryngological

AlLO;, HA, HA-PLA composite,

Bioactive glasses

Percutancous access devices

Bioactive glasses

Artificial tendon and ligament

PLA-carbon fiber composite

Orthopedic fixation devices

PLA-carbon fibers, PLA-CPC

composites
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Table 2-4. Name, abbreviations and formula of the calcium phosphate [11].

Ca/P | Abbreviation Name Formula
0.5 MCPM Monocalcium phosphate Ca(H,PO4),H,0
monohydrate
1 DCP Dicalcium phosphate CaHPO,4
1 DCPD Dicalcium phosphate dihydrate CaHPO42H,0
1 CPP Calcium potassium phosphate CaKPOq,
1 CPSP Calcium potassium sodium CaKNa(POy),
phosphate
1.5 a -TCP Alpha tertiary calcium phosphate a -Caz(POs),
1.5 B-TCP Beta tertiary calcium phosphate /3 -Ca3(POy),
1.5 CDHA Calcium deficient hydroxyapatite Cayg(HPO4)(PO4)sOH
1.67 HA Hydroxyapatite Cao(PO4)s(OH),
2 TTCP Tetracalcium phosphate Cay(POy),
o -- Calciunt oxide CaO
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Table 2-5. Source and composition of the commercialized bone cement [20].

Name and source Powder Liquid
PMMA PBMA BP CM MMA BMA DMPT ETOH HQ
Sulfix-60 79.618 0.836 9.834 83.619 1.612 1.612 0.003
8.84 Zr0O, 14.768 DMAPE
CERIM LT 87.0 3.0 10.0 98.993 1.0 70-75
BaSO, ppm
CEMEX RX 88.27 2.73 9.0 99.10 0.90 75
BaSO, ppm
ZIMMER 89.25 0.75 10.0 97.25 2.75 65-85
Low viscosity BaSO, ppm
ZIMMER 89.25 0.75 10.0 97.25 2.75 65-85
Dough type BaSO, ppm
Palacos 84.5 n.n. 15 92
7105
CMW 1 88.85 2.05 9.10 98.215 0.816 0.945 0.002
BaSO,

PBMA: polybutyl-methacrylate;

methyl-methacrylate;

BMA: butyl-methacrylate;

BP: benzoylperoxide; CM: contrast medium; MMA:

DMPT: N,N-dimethyl-para-toluidine;

DMAPE: dimethylamino-phenyl-ethanol; ETOH: ethanol; HQ: hydroquinone.

Table 2-6. Diffusion exponent (n) of the power law and drug release mechanism from

polymeric controlled delivery system of different geometry [64, 65].

Diffusion exponent (n)

Drug release mechanism

Thin film Cylinder Sphere

0.5 0.45 0.43 Fickian diffusion
0.5<n<1.0 0.45<n<0.89 0.43<n<0.85 Anomalous transport
1.0 0.89 0.85 Case-II transport
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Figure 2-1 Structural model of hydroxyapatite with the [0001] as projection axis [16].
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CHAPTER 3

Influence of the Aspect Ratio of Bioactive Nano-fillers on Rheological

Behavior of PMMA-based Orthopedic Materials

3.1. Introduction

Poly(methyl methacrylate), PMMA, has long been widely used as bone cement and
orthopedic devices such as bone screw, pin, etc. The prime advantage of using the PMMA
cement is that it is easily conformed to defective surrounds of any geometry. However,
clinical practices revealed that the PMMA had several drawbacks such as weak bone-cement
interface that renders PMMA prostheses more susceptible to fail after implantation [69-72].

Recently, the incorporation of:bioactive reinforcement phase into PMMA offers an
advantage to overcome those aforementioned. deficiencies and moreover, improves
mechanical integrity with thes PMMA__[73-75].. “"Among those reinforcement phases,
bioceramic-based materials such as<tricalcium:phosphate (Ca/P = 1.5) and hydroxyapatite
(Ca/P = 1.67) are most widely employed for clinical practices, simply because they exhibit
considerably improved biological affinity and activity to surrounding host tissues when
implanted [76-78]. Furthermore, both compositions are chemically similar to the mineral
constituent of human hard tissue. However, bone mineral (natural biocrystal) has essentially a
calcium-deficient apatitic structure with a Ca/P ratio of about 1.5, which is compositionally
similar to tricalcium phosphates, Ca3;(PO.),, (Ca/P = 1.5) and structurally similar to
stoichiometric hydroxyapatite, Ca;o(PO4)s(OH),, (Ca/P = 1.67).

It is well known that the natural biocrystals with a needlelike or rodlike shape are well
aligned along a specific direction with the polymer matrix, i.e. collagen, to form nature bone
which exhibits better mechanical properties compared to individual components and those
existing synthetic biomaterials. So far, several studies have been focused on the development
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of nano-composites to simulate nature bone in apatite structure [79-82]. For example, Adriana.
et al. developed a biomimetic process to control the alignment of nanoparticles in the
nano-composites [79]. However, these methods could not be applied for the fabrication of
medical devices with complex shape. On the other hand, a stress-induced process such as
inject-molding or extrusion can be used for the alignment of nanoparticles in polymeric
suspension under high shear rate. Although some investigations have been focused on the
relationship between rheological behavior and nanoparticle structure of polymeric suspension
in the nanocomposite mixtures [83-85], little information is available on the rheological
properties of PMMA-HAp nano-composite with different aspect ratios of the nanoparticles for
the fabrication of orthopedic parts like bone fixation devices.

Although Ti or C fibers can be incorporated into the PMMA to enhance the mechanical
properties, it is more desirable if,nano-metric calcium-deficient apatite crystals (hereafter
termed CDHA) with pertinent aspect ratio, mimicking-that of the mineral constitute in natural
bone structure, can be introduced in-the PMMA/matrix. The improvement in both the
biological affinity and mechanical properties of the resulting PMMA-CDHA composites is
then expected. Therefore, nano-metric needle-like CDHA crystals, instead of Ti or C fibers,
were synthesized and employed in this work to study the role of the aspect ratio of CDHA
nano-needle crystals in the rheological behavior of the PMMA-CDHA mixture. As a first
parts of the whole project, understanding of the rheological behavior of the PMMA-CDHA
blend in this study should provide fundamental and valuable processing information in terms
of solid content and aspect ratio of the reinforced phase as reported in this communication, for
the fabrication of PMMA-based orthopedic devices by injection molding or alternative

thermal molding process.

3.2. Experiment materials and methods
3.2.1. Synthesis of CDHA nano-particle
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The calcium-deficient hydroxyapatite (CDHA) nano-particles with a Ca/P molar ratio of
1.5 were fabricated by co-precipitation method with Ca(CH3COO), and H;PO4 as Ca and P
precursors, respectively. Prior to co-precipitation reaction, the pH value of H3;PO4 solutions
were kept above 12 by using NaOH solution. Subsequently, 0.001 wt% poly(acrylic acid)
(PAA) (Aldrich Chemical, Mw 2000) was added into the alkalized H;POj, solutions. In order
to control the CDHA particle with different aspect ratios, three different adding rates of 5
ml/min, 30 ml/min, and 55 ml/min were used to drop Ca(CH3COOQ), aqueous solution (0.5M)
into H3PO4 solution (controlled at 0.33 M) at 60°C [86]. During the titration process, the
temperature deviation of each mixture was monitored and kept less than 3°C. After filtration
and washing by acetone for several times, the precipitate dough was then mixed in 80 ml
acetone to form three kinds of CDHA suspensions. The solid content in each CDHA-acetone
suspension was determined by measuring the weight difference between before and after the

removal of the diluting medium at 105°C.

3.2.2. CDHA-PMMA composite mixtures

Various volume from 5% to 15% CDHA nano-particles with different aspect ratios
(AR=length of particle/width of particle) were dispersed in the PMMA-Acetone (PMMA:
Aldrich Chemical Corp. Mw 13,000) polymer solution to form PMMA-CDHA composite.
After stirring for 24 h, the CDHA-PMMA suspensions were dried to remove the diluting
solvent and then subjected to heat treatment in vacuum oven for the removal of the residual
solvent. After that, the CDHA-PMMA nanocomposite powders can be obtained after

pulverization.

3.2.3. Rheometrical measurement
The rheological behavior of the mixtures with different concentrations of CDHA
nanoparticles was examined at a working temperature of 240°C using capillary rheometry
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(Schimadzu, CFT-500D). The specimens were first prepared into cylindrical shape of 10 mm
x 10 mm dimensions via a uniaxial molding at a compressive pressure of 30 MPa at 160°C.
The cylindrical specimen was then placed into the cavity die of the capillary rheometer. The
capillary die has a size of 1 mm in diameter, located at the bottom of the cavity. After the
sample was stabilized at the testing temperature of 240°C for several minutes, the specimen
was compressed with a pre-determined uni-axial pressure.

In order to eliminate the entrance and end effect of the rheological data, both the first and
final 1-mm region of the 10 mm-height specimens were excluded. In addition, the
Rabinowitsch equation was also adopted for shear rate correlation due to wall effect. The
relationship between shear stress(t) and pressure drop along the specimen dimension can be

determined with the use of Bagley model as follows [87],

PR

- 3-(1)

v

where P, R and L represent the values of pressure drop, capillary radius and capillary length,
respectively. The shear rate (y) was determined by converting the ratio of the volume flow rate

(F) to the capillary radius (R) through,
4F

V= g 3-(2)
The shear viscosity (1) was then determined by;
T
n=- 3-(3)
Y

Generally,_three runs were conducted for each composition and aspect ratio to ensure the
accuracy and the reproducibility of the rheological data. If needed, five runs were performed

for more accurate results.

3.3. Results and discussion
3.3.1. Flow behavior
The XRD patterns in Figure 3-1 show that the synthetic powders can be indexed as a
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calcium-deficient hydroxyapatite (CDHA) phase irrespectively of the addition rate. According
to TEM observation, the morphology of the precipitate crystals exhibits needle-like geometry
with different aspect ratios (L/d, length/diameter), ranging from 7, 10, to 17 for the addition
rate of 5, 30, and 55 ml/min, respectively. (TEM photographs were not shown here.)

The flow behavior of the PMMA-CDHA mixtures can be characterized by a shear rate (y)-
viscosity (1) curve (derived simply from = Ky""), as shown in a log-log plot of Figure
3-2(a), 3-2(b) and 3-2(c) for CDHA nano-needles with AR =7, 10, and 17, respectively. It is
evidenced that the mixtures are shear-thinning character and the flow behavior of the mixtures
is as a function of both AR and concentration of the nano-needles. The flow index n is
generally falling in the range between 0.4 and 0.5 for the mixtures with 5 and 10%
concentration of nano-needles. Even increasing CDHA concentration up to 15%, the
difference in the flow index for the composition.with the smallest AR [Figure 3-2(a)] is
essentially much less pronounced over the range of solid concentration employed. This may
indicate that the flow behavior as well-as-the_suspension structure of the mixtures prepared
with the nano-needles of the smallest AR is similar. Accordingly, this could be true for the
nanoparticles with a lower AR below a certain solid loading where the interparticle interaction,
including surface attraction or mechanical interlocking, may remain similar in magnitude.

On the other hand, for the compositions with larger AR, a smaller n value was observed at
a 15% solid loading as revealed from Figures 3-2(b) and 3-2(c). While comparing to
Figure3-2(a), a considerable reduction in the flow index (n), appearing at 15% loading, may
suggest that the nano-particles with a higher AR should exert strong influence onto
suspension structure and flow behavior. From those measured data in Figures. 3-2(b) and
3-2(c) for high-AR particles, it seems to indicate that at lower solid loadings, i.e., 5 and 10%,
the interactions between the nano-needles should be not as significantly strong as that at 15%.

However, a particle network structure with more extensive entanglement with random
distribution of the nano-needles should arise because of increasing solid loadings, i.e., 15% in
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the current system. If this assumption in structural development is correct, then, we can
speculate that the mixtures with solid loading as high as 15% may have an open network
structure with voids between the closely-connect framework filled with polymer melt. With
such an interconnect structure, the flowability of the polymer melt was then effectively
retarded and a higher shear viscosity can be expected under an identical shear rate (or shear

stress), leading to a higher-shear-dependent character than that at lower solid concentrations.

3.3.2. Yield strength
With the use of the Casson’s model [88], Eqn. 3-(4), the yield strength of the mixtures can

be obtained by extrapolating the straight lines obtained from the T2 - ’yl/z plot to zero shear

rate.

e ,Cyl/2 Y ,Yl/z 3-(4)

where T, is the yield strength.

Figure 3-3 shows Casson’s correlation-for.the mixtures with AR = 17, where straight lines
for each solid loading can be obtained in Casson’s plot. After extrapolating to zero shear rate,
the T, was calculated and is also illustrated in the figure. It is observed that T, first increases
slightly with increasing solid loading from 5% to 10%, but considerably increased at 15%
loadings. Similar behavior is also observed for other mixtures, as illustrated in Figure 3-4.
However, as expected, the T, at lower solid loadings, i.e., < 10%, does not show much
difference for each category of AR, but the difference becomes more pronounced when the
solid concentration is increased up to 15%.

The yield strength is merely a direct indication of the strength of the particle network
within the matrix, which has been well recognized due to net attractive interaction. For
high-aspect-ratio particles, mechanical interlocking between neighboring particles should play
some role. In a previous investigation [89], Liu experimentally verified that the yield strength
is correlated linearly with the Van der Waals potential between two identical spheres; however,
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the near-surface potential should remain identical for particles with various geometries.
Furthermore, it turns out to be more pronounced for smaller particles because the

particle-to-particle separation (1) is getting smaller for nanometric dimension by [89];

) =irm 3-(5)
3 ()

where @y, is the maximum solid loading of a given mixture system, r is the particle radius,
and @ is the solid faction of the mixture. For particles with high aspect ratio such as
needlelike geometry, Eqn. 3-(5) may be suitable only when the needlelike particles are well
aligned with parallel configuration and A.oq obtained from Eqn. 3-(5) is approximated as the
needle-to-needle distance, as schematically illustrated in Figure 3-5. A is proportional to
particle radius (r) and the decreased solid fraction (®). The resulting Van der Waals potential
is increased proportionally with both decreased r of the particles and increased solid fraction
of the mixture. Therefore, an enhanced yieldsstrength.is expected.

However, real network structure in the mixtures, “when first prepared, is far from being
idealized and simplified as depicted .in.'Figure 3-5 but randomly oriented. This gives
complexity upon a quantitative analysis due to the increase in the randomness and geometry
of the dispersed particles. One of the most commonly seen phenomena is a direct physical
contact of the needlelike particles spreading over the entire mixture volume. Once it happens,
mechanical interlocking with enhanced friction, except the attractive potential, between
needles is thus reasonably expected. If this occurs, then the mechanical friction force should
increase because of more “contact points” due to the introduction of higher fractions and/or
higher aspect ratio of the nano-needles.

Further analysis of the frictional force could be feasible but not the primary focus of this
paper. Therefore, the variation of suspension structure in terms of particle packing efficiency
seems able to provide clues for better understanding on rheological behaviors. It is

conceivable that the interparticle friction, stemming from the physical “contact” of the needles
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in this communication, should directly affect the efficiency of particle packing. This means
that a maximum solid fraction (®.,) should be achievable and inversely proportional to the
density of the contact points. Since only when particles are physically separated from each
other in the mixture suspension, effective volume in the suspension for further deformation is
available, permitting a higher maximum loading to be attained. However, whilst particles are
closely packed with each other by physical contact, the effective space is then diminished and
no deformation can be detected, restricting the development toward higher level of @y,
Therefore, the estimation of the maximum loading in a given mixture is able to provide
physically meaningful evidence for better understanding the interlocking effect in this
nanocomposite system. To estimate the maximum fraction, Liu recently proposed a simple
two-parameter model that is useful to predict ®@,, for a number of suspension systems with
precision [90]. Here, we employ the:model, havingran analytical form:
l=n'"=ad+b 3-(6)

where @y, can be determined via the slope(a)-and intercept (b) in (1 — n'l/z) - @ plot by:

C1-b
a

)

y 3-(7)
As expected, Figure 3-6 shows a linear relationship according to Eqn. 3-(6), but surprisingly,
the correlation is well suitable for high-aspect-ratio nanoparticles, although it was originally
derived from sphere model.

The @y, obtained is also described in Figure 3-6 for nanoparticles with different aspect
ratios. It is evidenced that an increase in aspect ratio causes a decrease in packing efficiency,
resulting in a lower ®,. This further substantiates that the packing efficiency of the
nano-needles is considerably retarded with the increased aspect ratio. In other words, for
high-aspect-ratio nanoparticles, percolation of the particle can be easily reached with lower

solid fraction than that of particles with low aspect ratio. Based on this argument, it is

reasonable to believe that as aforementioned, a huge number of physical contacts between
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nano-needles do give considerable yield strength to the mixtures and accordingly, mechanical

interlocking associated with the rising effect of frictional force is largely expected.

3.3.3. Aspect ratio-dependent suspension property
By plotting the @, in terms of AR (symbolized as &), Figure 3-7 shows dependence of
maximum solid concentration on the aspect ratio of the CDHA particles, where an extra point
(arrow indicated) was derived from sphere suspension (AR = 1). A sigmoidal behavior (solid
line) was clearly observed. Although the data point at AR = 1 is borrowed from other
well-characterized system [90], it is generally believed that a randomly close packing of
spherical particles with a relative packing density of ~0.64 can be attainable under infinite
shear. A steeper transition in the sigmoidal curve can be found with the aspect ratio (&) in the
range between 7 and 10. This is suggestive of ‘an existing critical aspect ratio (&), above
which the suspension structure- may be considerably altered because of poorer packing
efficiency. To determine the &.,-a simple 3 order polynomial equation in Eqn. 3-(8) was
employed for curve fitting (dash curve in Figure 3-7). Although the curve-fitting is not
matched very well with the experimental data, the fitted curve still shows good consistence
with the data in the important aspect-ratio (§) range of 7 to 10. Therefore, the transition point
can be further derived by double differentiating Eqn. 3-(8) in terms of &, and a value of 8.8
was calculated while solving the differentiated form of Eqn. 3-(8) at d*®m/d&* = 0.
@, =0.0952 &% —2.512 £2 + 13.753 £ + 52.664 3-(8)
This value at & = 8.8 seems in agreement with a preceding observation of the @y,
determined in Figure 3-6, suggesting that the resulting particle packing efficiency is
substantially retarded when the used nano-needles have an aspect ratio greater than 8.8 in the
current system. Furthermore, this phenomenon becomes more pronounced when the solid
loading reaches (and above) 15%. The poorer particle packing efficiency due to the influence
of the particle aspect-ratio is then believed because of the increased density of physical
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contacts between the nano-needles. It can be then reasonably expected for a significant
increase in the frictional force among the contact nano-needles. As further evidenced from a
correlation between the aspect ratio and yield strength, as shown in Figure 3-8, where a
considerable increase in the yield strength can be found when the particle aspect-ratio is

increased from 7 to 10 for 15% of solid loading.

Therefore, it is clear that above a certain solid loading, the aspect ratio of the particles
turns into a dominant factor on the variation of suspension structure and corresponding yield
behavior. It is more interesting to note that the critical aspect ratio, for the first time so far as
we know, in current mixture can be semi-empirically determined via a simple mathematic

treatment.

In this work, the use of capillary,theometry instead of dynamic rheometry for the
characterization of the rheological propesties of the PMMA-CDHA blends does provide more
realistic flowing behavior of the-melting suspension under the operation of injection molding
or thermal extrusion process. The mfluence~of the nano-metric CDHA crystals on the
rheological behaviors of the blend allows"the nano-sized CDHA particles dispersed in the
nano-composites to be optimized in terms of aspect ratio and loading of the nano-CDHA
under sufficient shear rate. However, the effect of the stress-induced alignment of the
nano-sized CDHA particles on the mechanical properties of the resulting composite will be

reported separately.

3.4. Conclusion

Calcium-deficient hydroxyapatite nano-needles with different aspect ratios were prepared and
incorporated into poly(methyl methacrylate) to form nanocomposite mixtures. The
rheological properties and suspension structure of the mixtures were characterized with

respect to the particle aspect ratio. Some conclusions can be summarized as follows.
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(1) The influence of particle aspect-ratio on packing efficiency is significant and a critical
value of the aspect ratio was determined to be 8.8.

(2) With increasing the aspect ratio, especially above the critical value, the nano-needles
result in an extensive contact between the particles upon which a poorer packing
efficiency, higher yield strength and poorer flowability of the mixture suspension can be
observed.

(3) The maximum solid loadings of nano-CDHA particles with aspect ratio 7, 10, and 17 were
determined to be 28%, 31%, and 57%, respectively.

(4) Rheological behavior of the PMMA-CDHA mixture as functions of solid loading and
aspect ratio of the CDHA nanoparticles provides not only optimal design of nanoparticles
in the polymeric suspension but also optimized conditions for the fabrication of

PMMA-CDHA-based orthopedic devices.
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Figure 3-1. X-ray diffraction patterns of the calcium phosphate powders prepared with various

addition rates.
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a considerable increase in the yield stressiwas observed for CDHA of higher aspect ratio.
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polynomial Equation was employed for curving fitting (dash curve), which facilitates

estimation of the deflection point, i.e., critical aspect ratio, &, in the sigmodal correlation.
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CHAPTER 4

BSA-loaded Calcium-deficient Hydroxyapatite Nano-carriers for

Controlled Drug Delivery

4.1. Introduction

Hydroxyapaite (HA), having a chemical formula Ca;o(PO4)s(OH),, is a naturally
occurring inorganic materials that has been a mineralized tissue of bones and teeth in humans
and vertebrates. HA has been well-recognized as it is an excellent biocompatible and
bioactive material for a number of clinical demands in the areas of orthopedics and dentistry
for the past several decades. The use of HA as adsorbent for biomolecules has also attracted a
great deal of attention over the years, because HA has long been recognized as having
excellent affinity to biological substances, such as eollagen, proteins, enzymes, cells, and
viruses [91, 92].

Incorporation of active agents ‘ot drugs by physical absorption within porous HA-based
implants has been frequently reported for orthopedic uses [93-95]. However, low efficiency of
drug encapsulation due to limited surface area has remained an issue to be resolved. On the
other hand, the inconsistency of therapeutical effect of different drugs may encounter when a
multiple drug administration is operated, whereas sequential release and simultaneous release
of multiple drugs are hardly properly controlled by the same carrier to, for instance, enhance
osteogenesis and suppress antibiotic resistance, respectively [96-98]. These drawbacks seem
to be easily overcome by the use of micro-carriers or nano-carriers delivering antibiotics and
growth factors with controlled release kinetics regulated by different synthetic process.
Ijntema et al. employed HA microcrystals as micro-carriers to load BSA of 5-10 wt% and
concluded that it would be a step ahead if the apatitic crystals are able to carry higher amount
of the active agents for a variety of biomedical purposes such as drug delivery, orthopedics
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and dentistry [99]. Furthermore, it is particularly critical for those areas where a higher dosage
of drugs with relatively small amount of the carrier is required.

Very recently, there has been growing interest in nano-crystals as carriers for bioactive
agents. Ueno et al. employed nano-sized CaCO; as carrier for sustain release of
betamethasone phosphate [100]. Matsumoto et al. investigated the influence of protein
concentration and synthetic temperature on the protein release from HA nano-carrier [101].
However, studies on the release mechanism of protein-loaded nano-carriers through the
manipulation of synthesis are rarely found in the literature but very important.

The apatite crystal often used to carry drugs or proteins has regularly a stoichiometric
composition, i.e., Ca/P = 1.67, in the literature. However, mineralized apatite in humans and
vertebrates is essentially non-stoichiometric, i.e., Ca/P < 1.67, or more specifically, a
calcium-deficient hydroxyapatite, .i.e., CDHA." Therefore, it is technically important to
simulate the synthesis of CDHA: nano-crystals in'the- presence of active agent. As the main
concern of this communication, BSA iwas-employed as a model protein to further understand
the loading efficiency and release behayior of the BSA in CDHA nano-carriers. Therefore, the
influences of synthetic solution pH and processing variation on the incorporation of BSA
molecules with CDHA were systematically investigated. In addition, in order to gain better
understanding on the interfacial structure between BSA and CDHA, nano-structure at
BSA-CDHA interface was further explored by high resolution transmission electron
microscopy (HR-TEM) and electron energy loss spectroscopy (EELS). The subsequent
release behaviors of the resulting BSA-loaded CDHA nano-particles were explored and

correlated with the synthesis scheme proposed in this investigation.

4.2. Experiment materials and methods
4.2.1. BSA-loaded CDHA synthesis
0.25M Ca(CH;3COO); solution and 0.16M H3POy4 solution were used as precursors of Ca
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and P to prepare CDHA nano-particles, respectively. The molar ratios of Ca to P were fixed at
1.5 and bovine serum albumin (BSA, Aldrich, A-7638) was selected as candidate protein in
this study. A BSA aqueous solution of 1500 pg/ml was prepared by dissolving BSA powder
into distilled water for each synthesis process. For in-situ synthetic process A, BSA solution
was dropped into H3PO, solution maintained at pH7.5, pH8.5 and pH9.5 by the addition of
NaOH solution (1 M) and the samples were named as A-7.5, A-8.5 and A-9.5, respectively
(see Table 4-1). Subsequently, Ca(CH3COOQ), solution was dropwisely added into the above
solution to form suspensions. On the other hand, in order to understand the importance of
synthesis sequence on the BSA-loaded CDHA nano-particles, BSA solution was first mixed
with Ca(CH3COO); solution instead of H3POy. After that, H;PO4 was added into the solution
to form suspensions. The samples were named as B-7.5, B-8.5 and B-9.5. For comparison,
ex-situ synthetic process was also prepared. CDHA powder was first prepared at pH 7.5 and
dispersed in DI water. The obtained suspension was then mixed with the BSA solution in the
range of pH from 7.5 to 9.5, namely as‘sample - C-7.5, C-8.5 and C-9.5. For all the synthetic
processes, the suspensions were filtered off and the resulting precipitates were then washed
with phosphate-buffered solution (PBS buffered with HCI at pH6.8) and DI water for 3 times

for further characterization.

4.2.2. Characterization

The relative amount of the BSA associated with the CDHA nano-particles was
determined using thermogravimetric analysis, TGA (Perkin Elmer), with a heating rate of
10°C/min. Crystallographic phase of the BSA-loaded CDHA powders was identified by X-ray
diffractometer (M18XHF, Mac Science, Tokyo, Japan), at a scanning rate of 4° 26 per min
over a range of 26 from 20° to 60°. Fourier transform Infrared (FT-IR) spectra were recorded
on a spectrometer (Model 580, Perkin—Elmer) using a compressed pellet of about 1 mm thick
prepared by a mixture of 100mg of KBr and 1mg of the BSA powders. The FT-IR spectra
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were taken with a resolution of 4.00 cm™ in the range of 4000-400 cm™ and were averaged
from 128 scans. Microstructure observations were performed using a Philips Tecnai 20
(Holland, The Netherlands) transmission electron microscope operated at 200 keV and
equipped with a Gatan image filter (GIF, Model GIF-2000) for EELS analysis. EELS spectra
were obtained with an energy resolution of 1 eV (zero-loss peak) and an energy dispersion of

0.2 eV per channel.

4.2.3. Release test

Bovine serum albumin-loaded CDHA nano-particles (0.15g) were dispersed in 10ml
buffer solution buffered with NaOH and C¢HgO; at pH 6 with a stirring rate of 100 rpm at
37°C. The BSA release test was carried out by taking 0.1 ml of the buffer solution and 2ml of
bicinchoninic acid solution (Sigma,ibicinchonini¢-acid protein assay kit, BCA-1 and B9643)
for each juncture. UV-visible spectroscopy (Agelent 8453) was used for the characterization
of absorbance peaks at 562 nm-to determine.the BSA concentration through the use of a

pre-determined standard concentration—intensity: calibration curve.

4.3. Results and discussion
4.3.1. Material characterization

Figure 4-1 shows the FT-IR spectra of the BSA-loaded nano-particles. The IR spectra of
pure BSA and CDHA are also shown for comparison. The spectrum of BSA exhibited an
apparent absorption band at 1654 cm™ assigned to amide I, C=O stretching mode, 1540 cm
assigned to amide II, N-H bending mode and 1384 cm™ assigned to amide III, C-N stretching
mode and N-H bending mode. The spectrum of the pure CDHA presents the characteristic
absorption band at 1640 cm™ assigned to molecular water, 1092 and 1040 cm™ assigned to
P-O stretching mode, and 602 cm™ and 563 cm™ assigned to O-P-O bending mode. For in-situ
process (A, B), the band at 1652 cm™ was likely due to the overlap of 1654 cm™ and 1640
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cm’, suggesting that all the CDHA powders are associated with BSA. These broad,
featureless v; PO,> bands at 1092-1040 cm™ in both samples of A-9.5 and B-9.5 also suggest
that the resulting crystals exhibit poorly-crystalline structure. It was noted that for all
synthetic conditions, no significant red shift of carboxylate band (1338 cm™) was detected in
the final CDHA-BSA composite powders, indicating no chemical bonding between surface
Ca” of the CDHA and COO'(BSA) was observed in the BSA-loaded CDHA powder [102].
Three possible mechanisms can be adapted to explain the interaction between the CDHA
and BSA molecules. The first mechanism can be of Ca-bridging: This charge-transfer bonding
was reported by Ellingsen [103], considering that acid proteins bind to the P-sites of the HA
particles through O-Ca®"-COO" (Ca-bridging). The P-site is a negatively-charged site formed
by six oxygen atoms of phosphate of the ab crystal plane of the HA [104]. Similar behavior
can be applied to the CDHA nang-crystals curtently synthesized. The second one can be
operated through the electrostatic interaction between the positive Ca’" and COO (BSA): This
has been also reported by Liou[105] who. suggested that there is an intermediate complex
between COO™ and CDHA. This ‘complex can be formed via the electrostatic interaction
between the negative COO™ on BSA molecule and positive Ca®" on the C-sites of CDHA
surface. Kandori [104] indicated that the C-sites were located on the crystal planes that are
perpendicular to a-axis and b-axis of apatite crystal. These C-sites were developed as a result
of the calcium ions on the CDHA surface, thus making positive charges to attract COO
groups of BSA molecules. The third one is based on the formation of acetate salt which is an
intermediate product between calcium ions and COO’(BSA) after synthesis, or more
specifically, a BSA-bonding Ca ion. However, both Ca-bridging and BSA-bonding Ca ions
can not further react with (PO4)’” and/or (HPO,)* to form CDHA nano-crystals in the solution.
Therefore, once it (Ca-bridging and/or BSA-bonding Ca ions) occurred, a lower production
yield of CDHA formation than those pre-designed (theoretical) can be observed. This is
further evidenced in Figure 4-2, where about 15% of the Ca ions were associated with the
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BSA, thus a CDHA production yield ratio (i.e., the ratio of real to theoretical production yield)
of 85% was attained at the Ca(CH3COQ), concentration of 0.25 M (i.e., The corresponding

ratio of Ca®" to amino acid residue was calculated as 3.16 and shown in the second Y-axis of
Figure 4-2). As the concentration of Ca(CH3;COO), was further decreased (i.e., the

corresponding ratio of Ca>" to amino acid residue was decreased), a decreased CDHA yield

ratio was observed. This suggests that an interaction takes place between the BSA molecules

and Ca ions via Ca-bridging or BSA-bonding Ca ions. However, as mentioned before, no red

shift of carboxylate band at 1338 cm™ was observed for all BSA-loaded CDHA samples.

Therefore, it is inferred that Ca-bridging plays an important role between BSA molecules and

CDHA crystals.

Figure 4-3 shows the X-ray diffraction (XRD) patterns of the BSA-loaded CDHA
nano-powders. Two major characteristic diffraction peaks could be obtained for all the
powdered samples: one closed at 20 of ~ 26° and the other broad one at ~32°. According to
ICDD No. 46-0905, it can be-indexed as-a_poorly crystalline calcium-deficient apatite
structure. No considerable difference in those-characteristic diffraction peaks was discerned
for both synthetic sequences outlined above. This may suggest that the presence of the BSA
during the synthesis of the CDHA does not give pronounced influence on the structural

development of the CDHA nano-crystals.

4.3.2. BSA incorporation with CDHA

Figure 4-4a shows the HR-TEM nanostructure of sample B-9.5 (in-situ process) and
corresponding color-enhanced image is illustrated in Figure 4-4b. As it can be seen, the
nanostructure of the BSA-CDHA hybrid may be divided into 4 regions as indicated with
different colors. In the region A, the lattice fringes with parallel to (100) CDHA were clearly
observed in the long needle-like crystallites, indicating a well-crystallized region. The region
B, i.e., the layer nearest to the highly crystalline inner layer, is formed with a lattice
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development strongly affected by the nearest region of highly-order structure. The region B is
a result of "growth inhibition". In other words, much poor crystallization was observed [106].
As the crystal continuously grows, the effect of BSA molecule, becomes stronger in
distributing the deposition of Ca-P materials, and in a certain case, conjugate as a complex
and integrate into "outer area of the lattice" (the so-called BSA-CDHA complex), resulting in
an amorphous region C. However, from its nanostructure, the crystallization is prohibited, and
this may be caused by, possibly, a regulation of lattice mismatch resulting in somewhat
"gradient crystallinity". The outer region D can be considered as a transition region from
BSA-CDHA complex to absorption BSA. An adsorbed BSA layer is essentially tangled with
the underlying CDHA-BSA complex (region C).

It was also found that both nano-sized CDHA crystal and BSA-loaded CDHA samples
prepared via the ex-situ process were more susceptible to electronic beam bombardment than
that prepared via in-situ processsthus causing radiolysis under HR-TEM analysis [107]. This
probably reveals that different exteént of interaction exists between CDHA and BSA for in-situ
and ex-situ processes, which could be further explored via derivative thermogravimetry (DTG)
analysis as shown in Figure 4-5. For in-situ processes of A-9.5 and B-9.5, a broad band at
400°C were detected, which is probably attributed to the thermal decomposition of the
BSA-CDHA complex. Due to the incorporation of BSA molecules into regions C and D
through electrostatic force (C sites) and/or Ca-bridging (P-sites), a higher thermal
decomposition temperature was observed for BSA-CDHA complex compared to that of
pristine BSA (350°C). For the sample prepared in a lower pH value (A-7.5 and B-7.5), this
band at 400°C was not only detected but also the other strong band at 350°C was detected.
The latter band can be primarily attributed to the thermal decomposition of adsorbed BSA
molecules. The adsorption of BSA onto CDHA nano-crystals can be considered as a type of
pseudo-Langmuir adsorption [104]. In other words, a number of the BSA layers are adsorbed
on CDHA surface which are not tightly bound with CDHA crystals. Therefore, thermal
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decomposition temperature of adsorbed BSA molecule is close to that of pristine BSA.
However, the band at 350 °C was not detected for both samples of A-9.5 and B-9.5, which is
probably due to the fact that the outer-layered BSA molecules are easily eluted in the solution
with a higher pH value upon synthesis [91]. In contrast, for the samples prepared via ex-situ
processes, only a band at 350°C was observed. This reflects that no strong interaction exists in
the interface of the BSA molecules and CDHA crystals for the samples prepared via ex-situ
process.

The TEM images in Figures 4-6(a) and (c) show that the BSA-loaded CDHA
nano-crystals synthesized in different conditions present needle-like morphology with
dimensions of 4-12 nm in diameter and 40-70 nm in length. The particle size was measured
from the TEM images and each datum was averaged from at least 10 TEM photographs.
Furthermore, it was observed that:erystal morphology was changed with an increase of
solution pH for the in-situ processes. (A and B). The dependence of the solution pH value on
the aspect ratio of CDHA nano-crystals-sfurther illustrated in Figure 4-7(a). It is interesting
to note that the resulting BSA-loaded CDHA" nano-crystals derived from the higher pH
solution (A-9.5 and B-9.5) showed a smaller aspect ratio compared to that synthesized at a
lower pH solution (A-7.5 and B-7.5). Such a preferential growth in the solution at a lower pH
can be correlated with preferential adsorption. It means that more BSA should be adsorbed
onto the C-sites of the CDHA nano-crystals at a lower pH value, which causes considerable
preferential inhibition effect on the growth of nano-crystals along the ab axis, resulting in a
high aspect ratio [108]. In contrast, at a higher solution pH, O™-Ca>"-COO" (Ca-bridging) is
prominent due to the stability of (PO,);". Therefore, crystal growth of in both C-sites and
P-sites are inhibited, resulting in a lower aspect ratio. Moreover, it is known that the
conformation of protein could be more linear (un-folding) in the solution with strong base and
ionic strength [109]. The resulting unfolding BSA molecules and/or amino acid residues
strongly attracted Ca®" through the formation of Ca-bridging [110], which kinetically lead to
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the inhibition growth on the P-sites of CDHA crystals at the earlier crystallization stage.
Therefore, the aspect ratio for nano-carriers prepared via the in-situ process at higher pH is
reduced.

The corresponding amount of the BSA uptake by the CDHA particles (after calibration
by subtracting water content) determined from the TGA is shown in Figure 4-7(b). Obviously,
a lower pH resulted in a higher BSA incorporation, and as high as 17.5 wt% of the BSA
associated with the CDHA was detected, which is about 75% higher than that reported in the
literature [99]. In contrast, since the isoelectric point (IEP) of CDHA and BSA is around 7
and 4.7, respectively [111, 112]. It is then expected that the electrostatic repulsive force
between the BSA and CDHA nano-crystal becomes dominant for a solution with a higher pH
(9.5) compared to that with a lower pH (7.5). Therefore, an increase in solution pH resulted in
a decreased amount of BSA.

Considerable differences in-the amount of the BSA uptake associated with the CDHA at
pH 9.5 can be seen from Figure-7(b);where the CDHA carries a higher amount of the BSA
from the ex-situ process (C-9.5) than that fromsthe in-situ processes (A-9.5 and B-9.5). This
may be explained by the aspect ratio of the CDHA carries, as illustrated in Figure 7(a) which
showed the aspect ratio of the nano-carriers prepared via the ex-situ process (C-9.5) was
higher than that prepared via the in-situ process (A-9.5, B-9.5). The CDHA nano-particles
with a higher aspect ratio indicates a higher population of the positively-charged C-sites for
BSA adsorption and therefore, the total effective areas of adsorption sites (C-site) are much
larger for the high aspect-ratio nano-particles compared to that of low aspect-ratio
nano-particles per unit weight. If the above argument is correct, then, it is conceivable to
realize that the ex-situ CDHA carries higher amount of the BSA than those in-situ CDHA at
pH 9.5. However, at pH 7.5, the preferential growth along c-axis for carriers prepared via
in-situ process (A-7.5, B-7.5) resulted in a larger aspect ratio compared to that prepared via
ex-situ process (C-7.5). Consequently, in contrast to that at pH 9.5, a higher amount of BSA
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(about 10 wt%) was detected in the in-situ CDHA than the ex-situ CDHA at pH 7.5.

4.3.3. Controlled BSA release

The BSA release profiles of the BSA-loaded CDHA nano-crystals are shown in Figure
4-8. It was found that samples prepared from ex-situ processes (C-7.5 and C-9.5) showed a
pronounced bursting behavior for the initial time period of 8 hours during which BSA were
nearly entirely released. The bursting release of BSA can be assigned to the desorption of
BSA molecules which are not tightly bound with CDHA surface. In contrast, although the
BSA-loaded CDHA nano-crystals prepared from the in-situ processes (A-7.5, B-7.5) showed
bursting release behaviors in the initial time period, a slow release was then followed,
suggesting a two-stage release mechanism. The BSA release behavior in the initial stage is
similar to that of the samples prepared ex-situ process. This busting release could be assigned
to the desorption of BSA molecules which were not strongly interacted with CDHA crystals.
The release profile in the second stage may.be attributed to the BSA molecules which have
been incorporated into CDHA crystals (BSA-CDHA complex). This slow release may result
from the dissolution of CDHA crystal, which will be further discussed later. However, as the
BSA-loaded CDHA nano-crystal was prepared from in-situ process with a higher solution pH
value (A-9.5 and B-9.5), only a single-stage slow release profile was detected, which may be
also attributed to the release of incorporated BSA from BSA-CDHA complex.

Moreover, as shown in Figure 4-6, it was found that a considerable reduction in the
dimension of c-axis was observed after release test for particularly the CDHA nano-crystals
prepared via in-situ process. This observed size reduction may suggest that the dissolution of
the CDHA nano-crystals is highly anisotropic with respect to the crystal plane of the CDHA
particles. This result is further supported by HR-TEM shown in Figure 4-4(b), where P-sites
were rich in amorphous region C causing higher c-axis dissolution rate compared to both a
and b axes. If the above argument is correct, it is conceivable to realize that crystal dissolution
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in c-axis is responsible for the slow release of incorporated BSA from BSA-CDHA complex
[106]. Moreover, in order to explore the difference in the release profiles between samples
A-9.5 and B-9.5, electron energy loss spectroscopy (EELS) was employed to explain subtle
variation in the local structure of nano-scale regions. As shown in Figure 4-9, the excitation
counts of Ca L, 3-edges with energy-loss ranging from 340 to 360 eV were smaller for A-9.5
than those for B-9.5. According to the Fermi golden rule of quantum mechanics [113], a
structural disorder presents a lower excitation count peak in electron-energy loss near-edge
structure (ELNES). This may suggest that the crystallinity of A-9.5 is poorer than that of
B-9.5, which subsequently results in the higher release (also dissolution) rate of sample A-9.5.

It can then be concluded that the release profile was first dominated by BSA desorption,
followed by a slow release controlled by crystal dissolution. Although the nature of the
interaction between BSA and CDAH is not fully-understood at present, this study suggests
that the resulting release profile-permits a design of the CDHA nano-crystal as nano-carrier

for drug release.

4.4. Conclusion

In summary, the amount of BSA uptake was dependent on the solution pH and
processing variation, i.e., in-situ and ex-situ synthetic schemes. Moreover, both synthetic
process and pH value upon synthesis significantly altered the drug release behaviors of
BSA-loaded CDHA nano-crriers. It is feasible to employ the CDHA nano-carrier to load
protein, such as acid growth factor and acid protein-drug conjugation, as component of bone
substitutes or as a reinforced filler together with a pre-designed drug release function for

particular therapeutic effect.
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Table 4-1. Synthetic conditions of the BSA-CDHA nano-carriers.

Process Adding sequence pHrange  Sample name
In-situ process A H;PO4,~>BSA->Ca(CH;COO0), 7.5 A-7.5
8.5 A-8.5
9.5 A-9.5
In-situ process B Ca(CH3COO0),>BSA->H;PO, 7.5 B-7.5
8.5 B-8.5
9.5 B-9.5
Ex-situ process C CDHA->BSA 7.5 C-7.5
8.5 C-8.5
9.5 C-95
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Figure 4-1. FT-IR spectra of the nano-carriers synthesized in different conditions.
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Figure 4-3. XRD patterns of the BSA-loaded CDHA nano-carriers synthesized in different

condition.
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Figure 4-4. (a) HR-TEM pho ograpk of 1 SA-loaded CDHA nano-carriers prepared

through in-situ processes at pH=9.5, (b) € -;-E-E-;-, ing color-enhanced image of (a).
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Figure 4-5. DTG curves of the-BSA-loaded .CDHA- nano-carriers synthesized in different

conditions.
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Figure 4-6. TEM micrographs of the BSA-loaded CDHA nano-carriers prepared through
different processes, (a)-(c) showing the effect of processing variation on morphology and size
of CDHA nano-crystals before release test, (d)-(f) showing a further reduction in both aspect
ratio and size of the CDHA nano-crystals after release test compared to that before the test.
The aspect ratios were measured from the TEM images and each datum was averaged from at

least 10 TEM photographs.
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Figure 4-9. ELNES spectra near,the Ca L,3-edge of BSA-loaded CDHA nano-carriers

prepared through in-situ processes at pH=9.5.
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CHAPTER S

Drug Release Behaviour of CDHA/Chitosan Nanocomposites-Effect of
CDHA Nanoparticles

5.1. Introduction

Chitosan (CS) has been widely used as a scaffolding material in tissue engineering [58],
orthopedic implants [114] and drug delivery vehicles [115] for many years because of its low
price and outstanding characters, such as osteoconductivity, biodegradability, and
biocompatibility. Nevertheless, chitosan lacks sufficient mechanical strength, which restricts
its uses for load-bearing applications, especially in orthopedics. Many studies have attempted
to improve its mechanical strength by-incorporating calcium phosphate bioactive ceramic
such as hydroxyapatite (HA, Cajo(PO4)s(OH),) and p-tricalcium phosphate (B-TCP,
Ca3(POy),) [116, 117]. However; natural ‘bone mineral has essentially a calcium-deficient
apatitic structure (Ca-deficient hydroxyapatite, CDHA) with a Ca/P ratio of about 1.5, which
is compositionally similar to tricalcium phosphates (Ca/P = 1.5) and structurally similar to
stoichiometric hydroxyapatite (Ca/P = 1.67). Therefore, CDHA is considered to be a
candidate material with respect to both mechanical reinforcement and biological activity for
orthopedic application.

The key to success in using macroporous implantable devices for osteogenesis is not
only the suitable matrix with sufficient bioactivity and mechanical strength for osteogenic
progenitor cells, but also the sustained release of antibiotics and growth factors to eliminate
infection and insure osteoblast differentiation, respectively [115, 118]. Up to now, many
studies have been done for the influence of hydroxyapatite nanoparticles on the mechanical

properties of CS/HAp nanocomposites for orthopedic use [57, 119]. However, the role of
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CDHA nano-crystals in drug release behaviour of chitosan-based composite has rarely been
found in the literature. In order to enhance the therapeutic efficiency of a bioactive agent via
manipulating its release profiles, it is necessary to explore the effect of CDHA nano-crystals
on the drug release mechanism of the CS-based polymeric matrix.

Generally, drug release kinetics of polymeric drug delivery system is usually
characterized by membrane permeability (P) and diffusion exponent (n), which are employed
to describe the release behaviours of reservoir (membrane) systems and the diffusion
mechanism for monolithic (matrix) systems, respectively [61]. Furthermore, both indexes in
polymer-based materials are strongly dependent on crystallinity, plasticization, glass
transition temperature (T,) and swelling of the polymer vehicle, which are also affected by
the presence of nanofillers [120-122]. Most researchers found an increase in T, as a function
of nanofiller content [123, 124]. On:the contrary, a.decrease in T, with increase in nanofiller
was also reported [122, 125]. Furthermore, the-influence of filler on resulting crystallinity of
the polymeric phase has not been consistently reported. Some reported that the nanofiller
acted as a nucleation agent to enhance the crystallinity of semi-crystalline polymer [121].
However, some suggested that the nanofiller could retard the evolution of crystalline structure
within the polymeric domains of the composite [126]. These arguments arise due to various
extents of polymer-filler interaction in different composite systems [126, 127]. In order to
classify the role of polymer-filler interaction in the drug release behaviours of CDHA/CS
nanocomposites, the in-situ preparation process was employed and expected to enhance
polymer-filler interaction to alter the diffusion mechanism of CDHA/chitosan composite
[128].

In this work, with the aim of studying the role of polymer-filler interaction in the drug
release behaviours of CDHA/CS nanocomposites, in-situ incorporation of CDHA
nanoparticles, i.e. CDHA synthesized in the presence of chitosan, was employed. For
comparison, ex-situ synthetic process was also used. In other words, CDHA nanofiller was
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synthesized first and then added into the chitosan solution. Membrane permeability and
diffusion exponent of CDHA/CS nanocomposites with various CDHA contents were
systematically investigated to explore the influence of CDHA nanofillers on the drug release

behaviour and the corresponding release mechanism.

5.2. Experiment materials and methods
5.2.1. CDHA/CS nanocomposite membrane preparation

In this study, the CDHA/CS nanocomposite membranes with various CDHA contents
were prepared via in-situ and ex-situ processes to characterize the influence of nanofiller and
polymer-filler interaction on drug delivery behaviour. CS with 215 kD molecular weight and
80% degree of deacetylation was supplied by Aldrich-Sigma. CS solution of 1% (w/v) was
first prepared by dissolving CS pewder in 10%. (v/v) acetic acid solution. For ex-situ
processes, CDHA nanoparticles-were first synthesized by mixing Ca(CH3COOQ), aqueous
solution with H3PO4 aqueous solutiony, The pH value was kept at 7.5 by the addition of NaOH
solution (1M). The un-reacted precursors.in the-resulting CDHA suspension were removed by
repeated precipitation and distilled-water (DI water) washing for three times. The resulting
CDHA/DI water suspension was added into the CS solution to form CDHA/CS suspension.
For the in-situ process, H;PO4 aqueous solution (0.16M) was first added into the CS solution,
and Ca(CH3COO), aqueous solution (0.25M) was then added into this mixture solution. The
pH value was also kept at 7.5 by adding NaOH solution (1M). The composite membranes
with the volume ratios of CDHA/CS controlled at 95/5, 90/10, 70/30 and 50/50 for both
in-situ and ex-situ processes (see Table 5-1). Subsequently, these CDHA/CS suspensions
were poured into Petri dish to form CDHA/CS membranes after drying at room temperature

for 7 days.

5.2.2. Material characterization
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The volume ratio of CDHA/CS was confirmed by thermogravitational analysis (TGA,
Perkin Elmer). The crystallographic phase of CDHA/CS composites were identified by X-ray
diffractometer (XRD, M18XHF, Mac Science, Tokyo, Japan). The morphology of both
composite membranes and CDHA nano-crystals was observed by using scanning electron
microscopy (SEM, Hitachi S4000) and transmission electron microscopy (TEM,
JEOL-2000FX). Dynamic mechanical analysis (DMA) was performed using a TA
Instruments 2980 dynamic mechanical analyzer from -130°C to 210°C with a frequency of 1

Hz and a heating rate of 2 °C/min.

5.2.3. Determination of diffusion exponent for drug-loaded matrix system
Vitamin B, (Sigma, V-2876) is a water-soluble agent with low molecular weight
(1355Da), small molecular size and negligible interaction with CDHA, thus is a suitable
model drug for our system. It should be incorporated into the CDHA/CS matrices in advance
for diffusion exponent determinations -The preparations of drug-loaded matrix membranes
were similar to the above-mentioned-process: (Section 5.2.1). Before membrane drying,
vitamin B, was added into those CDHA/CS suspensions. The subsequent drying process was
also the same as the above-mentioned process (Section 5.2.1). These composite membranes
were put into phosphate-buffered solution (PBS, pH 7.4) for release test. The release medium
was withdrawn for each juncture and replaced with equivalent volume of fresh buffer.
UV-visible spectroscopy (Agelent 8453) was used for the characterization of absorption peak
at 361 nm to determine the amount of vitamin Bj, released via the use of pre-determined
standard concentration-intensity calibration curve. The diffusion exponent (n) of non-porous
material can be determined by plotting Log(My/ M..)-Log(t) curve and the use of Eqn. 5-(1):
(My/M.,,) =kt" 5-(1)
where M; is the amount of drug released at time t, My, is the amount of drug released at
equilibrium state, k is a constant and n is the diffusion exponent related to the diffusion
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mechanism.

5.2.4. Determination of permeability of membrane system

The permeation tests were performed by the use of side-by-side diffusion cell. Vitamin
B2 aqueous solution (90 ml) of 0.02% (m/v) was added into the donor cell as the model drug.
The same volume of PBS was added into the receptor cell. Drug-free composite membrane
was fixed between the two half-cells. The amount of vitamin B;, permeated was determined
using UV-Visible spectroscopy for each juncture. Membrane permeability of polymeric film
can be determined using Eqn. 5-(2) [129]:

Ln (1-C/Co)= -(2ADH/V)= -(2AP/V) 5-(2)
where C; is the solution concentration in the receptor cell at time t, Co is the initial solute
concentration of the donor cell, V.is the volume of.each half-cell, A is the effective area of
permeation, D is the diffusion- coefficient,”H is the partition coefficient, and P is the
membrane permeability (P = D*H). The slope-of the plot of —((V/2A) Ln (1-C/Cy)) versus t is
membrane permeability. The apparent -partition coefficient (H) of vitamin B, for
nanocomposite/aqueous medium was determined as follows [130]. Drug-free CDHA/CS
nanocomposite (10 mg) was immersed in the release medium until equilibrium state. The wet
weight (W) was recorded. The nanocomposite was then immersed in 10 mg of vitamin
B»-containing medium. Partition coefficient (H) was determined from the initial (Cy) and
equilibrium (C,) concentrations of vitamin Bi,-containing mediums by Eqn. 5-(3):

H=10(C-Ce)/WCe. 5-(3)

5.3. Results and discussion
5.3.1 Material characterization

Figure 5-1 shows the cross-sectional area (fracture surface) of those composite

70



membranes. For the in-situ process (Figures 5-1(a), 1(b) and 1(c)), it can be found that most
of the membranes were non-porous with dimple-like fractured surface except for the sample
In-situ 50 (Figure 5-1(d)), which is probably caused by plastic deformation. The number of
dimples decreased and the dimple size increased with increasing CDHA content. By contrast,
for the ex-situ process, the membranes became porous when the CDHA amount exceeded
30% (Figure 5-1(f)). It is attributed to agglomeration of the incorporated CDHA nanoparticles
that could be observed for the sample prepared via the ex-situ route and evidenced by TEM as
shown in Figure 5-2. These agglomerates could be the favorable sites for the nucleation of
voids upon drying. Therefore, in this work, data of Ex-situ 30 and Ex-situ 50 were excluded
due to their macro-porous structure, which could not comply with the fundamental hypothesis
of Eqn. 5-(1) and 5-(2) in the forthcoming analysis [61].

Figure 5-3 shows the XRD patterns of CDHA;,, CS and CDHA/CS nanocomposites. One
major peak at 20~21° and two -minor peaks at 20~26° and 32° appeared in both samples
In-situ 10 and Ex-situ 10. Accordingito'the ICDD No. 39-1894 and No. 46-0905, the major
peak and two minor peaks can ‘beidentified “as semi-crystalline chitosan and poorly
crystalline CDHA, respectively. It indicated that CDHA/CS composites could be synthesized
through both in-situ and ex-situ processes. Furthermore, it was found that the crystallinity of
CS was decreased with increasing CDHA content, which is probably caused by the
well-dispersed CDHA nano-crystals which act as point defects in the chitosan matrix [125].
In addition, Strawhecker et al. also reported that strong polymer-filler interaction could
change the molecular conformation of polymer chain in the vicinity of filler and
simultaneously gave rise to the formation of localized amorphous regions [126]. This
accounts for considerable inhibition of the crystallinity development of chitosan crystals and
this retardation becomes more pronounced when the CDHA content exceeds 30 wt%.

Figure 5-4 shows the TGA curves of CDHA/CS nanocomposite membranes prepared via
the in-situ process. The TGA curve of Ex-situ 10 was similar to that of In-situ 5 (not shown).
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Thermal decomposition of pure chitosan without cross-link was clearly observed from 150°C
to 250°C, which is attributed to the cleavage of hydrogen bonding [131]. However, no
thermal decomposition region was observed for both In-situ 30 and In-situ 50. Furthermore, it
was found that as the pure chitosan membrane was fully cross-linked by sodium
tripolyphosphate (sTPP), its TGA curve was very similar to that of both In-situ 30 and In-situ
50. This result suggests that the CDHA acts as a cross-linking medium with chitosan, which
is attributed to the electrostatic attraction between (PO,)’ moieties (from CDHA) and
protonated amino groups (NH3") in chitosan molecules. This filler-polymer attraction force
stabilizes the polymer chain network via the cross-linking operation. The degree of cross-link
could be quantified by calculating the weight loss of the composite membranes with respect
to the weight loss of pure chitosan in the range from 150°C to 250°C and the results are
shown in Figure 5-5(a). As can be,seen, when the incorporated CDHA was below 10%, the
degree of cross-link increased almost linearly with CDHA content; above that, the correlation
tended to become constant. This-observation.could be accounted for by assuming that all the
NH;" groups in chitosan molecules are fully occupied by interaction with the surface
phosphate groups of the CDHA nanoparticles and under such a full occupation, no further
sites are available for cross-link. On the other hand, for the sample with 10% CDHA, the
degree of cross-link of the composite membrane prepared via the in-situ process was higher
than that synthesized via the ex-situ process. It is then reasonable to believe that in-situ
synthesis offers more nucleation sites (i.e., filler-polymer interaction sites), resulting in better
dispersion of the CDHA nanoparticles in the chitosan matrix (Figure 5-2). Under this
condition, the well-dispersed CDHA nano-crystals provide higher cross-link density (degree)
with chitosan than that of the agglomerated CDHA nano-crystals prepared via the ex-situ

process.

5.3.2 Diffusion exponent of drug-loaded matrix system
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Diffusion exponent (n), as defined in Eqn. 5-(1), can be employed to determine release
kinetics and diffusion mechanism for polymeric matrix drug delivery systems (DDS) [132,
133]. As revealed in Figure 5-5(a), the exponent n was strongly affected by the synthetic
process and concentration of the nanofiller. It was observed that the n values of the
membranes synthesized through the in-situ process were higher than those through the ex-situ
process. This, according to previous argument, is probably due to the stronger filler-polymer
interaction (short-range interaction) between well-dispersed CDHA crystals and CS side
groups, as well as chain-chain interaction (long-range interaction) in highly cross-linked
network particularly for the in-situ route. This assumption is further supported by DMA
curves shown in Figure 5-6. It is known that for semi-crystalline polymers, short-range
interaction in the side group causes a shift of B-transition to the higher temperature region.
Long-range interaction in backboneicauses the a-transition to be broadened or even the peak
to disappear [121, 122, 125]. These two phenomena were both observed in the DMA curves
for sample In-situ 10. It suggests thatswell-dispersed CDHA nanoparticles, i.e., in-situ route,
provide greater extent of interaction with the chitosan and reduce more effectively the
molecular relaxation rate of chitosan molecules, i.e., restricted relaxation. This restriction of
molecular relaxation is believed to affect drug diffusion within the nanocomposites and result
in an increase in exponent n, indicating that drug release shifts from a diffusion-controlled
towards swelling-controlled mechanism [133].

Hongbin et al. reported a coarse-grained domain relaxation model for depicting the
restricted relaxation behaviour in the nanocomposite system according to the nature of
polymer-filler interaction [124]. The polymer chains around the filler can be classified into
three regions: Domain I (slow relaxation region in the vicinity of filler), Domain II (fast
relaxation region in the central areas among neighboring fillers), and Domain III (normal
relaxation region in the bulk matrix). This model supports that a-transition peak with a lower
peak height assigned to Domain III could be observed for sample Ex-situ 10 (Figure 5-6)
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because the total volume of Domain III is increased with the agglomeration of CDHA
nanofillers in the CS matrix. Therefore, restricted molecular relaxation in the membrane
prepared via the ex-situ process is not as prominent as that prepared via the in-situ process.
Therefore, the diffusion exponent of the CDHA/CS membranes is lower for that synthesized
through the ex-situ processes than that through the in-situ synthesis, as further confirmed in
Figure 5-5(a).

The effect of CDHA content on diffusion exponent is illustrated in Figure 5-5(a). For
pure CS, n was close to 0.5, indicating a Fickian diffusion kinetics. Incorporating the CDHA
nanoparticles into CS matrices caused an increased n, which is well explained in terms of the
coarse-grained domain relaxation model. Increasing the concentration of CDHA gives rise to
an increase in polymer-filler interaction, leading to an increased volume of Domain I, and at
the same time, a decrease in the volume of Domain.II and Domain III. This indicates that the
extent of restricted relaxation is increased when the concentration of CDHA increases.
Therefore, when the CDHA was-added-up-t0-10%, exponent n was rapidly increased to 0.7
for the nanocomposite prepared via‘the-in-situ-process, indicating a transition from diffusion
control to swelling control. Furthermore, from experimental findings, when the CDHA was
increased from 10% to 30%, the volume for Domains II and III were largely replaced by
Domain I and tended to approach a saturated level. The n value then became relatively
constant when the CDHA content exceeded 30%. Interestingly, this phenomenon reveals that
the effect of CDHA content on diffusion exponent n is very similar to that of CDHA content
on the degree of cross-link. This also implies a possible correlation of diffusion exponent with
the degree of cross-link. Figure 5-5(b) shows the resulting dependence, where a linear
correlation with R* as high as 0.98 was obtained. It indicates that the degree of cross-link
within the matrix due to the incorporation of CDHA nanoparticle affects profoundly the drug

diffusion exponent.
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5.3.3 Permeability of membrane system

The effect of CDHA content on the permeability and partition coefficient of the
membrane prepared through the in-situ process is illustrated in Figure 5-7. It was found that
the partition coefficient was slightly decreased with increasing CDHA content because the
incorporated CDHA does not dissolve the model drug. It suggests that the diffusion
coefficient (D) becomes the dominant item for membrane permeability (P=D*H). The
membrane permeability was decreased with the incorporation of CDHA from 0% to 10%.
However, further increase in the CDHA from 10 to 30% caused an increase in the
permeability, which became more pronounced when the CDHA content was higher than 30%.
These results may be explained as follows. The degree of cross-link and the length of
diffusion path increase with the incorporation of CDHA nanofillers, leading to a decrease in
diffusion coefficient. Therefore, the membrane permeability of CDHA/CS nanocomposite
decreased with increasing CDHA content. On the contrary, the crystallinity decreased as
CDHA was incorporated into the chitosan matrix as evidenced in Figure 5-3. The CDHA
nanoparticles retard the crystallization;of chitosan, thus making the resulting chitosan more
amorphous, which in turn increases the diffusion coefficient of the chitosan matrix [134].
Therefore, the influence of the CDHA on the chitosan diffusion coefficient is essentially a
compromise between degree of cross-link and crystallinity. As the CDHA content was
increased to over 30%, the decrease in crystallinity of the chitosan became dominant. In
addition, a further addition of CDHA causes the agglomeration of nanoparticles as observed
in sample In-situ 50, which may further induce the formation of microcracks between the
CDHA phase and the chitosan matrix as a result of increased rigidity or more specifically,
voids within the CDHA agglomerates. Either microcracks or voids could act as effective
diffusion paths, which cause a significant increase in permeability, as observed in sample
In-situ 50.

Figure 5-7 also shows the influence of synthetic processes on membrane permeability.
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For the CDHA content of 5% and 10%, the permeability of composite membranes was lower
for the in-situ route than that via the ex-situ process. This is probably due to better dispersion
of the CDHA nanoparticles for samples prepared by the in-situ process, resulting in more
efficient physical barriers. A higher degree of cross-link (Figure 5-5(a)), compared with the
ex-situ synthesis, also provides inhibition to the resulting diffusion coefficient.

According to the aforementioned argument, it is possible to manipulate the release
profile by selecting suitable values of n and P through incorporating various contents of
CDHA. Take 5%, 30% and 50% for example, the resulting drug release profiles for vitamin
B> from the matrix membranes are illustrated in Figure 5-8. A near-zero order release profile
with rapid release rate was observed for the 50% (In-situ 50) matrix membrane samples (with
n=0.72, P=8.9 * 10" cmz/h, H=0.096, D=9.3 * 107 crnz/h); however, a near-zero order release
profile with moderate release rate was achieved for.the 30% ones (with n=0.71, P=3.4 * 10"
cm’/h, H=0.103, D=3.5 * 10° e¢m?/h). It suggests. that D value could be altered drastically
without changing the n value for CDHA amount ranging from 30% to 50%. Compared with
In-situ 30, In-situ 5 had a relative long-term release (with n=0.6, P=3.7 * 10 cmz/h, H=0.112,
D=3.7 * 10~ cm?/h), whose D value was close to that of In-situ 30.

Recently, sequential release of growth factor has been reported because of its potential in
enhancing wound healing and osteogenesis [135]. In addition, using combination antibiotic
therapy to decrease antibiotic-resistance has been investigated [97, 136]. Therefore, it is
feasible to design a bone substitute consisting of CDHA/CS composite loaded with multiple
drugs for either simultaneous release or sequential release via regulating the amount of
CDHA nano-phase [137]. Compared with existing conventional approaches to manipulating
drug release kinetics (i.e., molecular weight, crystallinity, amount of cross-linking agents),
this study provides a relatively simple, precise and controllable synthetic methodology for
manipulating release kinetics. In this work, in order to clarify the effect of filler-polymer on
drug release kinetics, vitamin Bj, was selected as the model drug because of its small
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molecular weight, as well as negligible drug-filler and drug-polymer interaction.
Unfortunately, a variety of bioactive agents with a wide range of drug-filler interaction,
drug-polymer interaction and molecular weight may be therapeutically inconsistent or

possibly interacted adversely in the same carrier materials, which merits further investigation.

5.4. Conclusion

In conclusion, an orthopedic implant material consisting of chitosan and CDHA with
drug delivery function has been studied. It was found that both the amount of CDHA
incorporated and the synthetic process altered significantly the extent of filler-polymer
interaction, which influences strongly the diffusion exponent and permeability of
CDHA/chitosan nanocomposites. Hence, CDHA nanocrystal could concurrently play the
roles as bioactive nanofiller and drug-release regulator. This study may provide valuable
information for a better design .of chitosan-based orthopedic devices with improved

bioactivity and controlled drug release.function.
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Table 5-1: Synthetic conditions of the CDHA/CS nanocomposites.

Processes CDHA content Composite code
In-situ processes 5% In-situ 5
H;3P04>CS->Ca(CH3COO), 10% In-situ 10
30% In-situ 30
50% In-situ 50
Ex-situ processes 5% Ex-situ 5
CS->CDHA 10% Ex-situ 10
30% Ex-situ 30
50% Ex-situ 50
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Figure 5-1. Selective SEM micrographs (cross-section) of CDHA/CS nanocomposite

membranes.
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Figure 5-2. Selective TEM micrographs YHA/CS nanocomposite membranes.
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Figure 5-3. XRD patterns of CS, CDHA‘and CDHA/CS nanocomposites.
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CHAPTER 6

Synthesis and Characterization of Amphiphatic Carboxymethyl-hexanoyl

Chitosan Hydrogel: Water-retention Ability

6.1 Introduction

In recent years, much attention has been focused on chitosan (CS) hydrogels for wound
dressing, cartilage tissue engineering and drug-loaded implants owing to its
glycosaminoglycan-like structure and outstanding characters such as biodegradability and low
price [52, 138-140]. However, insufficient swelling ability in neutral physiological condition,
poor solubility in organic solvents, and lack”of amphiphatic nature have limited its uses.
Therefore, a number of chitosansderivatives:-have been developed over the years in order to
improve desirable properties, thus enhancing its bio-applicability [ 141, 142].

For the occlusive films used in wound healing; it has been reported that healing under a
wet environment is faster than that under a dry environment [143, 144]. In addition,
hydrogel-based scaffold in a highly swollen state has been used for delivering cell with
bioactive agents [145]. Therefore, it is beneficial to employ chitosan derivatives with
excellent water-absorption ability and water-retention ability in neutral physiological
condition for both burn-dressing and cell encapsulation application [146]. On the other hand,
an increase in hydrophobicity of drug-loaded hydrogel is required to improve drug transport
across the buccal mucosa and to enhance the encapsulation efficiency for many amphiphatic
bioactive agents such as vancomycin and ibuprofen [52]. Therefore, it is necessary to develop
a chitosan-based hydrogel with high encapsulation efficiency of bioactive agents with a wide
range of hydrophilic/hydrophobic nature, to replace currently employed hydrophilic or

hydrophobic  polymeric matrices [131, 147-149]. On this base, amphiphatic
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carboxymethyl-hexanoyl chitosan (NOCHC) bearing hydrophilic and hydrophobic
substitutions was synthesized for the first time and expected to possess excellent
water-absorption ability and water-retention ability in neutral condition, as well as high
encapsulation efficiency for the therapeutic agent with partial hydrophobicity.

In general, the water-absorption ability and water-retention ability (deswelling behavior)
are determined by the intermolecular interactions in water solution such as hydrogen bonding,
hydrophobic and electrostatic interactions, which depends on macromolecular structure and
the state of water [150, 151]. It is known that the state of water in hydrophilic polymer can be
classified into three types: (i) non-freezable bound water with tight water-polymer interaction,
(i1) freezable bound water with loose water-polymer interaction, (iii) free (freezable) water
without water-polymer interaction [150]. Various approaches have been proposed to explore
the relationship between water-polymer interaction and water mobility in hydrogels [152,
153]. However, it remains unclear, whether the hydrephobic hexanoyl group influences the
water state, water-absorption and-deswelling behaviors of amphiphatic hydrogel.

This study investigates systematically.«the influence of the substitution of the
carboxymethyl and hexanoyl groups on water-absorption ability and deswelling kinetic of the
NOCHC. In addition, ibuprofen (IBU) was employed as a partially hydrophobic model drug
to further understand its loading efficiency in the NOCHC hydrogel since the therapeutic
effect (modulation of tissue perfusion) of IBU on burns has been reported [154]. This study is
expected to provide fundamental understanding on the amphiphatic NOCHC hydrogel used
for biomedical, drug delivery, and cosmetic application requiring super-swelling or super

water-retention properties.

6.2. Experiment materials and methods

6.2.1. Materials
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Chitosan (Mw = 215,000 g - mol™, deacetylation degree = 85%-90%) was supplied from

Aldrich-Sigma. Ibuprofen was purchased from Aldrich-Sigma (14883).

6.2.2. Synthesis of NOCC and NOCHC

NOCHC was synthesized via selecting N,O-carboxymethyl chitosan (NOCC) as a
starting precursor because its skeletal structure favored the formation of hyaluronic acid-like
structure [146]. The synthesis of NOCC with various degrees of substitution has been
reported in many studies [155]. In brief, 5 g of chitosan were suspended in isopropanol (50 ml)
at room temperature while being stirred for 30 minutes. The resulting suspension was gently
mixed with 12.5 ml of NaOH solution at different concentrations for controlling the degree of
substitution. The mixture containing NaOH of 10M was mixed with 7 g of chloroacetic acid
to prepare NOCC sample with low degree of carboxymethyl substitution. The mixtures
containing NaOH of 13.3M were-mixed with 7g and 25¢g of chloroacetic to prepare the NOCC
sample with medium and high carboxymethyl substitutions, respectively. These three
resulting suspensions were stirred for 30. minutes and heated to 60°C for 4 hours, followed by
filtration, washing by methanol solution and drying. The obtained chitosan derivates with low,
medium and high degree of carboxymethyl substitutions were named as NOCC-1, NOCC-2
and NOCC-3, respectively. NOCC-2 and NOCC-3 were selected as starting precursors for the
synthesis of NOCHC because it is hard to dissolve NOCC-1 in neutral water to achieve a
homogeneous synthesis. Each of the NOCC samples (2 g) was dissolved in distilled water (50
ml) while being stirred for 24 hour. These resulting solutions were mixed with methanol (50
ml), followed by the addition of hexanoyl anhydride at concentration of 0.1M, 0.3M and
0.5M for the NOCHC samples with low, medium and high hexanoyl substitution, respectively.
After the reaction time of 12 hours, the resulting solutions were collected by dialysis
membrane after dialysis with ethanol solution (25% v/v) for 24 hour. The obtained
ethanol/water (volume ratio = 3:2)-soluble chitosan derivates were named as NOCHC.
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NOCHC samples with various carboxymethyl and hexanoyl substitution degrees were named
and shown in Table 6-1. For subsequent material characterization, chitosan-derived solutions
of 1.3% (w/v) were prepared by dissolving obtained derivates in DI water. These solutions
were then cross-linked with various amounts of genipin (molecular structure is shown in
Scheme 6-1(a)) solution (1% w/v) to prepare hydrogels with same degree of cross-linking

(constant amino residue/genipin ratio).

6.2.3. Material characterization

Proton nuclear magnetic resonance spectroscopy (‘H-NMR) spectra were used to
confirm the sites and degrees of substitution recorded by NMR spectrometer (Varian
unityinova 500) at 270 MHz. Attenuated total reflectance Fourier transformed infrared
spectroscopy (ATR-FTIR) spectra were recorded on a spectrometer (Bomem DAS.3, Canada)
using a film type sample (4 cm * 0.5 cm). The ATR-FTIR spectra were taken with a
resolution of 2 cm™ in the range of 4000-400.cm™'. The state of water was characterized by a
differential scanning calorimeter (DSC; Perkin Elmer instrument) [156]. Each dried sample
was weighed in an aluminum pan, followed by the addition of various amounts of water into
the sample pan. Samples were quenched from room temperature to 213 K and conditioned at
213 K for 10 minutes prior to the DSC test. DSC curves were then obtained by reheating the
sample to 300 K at a scanning rate of 10 K min"'. The maximum content of non-freezable
bound water (Wnemax) could be determined by detecting the endothermic peak assigned to the
first-order phase transformation of water in the samples with various contents of water. The
endothermic peak of freezable bound water is not detected until a critical amount of water is
added to the sample. The critical amount of water is defined as Wyrmax, Which is correlated

with the number of tight water binding sites.

6.2.4. Moisture absorption and retention test
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The characterization of water-absorption ability was measured following the report of
Chen et al. [146]. Briefly, the samples were dried in vacuum chamber with P,Os for 24 hours
prior to the moisture absorption test which was carried out by putting the sample in an
incubator with relative humidity of 40% and 70% at 20°C for 48 hours. Water-absorption
ability (W.) was determined by the percentage of weight change of the dry sample:

We(%)=100% * (Wy-Wq)/Wy 6-(1)
where W, and Wy are the weights of the sample after and before the absorption test. Saturated
water-absorption ability (W, equilibrium swelling ratio) was also determined by Eqn. 6-(1)
and measured after putting the samples in DI water (pH=7) at 20°C for 48 hours.

The water-retention ability was evaluated by measuring water mobility during dynamic
deswelling test [157]. Fully swollen hydrogels were placed in desiccators containing silica gel
at 37°C and removed from desiccators at regular intervals for weighing. The weights of fully
swollen hydrogels (Wye), hydrogels at each- juncture (W;), and dry sample (Wgay) were
recorded. The deswelling profile-could-be presented by plotting (My/My)-time curves, where
M) is the initial amount of water in"polymer (Mo=Wye-Wary), and M; is the amount of water

remaining in the polymer at any given time (M; =W-Wyy).

6.2.5. Drug encapsulation efficiency

Ibuprofen was employed as a partially hydrophobic model drug (molecular structure is
shown in Scheme 6-1(b)). Ibuprofen-loaded monolithic films (matrix films) prepared by
chitosan derivates were obtained using the film-casting method. In brief, chitosan/acetic acid
solution, NOCC/DI water solutions and NOCHC/ethanol/DI water solutions with pH values
of 7.0 were adjusted by NaOH solution (1M), followed by mixing these polymeric solutions
with saturated IBU/DI solution and genipin solution to form IBU-loaded polymeric solutions
(IBU concentration: 1.2 mg/ml). Subsequently, those drug-loaded polymeric solutions were
poured into Petri dish to form drug-loaded matrix films after cross-linking and drying at 50°C
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for 2 days. In order to calculate the real encapsulation efficiency, these genipin-crosslinked
matrix films were rinsed with ethanol solution for 30 seconds followed by measuring the
amount of IBU rinsed out to ethanol solution (L,) determined by UV-visible spectroscopy
(Agelent 8453) at 2644 nm through the wuse of pre-determined standard
concentration-intensity curve. The IBU encapsulation efficiencies (E) could be determined by
Eqn. 6-(2)

E=(L;-L»)/L; *100% 6-(2)

where L; is the initial loading amount of IBU incorporated.

6.3. Results and Discussion
6.3.1. Synthesis of NOCHC

Carboxymethyl-hexanoyl chitosan was synthesized using NOCC as the starting
precursor. Upon substitution reaction, a hydrogen atom on the amino group or hydroxyl group
can be replaced by the hexanoyl group.-Figure. 6-1 shows the molecular structure and the
'H-NMR spectrum of NOCHC-2B..The chemical shift at 3.2 and 3.9 ppm was probably
assigned to the proton of the segment with low molecular weight due to the acidic process
with mild heating. The chemical shift at 1.9 and 2.9 ppm was assigned to the protons on the
acetyl group and C2 position (H-2), respectively. In addition, the ring protons (H-3 to H-6)
are considered to be resonated at 3.6-4.0 ppm. Moreover, the chemical shifts at 4.2 and 4.4
ppm were designated to the protons of -N-CH,-CO- (N-position) and -O-CH,-CO-
(O-position) of NOCHC, respectively. On the other hand, the chemical shifts at 0.7 ppm
(-CHa), 1.1 ppm (-CsHs-), 1.2 ppm (-C,H>-), 1.5 ppm (-CgH,-) and 2.2 ppm (-CO-C,H,-) were
assigned to the protons on the hexanoyl group. This demonstrates hexanoyl substitution
replaced some of the amino and hydroxyl sites of the N, O-carboxymethyl chitosan. The

method for determining the degree of carboxymethyl substitution has been described in the
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literature and the result is shown in Table 6-1 [155]. The degree of hexanoyl substitution was
determined by Eqn. 6-(3) and shown in Table 6-1.
DH = ((integrated area at 0.75 ppm, -CH3)/(integrated area at 2.9 ppm, 'H)) * 1/3 6-(3)

where DH is the substitution degree of the hexanoyl group at amino sites.

6.3.2. Moisture absorption test

The influence of carboxymethyl substitution on W, (moisture-absorption ability) and
Waitmax (maximal non-freezable water amount) values under the environment with various
degrees of relative humidity (RH) is shown in Figure 6-2. Under low humidity (RH = 40%),
the value of W, was decreased with increasing degree of carboxymethyl substitution. This
phenomena was also observed for Wyemax which is related to the number of tight
water-binding sites, suggesting that "W, is closely correlated with the number of tight
water-binding sites. In other words, water-binding site is the dominant factor for W, under
low humidity condition and decteased with increasing degree of carboxymethyl substitution.
This is due to the fact that the samples with-high carboxymethyl substitution favored the
formation of intermolecular hydrogen bonding (polymer-polymer interaction), resulting in a
structure with fewer tight water-binding sites (water-polymer interactions). This is further
evidenced by the ATR-FTIR spectra shown in Figure 6-3. The characteristic peaks at 1730
cm™ for the samples NOCC-2 and NOCC-3 were assigned to the carboxymethyl dimmer
(O=COH "O=COH), suggesting an intermolecular interaction. Moreover, as compared with
unmodified chitosan, it was found that the amide I characteristic peaks (1635 cm™) of samples
NOCC-2 and NOCC-3 shifted significantly to lower wavenumber (red shifts = 20 cm™),
which was due to the formation of intermolecular hydrogen bonding between the amide group
and carboxylic group (O=CNH, O=COH) in the modified chitosan. This hydrogen bonding
is stronger than that in un-modified chitosan (amide resonance H-bonding:
O=CNH, "O=CNH,;) because the dipole moment of an N-H bond is smaller than that of an
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O-H bond [158]. These strong intermolecular bonds reduced the number of tight
water-binding sites (water-polymer interaction), resulting in the lowest water-absorption
ability detected for the sample with the highest degree of carboxymethyl substitution
(NOCC-3) under low humidity. However, the W, of sample NOCC-3 was significantly
enhanced when hexanoyl substitution was introduced (NOCHC-3A), as shown in Figure 6-4.
This agrees with the finding that Wysmax of sample NOCHC-3A was significantly higher than
that of sample NOCC-3. This implies that the number of tight water-binding sites increased
with the incorporation of hexanoyl groups because it could inhibit the formation of
intermolecular hydrogen bonding (i.e., O=CNH, "O=COH, O=COH O=COH) in NOCC,
which is further evidenced by the ATR-FTIR spectra shown in Figure 6-3. The red shift for
amide I characteristic peak observed for samples NOCHC-2A and NOCHC-3A was of a
lesser extent than that for samples NOCC-27and NOCC-3, respectively. Additionally,
characteristic peaks at 1723 cm: assigned fo carboxymethyl dimmer were broadened and
shifted to higher wavenumber regionsfor-samples NOCHC-2A and NOCHC-3A. These two
findings in the ATR-FTIR spectra: suggest that the intermolecular hydrogen bonding in
sample NOCC was inhibited to a certain extent (H-bonding inhibition effect) as the hexanoyl
group was introduced, resulting in extensive water-polymer interactions and higher
water-absorption ability under condition of low relative humidity.

Under medium relative humidity (RH=70%), as shown in Figure 6-2 and Figure 6-4, it
was found that W, values were not significantly altered with increasing carboxymethyl and
hexanoyl substitutions. In addition, W, values, for all samples, were larger than the
corresponding Wy max but much lower than W, s Under this condition, the water-absorption
ability was mainly determined by the hydration volume (i.e., the amount of freezable bound
water occupying the hydration layer) of hydrophilic group, implying that the tight
water-binding sites is not the only dominant factor. Therefore, the W, value was less sensitive
to the degrees of carboxymethyl and hexanoyl groups under medium relative humidity.
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For the fully-swollen condition, the W, value (i.e., equilibrium swelling ratio) was
significantly decreased with increasing carboxymethyl substitution as shown in Figure 6-2.
This can be ascribed to the fact that the intermolecular volume for free water was drastically
reduced by the intermolecular electrostatic attraction (between COO™ and NH3') and the
above-mentioned intermolecular hydrogen bonding. Therefore, a higher W, value was
obtained for the un-modified chitosan compared with those samples with high carboxymethyl
substitution (NOCC-2 and NOCC-3). However, as shown in Figure 6-4, the W values of
samples NOCC-2 and NOCC-3 were significantly enhanced as the hexanoyl group was
introduced (NOCHC-2A and NOCHC-3A). This is attributed to the fact that the formation of
electrostatic attraction and intermolecular hydrogen bond in NOCC was inhibited by the
hexanoyl groups (NOCHC), which enlarge significantly the intermolecular volume for free
water as further evidenced by DSC test and it will be discussed later. Consequently, W sat
values were significantly enhanced for NOCHC compared with NOCC. However, as the
hexanoyl substitution was further increased,.the_above-mentioned H-bonding inhibition effect
is compensated by hydrophobic interaction which acts as an intermolecular interaction and
reduces the intermolecular volume for free water [159]. Therefore, the Wz value was

slightly decreased with increasing hexanoyl substitution.

6.3.3. Moisture retention characterization

The deswelling behavior of fully-swollen hydrogel can be illustrated by plotting (M¢/My)
versus time (t) as shown in Figure 6-5(a). The deswelling kinetics of hydrogels investigated in
this study could be characterized by further plotting (MyMy)-t"? curves (Figure 6-5(b)) using
Eqn. 6-(4) derived simply from Higuchi’s model [63]:

M/M, = -kt + 1 6-(4)

where My is the initial amount of water in polymer, M; is the amount of water remaining in
the polymer at any given time, and k is a constant.
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Figure 6-5(b) shows that a linear (M¢/Mp)-t"? curve of the sample NOCC-3A exhibited a
one-stage profile which can be fitted to Higuchi’s model, suggesting that the water release
followed a diffusion control mechanism. In order to further understand the deswelling
mechanism, the state of water in hydrogel was characterized by the DSC test. It is known that
the state of water and its corresponding DSC curve can be classified into three types: (i)
non-freezable bound water (where the DSC endothermic peak of water cannot be detected), (i1)
freezable bound water (endothermic peak of water is much lower than 4.8°C), (iii) free
(freezable) water (endothermic peak of water is close to 4.8°C) [156]. DSC curves of the
samples with high carboxymethyl substitution (0.5) measured at W.=200% are shown in
Figure 6-6. A heavily overlapped band (solid line) was observed and could be divided into
three peaks (dash lines) using the Lorentzian curve-fitting procedure. In Figure 6-6(a), the
endothermic peak of free water was not observed for the NOCC-3 hydrogel even under
fully-swollen state. Instead, the endothermic peaks. at-1.3°C and bellow assigned to freezable
bound water were observed. Hence; it is.reasonable to believe that the single release
(deswelling) stage of sample NOCC-3-is mainly. due to dehydrated-evaporation of freezable
bound water. By contrast, Figure 6-5(b) shows that sample NOCHC-3A exhibited a two-stage
profile, suggesting the state of water in sample NOCHC-3A was significantly different from
that in sample NOCC-3 as previously described. This assumption is further supported by DSC
curves shown in Figure 6-6(b), the peak III of sample NOCHC-3A was very close to 4.8°C,
revealing that the NOCHC-3A hydrogel contained free water at and above W, =200%. On the
other hand, the peaks II and III were assigned to freezable bound water. Hence, it is
reasonable to believe that the first and second release stages of sample NOCHC-3A are
mainly due to dehydrated-evaporation of free water and freezable bound water, respectively.
This demonstrates that the hexanoyl group played an important role in affecting free water.

However, as the hexanoyl substitution was further increased (NOCHC-3B), the peak III shifts
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towards low temperature (Figure 6-6(c)). It implies that the intermolecular volume for free
water was decreased with further increasing hexanoyl substitution.

An interesting finding can be seen in Figure 6-5(b) that the diffusion coefficient of free
water released from sample NOCHC-3A was lower than that of freezable bound water
released from sample NOCC-3. This means that the “bound” water has a faster diffusion rate
compared with that of the “free” water through a given medium. This unusual result is
probably attributed to a so-called “hydrophobic effect” under which water becomes more
structured and less mobile in the vicinity of the hydrophobic group [160]. Hence, the diffusion
coefficients of water molecules from sample NOCC-3 was higher than that from sample
NOCHC-3A upon deswelling. This also implies that the water-retention ability of NOCHC is

much better than that of NOCC.

6.3.4. Drug encapsulation efficiency

The influence of both carboxymethyl and -hexanoyl substitutions on the encapsulation
efficiencies of IBU within the samples are displayed in Figure 6-7. The encapsulation
efficiency of NOCC was lower than that of pristine chitosan. It is probably due to the
electrostatic attraction forces between COO™ (from IBU) and NH;" (from chitosan) and
becomes more pronounced when the NH;" groups are richer in pristine chitosan than in its
modified version, i.e., NOCC. On the other hand, IBU encapsulation efficiency was
significantly enhanced when part of the amino groups in NOCC were substituted by the
hexanoyl groups. It was ascribed to an increasing hydrophobicity of the polymer with the
substitution of the hexanoyl group. On this base, it was believed that the critical micelle
concentration (CMC) of IBU in polymeric solution was increased. Thus, IBU tended to be
dissolved in the NOCHC polymeric solution in the form of molecules rather than micelles
[161]. IBU in molecular form after encapsulation could increase drug-polymer electrostatic
attraction such as IBU-COO'...NH; -polymer together with drug-polymer hydrogen bonding
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including IBU-COOH "O=COH-polymer and IBU-COOH O=CNH;-polymer, and this
results in a higher miscibility of IBU in NOCHC solutions and matrices. Consequently,
encapsulation efficiencies of IBU in NOCHC-2A and NOCHC-3A were significantly higher
than those in NOCC-2 and NOCC-3, respectively. Moreover, as shown in Figure 6-7, for the
NOCHC samples with medium degree of carboxymethyl substitution (NOCHC-2A and
NOCHC-2B), the encapsulation efficiency was increased with increasing hexanoyl
substitution because the hydrophobicity of sample NOCHC-2B is higher than that of sample
NOCHC-2A. However, for the samples with a high degree of carboxymethyl substitution
(NOCHC-3A and NOCHC-3B), the hexanoyl group did not affect drug encapsulation
efficiency in a considerable manner because the amino group was proportionally decreased
for the sample with a high degree of carboxymethyl and hexanoyl substitution (NOCHC-3B).
Thus, the binding sites between IBU and polymer were mainly contributed by carboxymethyl
substitution (IBU-COOH ~O=COH-polymer) rather than the amino group alone. Therefore,
although hydrophobicity of NOCHC-3B was higher than that of NOCHC-3A, the difference
in encapsulation efficiency between NOCHC-3A and NOCHC-3B was not pronounced. This
suggests that the influence of carboxymethyl and hexanoyl groups on drug-polymer bonding
sites is not independent of each other. The interaction between these two factors can be
further evidenced from Figure 6-7. For samples with the same degree of hexanoyl substitution,
drug encapsulation efficiency was significantly enhanced with increasing carboxymethyl
substitution. This phenomenon can be explained as a result of the presence of hexanoyl
substitution that could enhance drug-polymer interaction which is favorable for the formation
of intermolecular hydrogen bonding between the drug molecule (in terms of COOH moiety)
and the non-ionized substitutions in polymer chains, i.e. COOH and NH, groups. Accordingly,
drug encapsulation efficiency for samples NOCHC-2A and NOCHC-2B (medium COOH)

were lower than those for HNAOCC-3A and NOCHC-3B (high COOH). It suggested that the
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carboxymethyl group played an important role in affecting IBU encapsulation efficiency on

the premise that the hexanoyl group was present.

6.4. Conclusion

Amphiphatic hydrogel derived from chemically-modified chitosan was successfully
synthesized through bearing both carboxymethyl and hexanoyl substitutions.
Water-absorption ability decreased with increasing substitution of the carboxymethyl group
but was significantly increased with the introduction of the hexanoyl group because it altered
the number of water-binding sites and the state of water under low humidity and the
fully-swollen condition, respectively. Moreover, compared with NOCC, NOCHC also
demonstrated enhanced water-retention ability. It is feasible to employ NOCHC hydrogel as a
novel and potential amphiphatic carrier to effectively encapsulate and deliver numerous
amphiphatic drugs, such as vancomycin and naproxen, for cell encapsulation or wound
dressing material with excellent water-retention-ability and pre-designed drug release function

for enhanced therapeutic efficacy.
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Scheme 6-1. Molecular structures of (a) genipin and (b) ibuprofen.

Table 6-1: Sample name and corresponding estimation of substitution degree by 1H-NMR.

Degree of substitution

Carboxymethyl'group Hexanoyl group
Chitosan 0 0
NOCC-1 0.06 0
NOCC-2 0.32 0
NOCHC-2A 0.32 0.259
NOCHC-2B 0.32 0.461
NOCC-3 0.50 0
NOCHC-3A 0.50 0.264

NOCHC-3B 0.50 0.483
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CHAPTER 7

Synthesis and Characterization of Amphiphatic Carboxymethyl-hexanoyl

Chitosan Hydrogel: pH-sensitivity and Drug Release Behaviors

7.1. Introduction

In recent years, much attention has been focused on chitosan (CS) hydrogels for wound
dressing, cartilage tissue engineering and drug-loaded implants owing to its
glycosaminoglycan-like structure and outstanding characters such as biodegradability and
low price [139, 140, 162]. However, insufficient swelling ability in neutral physiological
condition, poor solubility in organic solvents, and lack of amphipathic nature have limited its
uses. Therefore, a number of chitosan dertvatives have been developed over the years in
order to improve desirable properties, thus enhancing its bio-applicability [52, 141, 142].

N,O-carboxymethyl chitosan (NOCC) is a pH-sensitive and water-soluble chitosan
derivate with excellent water-retention ability and water-absorption ability because
carboxymethyl substitution favored the formation of hyaluronan-like structure [143, 144].
However, low encapsulation efficiency of water-insoluble agents has limited the NOCC
hydrogel to be utilized widely because many amphipathic bioactive agents, such as
doxorubicin and ibuprofen, are preferable to be dissolved in water-miscible organic solvent
and encapsulated in amphipathic matrices [145]. Moreover, for the hydrogel-based drug
delivery system applied to muccal route administration, it is known that an increase in
hydrophobicity of drug-loaded hydrogel improves drug transport across the buccal mucosa
[147]. On this base, carboxymethyl-hexanoyl chitosan (NOCHC) bearing both carboxymethyl

and hexanoyl groups was synthesized for the first time and expected to possess excellent
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pH-sensitive property, water-absorption ability in neutral condition, as well as high
encapsulation efficiency for the therapeutic agent with partial hydrophobicity.

In previous chapter, the influences of carboxymethyl and hexanoyl substitutions on
water-absorption ability and water-retention ability have been reported [163]. This study is
stressed particularly on the influence of carboxymethyl and hexanoyl subsitutions on the
pH-sensitive property of the resulting amphipathic hydrogel. In addition, ibuprofen (IBU, a
non-steroidal antiinflammatory drug with amphipathic nature and its therapeutic effect on
burns has been reported [146]) was employed as a model drug to further investigate its
loading efficiency and release behavior in the NOCHC hydrogel. Taking the advantage of the
ligand substitution, the resulting amphipathic hydrogel is expected to have a higher sensitivity
to environmental pH varation, and its controlled hydrophilicity/hydrophobicity allows the
resulting hydrogel capable of encapsulating therapeutically active agents of different nature

such as hydrophilic, lipophilic, and amphiphilic drugs;-for medical uses.

7.2. Experiment materials and methods
7.2.1. Materials
Chitosan (M,, = 215,000 g "mol™, deacetylation degree = 85%-90%) was supplied from

Aldrich-Sigma. Ibuprofen was purchased from Aldrich-Sigma (14883).

7.2.2. Synthesis of NOCC, NOCHC and NOCPC

NOCHC was synthesized via selecting N,O-carboxymethyl chitosan (NOCC) as a
starting precursor. The synthesis of NOCC with various degrees of substitution has been
described in section 6.2.2. The obtained chitosan derivatives with medium and high degree of
carboxymethyl substitutions were named as NOCC-2 and NOCC-3, respectively. Each of the
NOCC samples (2 g) was dissolved in distilled water (50 ml) while being stirred for 24 hour.
These resulting solutions were mixed with methanol (50 ml), followed by the addition of
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hexanoyl anhydride at concentration of 0.3M and 0.5M for the NOCHC samples with two
degrees of hexanoyl substitution. NOCPC was obtained by the addition of palmitic anhydride
instead of hexanoyl anhydride. After the reaction time of 12 hours, the resulting solutions
were collected by dialysis membrane (Aldrich-Sigma, D6191) after dialysis with ethanol
solution (25% v/v) for 24 hour. The obtained ethanol/water (volume ratio = 3:2)-soluble
chitosan derivates were named as NOCHC and NOCPC. Samples with various carboxymethyl,
hexanoyl and palmityl substitution degrees were named and shown in Table 7-1. For
subsequent material characterization, chitosan-derived solutions of 1.3% (w/v) were prepared
by dissolving obtained derivates in DI water. These solutions were then cross-linked with
various amounts of genipin (molecular structure is shown in Scheme 7-1(a)) solution (1% w/v)

to prepare hydrogels with same degree of cross-linking (constant amino residue/genipin ratio).

7.2.3. Material characterization

Proton nuclear magnetic resonance..Spectroscopy (lH-NMR) spectra were used to
confirm the sites and degrees of-substitution ‘recorded by NMR spectrometer (Varian
unityinova 500) at 270 MHz. Attenuated total reflectance Fourier transformed infrared
spectroscopy (ATR-FTIR) spectra were recorded on a spectrometer (Bomem DAS.3, Canada)
using a film type sample (4 cm * 0.5 cm). The ATR-FTIR spectra were taken with a
resolution of 2 cm™ in the range of 4000-400 cm™. The state of water was characterized by a
differential scanning calorimeter (DSC, Perkin Elmer instrument), which has been described

in section 6.2.3.

7.2.4. Cytotoxicity test and cell attachment test

The cytotoxicity tests were performed by elution method following ISO 10993-5
standards. Fibroblast cells (L929) were cultured in the Dulbecco’s modified eagle’s medium
(DMEM) containing 10% of fetal bovine serum and plated at a density of 2* 10’ cells/well in
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a 24-well plate at 37°C in 5% CO, atmosphere. After 24 hours of culture, the medium was
replaced by extract fluids which were obtained by placing the NOCHC hydrogel (0.2 g/ml of
culture medium) in cell culture medium at 37°C for 24 hours. In addition, the cells cultured in
medium and in the medium containing dimethylsulphoxide (DMSO, Conc.=5%) at the same
condition for 24 hours acting as negative and positive control, respectively. The adherent cells
were trypsinized, centrifuged and re-suspended for vital cell counting by a hemacytometer
combined with an inverted phase contrast microscope. For the cell attachment test, fibroblast
cultures were prepared from the covering menings of the brain of Wistar rats. Cells were seed
onto 6-well plate which was coated the NOCHC hydrogel. In addition, the culture onto the
plate without coating at the same condition acting as a control group. After 24 hours of culture,

The adherent cells were observed by an inverted phase contrast microscope.

7.2.5. Characterization of swelling ratio
The samples for swelling test were_dried-in vacuum chamber with P,Os for 24 hours
prior to the swelling test which was‘cartied out-by putting the sample in solution with various
pH values (from pH=1 to 10) at 20°C for 48 hours. Swelling ratio (Ws) under equilibrium
state was determined by Eqn. 7-(1):
Ws = (Wy-Wa)/Wy 7-(1)

where W,, and W are the weights of the sample after and before the swelling test.

7.2.6. Drug encapsulation efficiency and release test
Ibuprofen was employed as a partially hydrophobic model drug (molecular structure is
shown in Scheme 7-1(b)). Ibuprofen-loaded monolithic films (matrix films) prepared by
chitosan derivates were obtained using the film-casting method. In brief, chitosan/acetic acid
solution, NOCC/DI water solutions and NOCHC/ethanol/DI water solutions with pH values
of 7.0 were adjusted by NaOH solution (1M), followed by mixing these polymeric solutions
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with saturated IBU/DI solution and genipin solution to form IBU-loaded polymeric solutions
(IBU concentration: 1.2 mg/ml). Subsequently, those drug-loaded polymeric solutions were
poured into Petri dish to form drug-loaded matrix films after cross-linking and drying at 50°C
for 2 days. In order to calculate the real encapsulation efficiency, these genipin-crosslinked
matrix films were rinsed with ethanol solution for 30 seconds followed by measuring the
amount of IBU rinsed out to ethanol solution (L;) determined by UV-visible spectroscopy
(Agelent 8453) at 264.4 nm through the use of pre-determined standard
concentration-intensity curve. The IBU encapsulation efficiencies (E) could be determined by
Eqn. 7-(2)

E=(L,-Ly)/L; *100% 7-(2)
where L is the initial loading amount of IBU incorporated. The IBU release test was then
carried out by putting the above-mentioned IBU-loaded membrane (~50 mg) in the quartz
cuvette containing release medium (50 ml) with constant rotary-shaking at 37 °C. The release
medium (phosphate-buffered solutiony pH-7.4) was withdrawn for each juncture and replaced
with an equial volume of fresh buffer. UV-visible spectroscopy (Agelent 8453) was used for
the characterization of absorption peak at 264.4 nm to determine the released amount of
ibuprofen through the use of pre-determined standard concentration-intensity calibration
curve. The drug release profile was presented by plotting (My/M)-t curve, where M; is the

amount of drug released at time t, M is the amount of drug released at equilibrium state.

7.3. Results and Discussion
7.3.1. In vitro cytotoxicity test.

The cell viability of the newly synthesized carboxymethyl-hexanoyl chitosan is shown in
Figure 7-1. As observed, no significant statistical difference (p>0.05) in survival cell
population was detected between the negative control and NOCHC samples. However, all
samples were significantly different (p<0.05) from the positive control. In addition, the degree
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of hexanoyl substitution did not affect the number of vital cells. These preliminary results
indicate that carboxymethyl-hexanoyl chitosan did not show any sign of cytotoxicity in vitro.
Figure 7-2 shows the cell morphology on the 6-well plates (a), NOCHC-2A immobilized
plates and (b) NOCHC-2B immobilized plates after cell seeding for 24 h. The result indicates
that cells extensively and randomly spread with spindle morphology on the non-coating well
surface while all the cells on the NOCHC-2A surface remain round morphology. This is
probably due to the the brush-like hydration layer of the plate coated with NOCHC-2A.
Hence, compared with the plate without coating, the hydrophilicity was enhanced and the
electrostatic attraction between plate and cell was inhibited for the plate coated with NOCHC.
However, as the degree of hexanoyl substitution was increased (NOCHC-2B), the amount of
adherent cells was slightly increased because the hydrophobic interaction between hexanoyl

group and cell membrane could favor the formation.of initial cell contact.

7.3.2. pH sensitive behaviors

The influences of carboxymethyl group on the pH-sensitivity of chitosan derivates are
shown in Figure 7-3. As it can be seen, both samples NOCC-2 and NOCC-3 showed a similar
pH sensitivity with a transition (i.e., the minimum swelling ratio) in the range from pH 7 to 8
which was due to the electrostatic attraction between COO™ and NH;". When the pH value
was below and above the transition point, the swelling ratio was increased due to the
electrostatic repulsion caused by NH3"...NH;" and COO~"COO", respectively. On the other
hand, the influence of hexanoyl group on the swelling ratio under the condition of various pH
values is also shown in Figure 7-3. It was found that the swelling ratios of NOCHC-2A and
NOCHC-3A were higher than those of NOCC-2 and NOCC-3, respectively. In general, the
swelling behaviors are determined by the intermolecular interactions such as hydrogen
bonding, hydrophobic and electrostatic interactions, which depends on macromolecular
structure and the state of water [150, 151]. Therefore, the influences of hexanoyl substitution
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on macromolecular structure and the water state of the chitosan derivatives were characterized
by ATR-FTIR and DSC tests to clarify the role of hexanoyl substitution in swelling ratio.

The ATR-FTIR spectra are shown in Figure 6-3. As compared with unmodified chitosan,
it was found that the amide I characteristic peaks (1635 cm™) of samples NOCC-2 and
NOCC-3 shifted significantly to lower wavenumber (red shifts 5= 20 cm™). This was ascribed
to the formation of intermolecular hydrogen bonding between the amide group and carboxylic
group (O=CNH, "O=COH) in NOCC because this hydrogen bonding is stronger than that in
un-modified chitosan (amide resonance H-bonding: O=CNH, "O=CNH,) since the dipole
moment of an N-H bond is smaller than that of an O-H bond [158]. Interestingly, the red shift
for amide I characteristic peak observed for samples NOCHC-2A and NOCHC-3A was of a
lesser extent than that for samples NOCC-2 and NOCC-3, respectively. Additionally, the
characteristic peaks at 1723 cm™ .assigned to earboxymethyl dimmer were broadened and
shifted to higher wavenumber region for samples NOCHC-2A and NOCHC-3A. These two
findings in the ATR-FTIR spectra suggest-that the -intermolecular hydrogen bonding (i.e.,
O=CNH, "O=COH, O=COH "O=COH).in_sample NOCC was inhibited to a certain extent
(H-bonding inhibition effect) as the hexanoyl group was introduced.

The above-mentioned H-bonding inhibition effect can be further evidenced via exploring
the influence of hexanoyl substitution on the water state of the samples with the same
water-absorption ratio (W¢= 2), which was characterized by DSC test and shown in Figure
6-6. As it can be seen, a heavily overlapped band (solid line) was observed and could be
divided into three peaks (dash lines) using the Lorentzian curve-fitting procedure. In Figure
6-6(a), all endothermic peaks were much lower than 4.8°C, indicating free water was not
observed for the NOCC-3 hydrogel even under fully-swollen state (Wc=2, which is almost
equal to the Wg value of NOCC-3). However, as shown in Figure 6-6(b), the peak III of
sample NOCHC-3A was very close to 4.8°C, revealing that the NOCHC-3A hydrogel
contained free water at and above Wc=2. This result together with the ATR-FTIR result
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demonstrate that the intermolecular volume for free water was increased with the introduction
of hexanoyl substitution because it inhibited the intermolecular bonding (polymer-polymer
interaction). On this base, the swelling ratio of samples NOCC-2 and NOCC-3 were
significantly enhanced as the hexanoyl group was introduced (NOCHC-2A and NOCHC-3A).
Furthermore, once the intermolecular H-bonding (i.e., O=CNH, "O=COH, O=COH ~O=COH)
were inhibited by the hexanoyl substitution, the electrostatic repulsion (NH; NH;" and
COO™""COO") became the dominant role of intermolecular interactions while pH value was
less than 2 and larger than 9. In addition, the electrostatic repulsion force was not inhibited in
the presence of hexanoyl substitution because the formation of electrostatic force is unlike
hydrogen bonding which needs a specific distance and angle. Therefore, a more prominent
pH-sensitivity behavior was observed for the NOCHC samples compared with those NOCC
samples with the same degree of ,carboxymethyl-substitution. Moreover, this phenomenon
became more pronounced while amino group was substituted by a longer side-chain (NOCPC)
as shown in Figure 7-4. The swelling ratios of NOCPC at low and high pH values were much

higher than those of NOCHC-3A.

7.3.3. Drug release behaviors.

Figure 7-5 illustrates the IBU release profiles from NOCHC films. It was found that
NOCHC samples with carboxymethyl substitution of 0.3 (NOCHC-2A and NOCHC-2B)
showed a pronounced bursting behavior in the first 2 hours during which 83% of IBU were
released, followed by a near zero-order release behavior. In contrast, NOCHC samples with
carboxymethyl substitution of 0.5 (NOCHC-3A and NOCHC-3B) showed a fast release
behaviors following Higuchi model in the initial time period, a subsequent near zero-order
release was followed. The IBU released in the first stage was assigned to the IBU molecules
which did not tightly interact with polymer chains. Therefore, a faster release rate was
detected in the NOCHC sample with carboxymethyl substitution degree of 0.3 compared with
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that of 0.5 in the initial stage because the latter has a denser network structure. The
subsequent near-zero order release occurring in all the NOCHC samples was probably
correlated with the IBU molecules that were tightly cross-linked with polymer chains via
intermolecular forces included hydrophobic interaction, electrostatic attraction and hydrogen
bonding. This was favorable for the stabilization of polymer-drug network and led to a lower
drug mobility. Therefore, the IBU released in the second stage was mainly dependent on the
swelling of polymer-drug network whose rate was relatively low compared with that in the
first stage. In addition, diffusion rate in the second stage is much higher than that in the first
stage because the highly swollen polymer network became loose and full of water. Hence, the

IBU release in the second stage was considered as a swelling control mechanism.

7.4. Conclusion

Amphipathic hydrogel derived'from' chemically-modified chitosan was successfully
synthesized through bearing “boths carboxymethyl and hexanoyl substitutions. The
pH-sensitivity was dependent on the.degree-and nature of such substitution. Moreover,
hexanoyl substitution enhanced significantly the swelling ratio and pH-sensitivity by
changing intermolecular interaction and the state of water. Improved encapsulation efficiency
and less busting release behaviors for ibuprofen were achieved for the sample with high
hexanoyl and carboxymethyl substitution. It is feasible to employ NOCHC hydrogel as a
novel and potential amphipathic carrier to effectively encapsulate and deliver numerous
amphipathic drugs, such as vancomycin and naproxen, for cell encapsulation or wound
dressing material with excellent water-retention ability and pre-designed drug release function

for enhanced therapeutic efficacy.
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Table 7-1: Sample name and corresponding estimation of substitution degree by "H-NMR.

Degree of substitution

Carboxymethyl group Hexanoyl group
Chitosan 0 0
NOCC-2 0.32 0
NOCHC-2A 0.32 0.26
NOCHC-2B 0.32 0.46
NOCC-3 0.50 0
NOCHC-3A 0.50 0.26
NOCHC-3B 0.50 0.48

Carboxymethyl group Palmityl group
NOCPC 0.50 0.40
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Figure 7-2. Cell morphology on the 6-well plates (a), NOCHC-2A immobilized plates and (b)

NOCHC-2B immobilized plates after cell seeding for 24 h.
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CHAPTER 8

Effect of Hydroxyapatite Nanoparticles on Ibuprofen Release from

Carboxymethyl-hexanoyl chitosan / O-hexanoyl chitosan Hydrogel

8.1. Introduction

Hydrogel-based scaffold has been used for delivering cells with bioactive agents [140].
In recent years, much attention has been focused on chitosan (CS) hydrogels for cartilage
tissue engineering and bone substitute with controlled release function because CS is
structurally similar to natural glycosaminoglycan (GAG) [139, 164, 165].

Chitosan is a cationic polysaccharide with an isoelectric point (IEP) of 6.2. It is soluble
in diluted acids and the resultinggelled-solution aggregates under neutral physiological
conditions [166], which is unfavorable for encapsulating the bioactive agents which denature
in acidic environments. On the- other~hand, many -amphiphilic bioactive agents, such as
vancomycin and ibuprofen, prefer to-be.dissolved in water-miscible organic solvents. On this
base, novel carboxymethyl-hexanoyl chitosan (NOCHC) with amphiphilic and water-soluble
nature was synthesized for the first time via selecting N, O-carboxymethyl chitosan (NOCC)
as a starting precursor. The highly swollen NOCHC under neutral physiological conditions
can be considered to be a candidate hydrogel-based material for delivering cells, growth
factors and the therapeutic agent with partial hydrophobicity.

However, therapeutic agents rapidly release from highly swollen hydrogel due to its
loose structure [167]. In order to extend the drug release period of NOCHC hydrogel,
biodegradable microspheres made of hydrophobic O-hexanoyl chitosan (OHC) were
embedded within the NOCHC matrix, which is expected to achieve sustained release
behaviors. On the other hand, the drug release kinetics (permeability and diffusion exponent)
of chitosan can be further regulated by the incorporation of Ca-deficient hydroxyapatite
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(CDHA, Ca/P = 1.5) nanoparticles since it has long been employed to improve the mechanical
strength and osteoconductivity of chitosan [58, 116, 168]. However, the influence of the
nanofiller on the resulting physical characteristics of the polymeric phase has been not
consistently reported due to differing polymer characteristics and various extent of
polymer-nanofiller interaction [126, 127], implying that the role of the CDHA nanoparticle in
the NOCHC and OHC may be critical and is worth further exploring.

Therefore, the major research objective of this study is to explore the role of CDHA
nanoparticle in the release behavior of ibuprofen (IBU, an anti-inflammatory drug with
amphiphilic nature) released from NOCHC and OHC. In addition, sustained and sequential
release of IBU from the NOCHC/OHC microsphere-embedded hydrogel was also
investigated. This study is expected to provide a fundamental understanding of the

amphiphilic NOCHC hydrogel usedfor medical applications and in particular, drug delivery.

8.2. Experiment materials and methods
8.2.1 Materials
Chitosan (M, = 215,000 g "mol™) with 80% degree of deacetylation was supplied from

Aldrich-Sigma. Ibuprofen was purchased from Aldrich-Sigma (14883).

8.2.2 Methods
8.2.2.1 Synthesis NOCHC and OHC

NOCHC was synthesized using NOCC as a starting precursor. The synthesis of NOCC
with a controlled degree of substitution has been reported [169]. In brief, 5 g of chitosan were
dissolved in isopropanol (50 ml) at room temperature while being stirred for 30 minutes. The
resulting suspension was gently mixed with 12.5 ml of NaOH solution (13.3 N), followed by
mixing with 7 g of chloroacetic to prepare the NOCC sample with carboxymethyl
substitutions of 0.5. This suspension was stirred for 30 minutes and heated to 60 °C for 4

124



hours, followed by filtration and washing by methanol solution. After drying, the obtained
NOCC sample (2 g) was dissolved in distilled water (50 ml) while being stirred for 24 hour.
The resulting solution was mixed with methanol (50 ml) at room temperature, followed by the
addition of hexanoyl anhydride (0.7 ml) with hexanoyl substitution of 0.26. Following the
reaction time of 12 hours, the resulting solution was collected by dialysis membrane
(Aldrich-Sigma, D6191).

Synthesis of OHC has been reported [170]. In brief, chitosan (3 g) was suspended in 40
ml of methanesulfonic acid. This mixture was then mixed with hexanoyl anhydride (28.64 ml)
and stirred at 60 °C for 6 hours followed by fast cooling to room temperature. The pH value
was adjusted to 7 by neutralization with NaOH. The resulting precipitate was filtered, washed

and dialyzed to remove the unreacted acid and ions followed by overnight drying at 60 °C.

8.2.2.2 Material characterization

Proton nuclear magnetic resonance..Spectroscopy (lH-NMR) spectra were used to
confirm the sites and degrees of substitution.-The samples were dissolved in D,O and the
spectra were recorded by NMR spectrometer (Varian unityinova 500) at 270 MHz. Dynamic
mechanical analysis (DMA) was performed on cut strips (2 cm long and 0.5 cm wide) using a
TA Instruments 2980 dynamic mechanical analyzer from -130 to 50 °C with a frequency of 1
Hz and a heating rate of 3 °C/min. The samples were dried in a vacuum chamber with P,Os
for 72 hours prior to the DMA test. The morphology of CDHA incorporated in composite
membranes was observed through the use of transmission electron microscopy (TEM,
JEOL-2000FX). The microsphere-embedded hydrogel implant was observed via using

scanning electron microscopy (SEM, JOEL- JSM-6500F).

8.2.2.3 Drug-loaded NOCHC-based and OAC-based monolithic membranes
Hydroxyapatite nanoparticle suspension containing calcium-deficient hydroxyapatite

125



(CDHA) nanoparticles with a Ca/P molar ratio of 1.5 were fabricated by the co-precipitation
method with Ca(CH3COO), and H3;PO4 as Ca and P precursors, respectively [171]. The
resulting hydroxyapatite suspensions with various CDHA concentrations were mixed with
NOCHC/3 % ethanol solution (7.5 mg/ml, 100 ml) and ibuprofen/3 % ethanol solution (6
mg/ml, 50 ml). The mixtures were cross-linked with genipin solution (1% (w/v)) at 50 °C for
48 hours. The cross-linked NOCHC-CDHA hybrid composites with various CDHA amounts
(0%, 1%, 5%, 10%) loaded with ibuprofen (weight ratio of ibuprofen/NOCHC = 40 %) were
obtained after air drying at room temperature for 5 days. On the other hand, for the
preparation of IBU-loaded OHC-CDHA hybrid composites, the above-mentioned
hydroxyapatite suspensions were filtered and dried at room temperature for 2 hours. The
obtained precipitates were then re-suspended in butanol. These suspensions with various
CDHA concentrations were mixediwith the OHE/dichloromethane polymeric solution (15
mg/ml, 50 ml) and the ibuprofen/ethanol selution. (70 mg/ml, 10 ml). OHC-CDHA hybrid
composites with various CDHA amounts (0%, 1%, 5%, 10%) were obtained following

solvent evaporation and post vacuurmn drying at-80 °C for 48 hours.

8.2.2.4 Preparation of NOCHC/OHC microsphere-embedded hydrogel

The NOCHC/OHC microsphere-embedded sponge was fabricated via using the
oil-in-water emulsion method. In brief, 1 ml of the above-mentioned IBU-loaded
OHC/dichloromethane solution was added into 3 ml of IBU-loaded NOCHC/3 % ethanol
solution with ultrasonic vibration followed by liquid N, quenching and vacuum drying at -80

°C for 48 hours (lyophilization).

8.2.2.5 Drug release test
The IBU-loaded composite membrane (~50 mg) was rinsed with distilled water,
followed by carrying out the release test in the quartz cuvette containing release medium (50
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ml) with constant rotary-shaking at 37 °C. The release medium (phosphate-buffered solution,
pH 7.4) was withdrawn for each juncture and replaced with an equivalent volume of fresh
buffer. UV-visible spectroscopy (Agelent 8453) was used for the characterization of
absorption peak at 264.4 nm to determine the released amount of ibuprofen through the use of
pre-determined standard concentration-intensity calibration curve. The drug release profile
was presented by plotting (MyM)-t curve, where M is the amount of drug released at time t,

M is the amount of drug released at equilibrium state.

8.3. Results and discussion

Carboxymethyl-hexanoyl chitosan was synthesized via using NOCC as a starting
precursor. Upon substitution reaction, hydrogen atoms in some of amino groups (N-position)
can be replaced by the hexanoyl groups. Figure 8-1 shows the molecular structures and the
'H-NMR spectra of NOCHC and NOCC. As shown in Figure 8-1(a), the chemical shifts at
0.75 ppm (-CH3), 1.06 ppm (-CyH,-CsHb>-),-1.28 ppm (-CsH»-), 1.48 ppm (-CgH»-) and 2.18
ppm (-CO-C,H;-) were assigned to the protons.in the hexanoyl group. Moreover, the chemical
shift at 3.22 ppm was assigned to the proton at the amide bonding. On the other hand, the
chemical shifts at 4.2 and 4.4 ppm were designated to the protons of -CH,—COO™ at C2
(N-position) and at C6 (O-position) of the NOCHC, respectively. This demonstrates hexanoyl
substitution occurring on some of the amino sites of the N, O-carboxymethyl chitosan.

In this study, synthesized CDHA nano-powder was dispersed into the NOCHC solution,
where the NOCHC was derived from the NOCC sample with the carboxymethyl group. The
resulting solution showed a low viscosity at pH 7 and was favorable for the dispersion of
CDHA nanoparticles, as evidenced by TEM photographs shown in Figure 8-2(a). The TEM
image indicates that the needle-like CDHA nanoparticles (SAD pattern of CDHA is shown in
Figure 8-2(b)), with dimensions of 10-20 nm in diameter and 70-100 nm in length, dispersed
in the NOCHC matrix. Also shown in Figure 8-2(c), CDHA nanoparticles were also
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well-dispersed in the OHC matrix. It can be explained as follows: Following the aqueous
synthesis process, the CDHA nanoparticles collected from the filter paper can be re-suspended
in butanol without aggregation because the high surface tension of residual water around
CDHA particles can be significantly lowered by butanol. In addition, electrostatic attraction
between NH;" (OHC chains) and PO,> (negative-charged sites of CDHA crystals) could
provide the stable force for colloid, which favors the dispersion of CDHA.

The influence of CDHA nanoparticles on the release profile of IBU from the
OHC-CDHA monolithic membranes is shown in Figure 8-3. It was found that a single-stage
release with a diffusion-controlled mechanism was observed for the pure OHC membrane and
also the OHC-CDHA hybrid membrane containing 1% of CDHA. This was due to the
hydrophobic nature of OHC that limits water accessibility. However, as CDHA content
increased to 5%, a two-stage behavior was observed. For the diffusion-controlled stage (first
stage) of all OHC-CDHA hybrids, the path length of diffusion was increased as the amount of
the well-dispersed CDHA naneparticles.was_ increased, resulting in a lower diffusion
coefficient. On the other hand, for the OHC-CDHA hybrid membranes containing CDHA of
5% and 10%, it was found that the first release stage was followed by a fast release stage
which was due to the degradation of OHC [172]. The degradation of hydrophobic OHC was
enhanced by the well-dispersed CDHA nanoparticles (without strong filler-polymer
interaction) which can significantly reduce the hydrophobic interaction (physical cross-link).
This could be further evidenced by dynamic mechanical analysis (DMA) as shown in Figure
8-4(a). The height of « -peak was increased and the T, of OHC was decreased as the CDHA
content increased, suggesting the degree of cross-linking decreased with increasing CDHA
content [120]. Accordingly, the OHC degradation rate was enhanced causing a high
second-stage release rate. Furthermore, once degradation occurs, the long-range molecular
motion (i.e., relaxation rate) of OHC in the second release stage will be further enhanced.
Consequently, the release rate of the second stage was significantly raised through increasing
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CDHA content.

The differing influences of CDHA nanoparticles on the release profiles of the
NOCHC-CDHA monolithic membranes are shown in Figure 8-5(a). As it can be seen, a
bursting release behavior was observed for the pure NOCHC sample due to its high swelling
ratio (loose intermolecular structure). However, the release profile was altered as the NOCHC
samples were incorporated with CDHA. The diffusion exponents (n) of the NOCHC samples
incorporated with CDHA of 1% to 10% can be determined by plotting Log(M¢/M)-Log(t) and
using Eqn. 8-(1):

(M¢/M) =kt" 8-(1)
where k is a constant and n is diffusion exponent related to the diffusion mechanism. As
shown in Figure 8-5(b), a non-Fickian (0.5 < n < 1, diffusion rate ~ swelling rate) diffusion
was observed for the NOCHC membranes incorporated with CDHA of 1% and 5%. As the
amount of CDHA was further increased to 10%, a Fickian diffusion (n = 0.5, diffusion rate <<
swelling rate) was observed, indicating that-the_drug-release followed a diffusion-controlled
mechanism. This can be further explained in terms of the influence of CDHA on swelling rate
and diffusion rate as follows. Based on our previous study, well-dispersed CDHA
nanoparticles are acting as a physical cross-linker in hydrophilic chitosan derivate [173],
which was contrary to the case of OHC. This was attributed to the fact that the filler-polymer
interaction of NOCHC-CDHA was stronger than that of OHC-CDHA [124, 125], which was
evidenced by the DMA curve shown in Figure 8-4(b). It was found that the « -peak
broadened as CDHA content increased, suggesting that the extent of cross-link increased with
increasing CDHA content [173]. Hence, the swelling rate decreased with increasing CDHA
content. However, a swelling-controlled mechanism was not observed for the sample with a
CDHA content of 10%. On the contrary, the n value was observed to decrease with increasing
CDHA content (i.e., towards to diffusion-controlled mechanism), suggesting that CDHA plays
a more significant role in the diffusion rate than the swelling rate. This is due to the fact that
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well-dispersed CDHA nanoparticles act as a diffusion barrier, causing a significant decrease in
the diffusion coefficient as mentioned previously. Moreover, strong filler-drug interaction
(electrostatic attraction: CDHA-Ca®""00=C-IBU) and high cross-link extent (tight
intermolecular structure) also probably lowered the mobility of IBU diffusing through
NOCHC matrix. Therefore, the diffusion-controlled mechanism became dominant in this
condition.

Recently, sequential release of dual growth factors has been reported because of its
potential to enhance wound healing and osteogenesis [96]. In addition, the concept of using
combination antibiotic therapy to decrease antibiotic-resistance has been reported [97, 136].
Moreover, many hydrophobic bioactive agents, such as paclitaxel and naproxen, should
preferably be dissolved in organic solvents. Therefore, it is feasible to design a
microsphere-embedded hydrogel to.efficiently encapsulate a variety of bioactive agents with a
wide range of hydrophilic/hydrephobic nature fot. either simultaneous release or sequential
release via regulating the amount of CDHA_nane-phase. Based on those reasons, the
hydrophobic OHC microspheres were incorporated into the amphiphilic NOCHC matrix to
form a porous sponge as shown in Figure 8-6. As can be seen, microspheres with a diameter
of 0.7-1.5 um were uniformly embedded in the NOCHC matrix. This was due to the similar
structure (i.e., both containing hexanoyl and amino groups) and counter-charged character
(COO™ in NOCHC, NH;" in OHC) which are favorable for the dispersion and stability of
hydrophobic microspheres in the hydrophilic matrix without the use of surfactant. The
sequential release behavior of the NOCHC/OHC microsphere-embedded hydrogel is shown in
Figure 8-7. As can be seen, the fast release profile of the highly swollen hydrogel such as
NOCHC could be altered by incorporating the microspheres or nanospheres made of
hydrophobic OHC, where a sequential release behavior was observed. It can then be
concluded that the release profile of the NOCHC hydrogel could be manipulated by the
incorporation of CDHA nanoparticles and OHC microspheres.
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8.4. Conclusion

Novel biocompatible hybrid composites consisting of NOCHC amphiphilic hydrogel and
hydrophobic OHC microspheres with sequential release behaviors were successfully
synthesized for drug delivery purpose. It was found that drug release kinetics of the
hydrophilic phase (NOCHC) and the hydrophobic phase (OHC) were both affected by the
incorporation of CDHA nanoparticles. Hence, CDHA nanocrystal could concurrently play
roles as a bioactive filler and drug release regulator. This study may provide valuable
information for a better design of chitosan hydrogel-based drug-loaded implant with improved

bioactivity and controlled drug release function.
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Figure 8-2. TEM images of (a)
electron diffraction (SAD) pattern : Cl

membrane.
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CHAPTER 9

Conclusions

9.1. Influence of the aspect ratio of bioactive nano-fillers on rheological behavior of
PMMA-based orthopedic materials

The influence of particle aspect-ratio on packing efficiency is significant and a critical
value of the aspect ratio was determined to be 8.8. With increasing the aspect ratio, especially
above the critical value, the nano-needles result in an extensive contact between the particles
upon which a poorer packing efficiency, higher yield strength and poorer flowability of the
mixture suspension can be observed: The maximum solid loadings of nano-CDHA particles

with aspect ratio 7, 10, and 17 were deterniined to be 28%, 31% and 57% respectively.

9.2. BSA-loaded calcium-deficient hydroxyapatite nano-carriers for controlled drug

delivery

The amount of BSA uptake was dependent on the solution pH and processing variation.
Moreover, both synthetic process and pH value upon synthesis significantly altered the drug
release behaviors of BSA-loaded CDHA nano-crriers. It is feasible to employ the CDHA
nano-carrier to load protein, such as acid growth factor and acid protein-drug conjugation, as
component of bone substitutes or as a reinforced filler together with a pre-designed drug

release function for particular therapeutic effect.

9.3. Drug release behaviour of CDHA/Chitosan nanocomposites-Effect of CDHA

nanoparticles
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Both the amount of CDHA incorporated and the synthetic process altered significantly
the extent of filler-polymer interaction, which influences strongly the diffusion exponent and
permeability of CDHA/chitosan nanocomposites. Hence, CDHA nanocrystal could
concurrently play the roles as bioactive nanofiller and drug-release regulator. This study may
provide valuable information for a better design of chitosan-based orthopedic devices with

improved bioactivity and controlled drug release function.

9.4. Synthesis and characterization of amphiphatic carboxymethyl-hexanoyl chitosan

hydrogel

Amphiphatic hydrogel derived from chemically-modified chitosan was successfully
synthesized through bearing both,pcarboxymethyl and hexanoyl substitutions.
Water-absorption ability decreased withyincreasing substitution of the carboxymethyl group
but was significantly increased with the introduction of the hexanoyl group because it altered
the number of water-binding sites ‘and the-state .of water under low humidity and the
fully-swollen condition, respectively. "Moreover, compared with NOCC, NOCHC also
demonstrated enhanced water-retention ability. Besides, the pH-sensitivity was dependent on
the degree and nature of such substitution. The hexanoyl substitution enhanced significantly
the swelling ratio and pH-sensitivity by changing intermolecular interaction and the state of
water. On the other hand, improved encapsulation efficiency and less busting release
behaviors for ibuprofen were achieved for the sample with high hexanoyl and carboxymethyl
substitution. Moreover, release behaviors of NOCHC can be regulated via incorporating the
hydrophobic OHC microspheres and CDHA nanoparticles into NOCHC matrices. It was
found that drug release kinetics of the hydrophilic phase (NOCHC) and the hydrophobic
phase (OHC) were both affected by the incorporation of CDHA nanoparticles. Hence, CDHA

nanocrystal could concurrently play roles as a bioactive filler and drug release regulator. It is
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feasible to employ NOCHC hydrogel as a potential amphipathic carrier to effectively
encapsulate amphipathic drugs an cell for wound dressing material with excellent

water-retention ability and pre-designed drug release function.
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