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Chapter 1

General Introduction

1.1. Introduction

The human body can regenerate itself with the aim of recovering and maintaining the
structure and function of damaged organs or body parts. However, this ability can be lost in
certain conditions, such as illness or severe trauma. With the purpose of maintaining the
functionalities of the organs or tissues in the human body, several biomaterials have been
developed to replace or implant in the human body.*™

A biomaterial can be defined as one or more substances (non-drugs), which may have
natural (animal tissues, proteins) or synthetic (metals, polymers or ceramics) origin, that is
suitable to be incorporated in living systems for the treatment or replacement of partially or
totally any tissue, organ or body functions, with the purpose of keeping or improving the
quality of life of the patient.*® On the other hand, the biological materials such as bone,
skin, tissue, vessels produced by a living system are also used as biomaterials to implant in
the body.?

In order to control the cytocompatibility of the implantable biomaterial, it is imperative
to understand the interfacial interactions between the suitable biomaterial and the biological

tissue with which it will interact.

1.2. Implantation of Biomaterials

1.2.1. Biological Response

The initial interactions of the implantable material with the biological medium and
tissue with which it will interact will determine the success or failure of the implant. The
simple fact of implanting a biomaterial in the human body generates an immune response
since the implantation was made by surgery. The tissue injury initiates two principal
immune responses, inflammation and the response for repair (wound healing reaction).’
The success of tissue integration of the implanted biomaterial mainly depends on its ability
to mimic the physiological conditions such as repair processes that occur after the injury

and control of reactions like inflammation responses.8 Immediately after being implanted,
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the biomaterial covered by proteins coming from the blood causes the formation of a
provisional matrix that determines the activation of the coagulation cascade, the
complement system and the immune cells, which initiates the inflammatory response.’

The provisional matrix releases chemokines to attract phagocytic cells, which adhere to
the implant by integrins. As the implant is a foreign material, the neutrophils release
proteases, lysozymes, and reactive radicals to degrade the biomaterial. The biodegradable
materials completely degraded during this acute state of inflammation. The inflammation
ends, and the body returns to its homeostasis. This immune reaction is known as “innate
response” and includes a wide variety of cells like polymorphonuclear cells (eosinophils,
granulocytes, and basophils), mononuclear phagocyte cells (dendritic cells, monocytes, and
macrophage cells), natural killers and innate lymphoid cells. If the implant was not
degraded or residual material remains, chronic inflammation begins.'® This inflammation
was characterized by granulomatous reaction and the presence of lymphocytes and
monocytes and the permanent activation of macrophages and polymorphonuclear
neutrophils (PMNSs), which continue releasing enzymes and radicals that damage the
surrounding tissue.

The plasma cells and T and B lymphocytes are contributors to the adaptive immune
response. During the innate response the macrophages are M1 phenotype with a pro-
inflammatory function, but during the adaptive response the macrophages are M2
phenotype with pro-healing function. This period of chronic inflammation lasts
approximately two weeks. If there are still a large number of immune cells after that period,
it is often indication of an infection or a rejection of the implant. The immune response
eventually finishes with the production of giant body cells.

The giant cells were the fusion of macrophages due to the inability to resolve chronic
inflammation. Excess collagen and fibroblasts deposited around these cells, which results in
fibrous capsule formation.”*? The physicochemical properties and the intrinsic properties
(such as size, shape, charge, stability, molecular weight, and hydrophobicity) of the
implanted biomaterial have substantial influence in the immune responses.** Biomaterials
that exhibit bioactivity promote the desired tissue response. These biomaterials have a more
specific biological response, resulting in a direct bond formation between the tissue and the

biomaterial, following by the bone formation at the interface of the implanted biomaterial
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and the tissue.***® The immune reactions, as well as the desired reactions to an implanted
biomaterial, are shown in Figure 1.1 (a), and the desirable wound healing phases after
biomaterial implantation in the human body are in Figure 1.1 (b). Biomaterials like gold
(Au), polydimethylsiloxane (PDMS), or hydroxyapatite (HAp) had used as implanted
materials. Au due to the relative inertness, physicochemical and optical properties have
been used in clinical and biomedical applications including drug and gene delivery,

diagnosis assay, radiotherapy, cosmetic industry, implants,*’*®

and more recently in cardiac
patches for treating damaged heart tissues after a heart attack, without surgery.®
Nevertheless, it has reported contact allergy, and sometimes after a long time it can cause
chronic cytotoxicity.?> % The properties of the PDMS including bio-inertness, low toxicity,
thermal and oxidative stable, and antiadhesive properties allowed to be used in several
biomedical applications such as blood containers, artificial skin, medical adhesives,
drainage implants, catheters, among others.?*?* Nonetheless, it has been observed in

clinical practice collagenous encapsulation®?®

and in the case of percutaneous devices have
been noticed tunnel bacterial infection catheters.””?® Bioactive materials like HAp have
been used in implants, demonstrated its ability to been with the human tissues. However, in
some cases it has been noticed impair growth, causing inflammation to the surrounding soft
tissues.”® The difficulty of controlling the cytocompatibility of the biomaterials is shown in
Figure 1.2. Some New strategies are being developed to design materials to use the
immune system to improve the integration of the implant, avoid foreign body reaction, and
prevent the formation of the fibrous capsule, to obtain successful implantation of the

biomaterial.
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Figure 1.1. (a) Schematic representation of the sequence of events that occur when a biomaterial
implanted in the human body. The picture shows the main cells involved in the immune response,
from the initiation to the foreign body giant cells (FBGC) and fibrous encapsulation, and (b)
illustration of the desirable wound healing phases after biomaterial implantation in the human body
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Figure 1.2. The difficulty of controlling cytocompatibility of the (a) bioinert and (b) bioactive
materials and their problems after implantation, suggesting the mild coating technique of
biomedical devices with bioactive material is recurred to improve the cytocompatibility of the
medical devices.

1.2.2. Percutaneous Devices and Their Bacterial Infection

A percutaneous device is an instrument made with a foreign material (non-biological)
which penetrates into and through the skin, providing a connection to the exterior of the
body and the interior of the body (organ or cavity). This device has a wide variety of
clinical and biomedical research purposes.*® Some of the applications the percutaneous
devices are micro-surgery, continuous infusions, blood sampling, external circulation,
monitoring tissue parameters including pH, bio-potentials, CO,, H,0O, dialysis, among
others.®

Nevertheless, due to the low cytocompatibility of the percutaneous device material with
human tissue, percutaneous long-term or permanent devices tend to fail.*> The interfacial
failure modes identified are marsupialization, migration, avulsion, and infection, all of
these alone or in combination. Single or multiple etiological factors may be responsible for

these failure modes.
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The identified interfacial failure causes are marsupialization, migration, avulsion,
infection, alone, or in combination. Single or multiple etiological factors can be responsible
for the failed implantation. Skin defects can be surgically created around the implant during
the penetration process, epidermal healing characteristics that prevent the formation of a
suitable seal at the implant-skin interface and mechanical forces that may disrupt dermal
attempts to seal the interface.®® Because there is no proper connection between the
percutaneous device and the skin, eventually, the interface becomes infected, which makes
it necessary to remove the implant.

One of the most commonly used percutaneous devices is the catheter. In medicine, a
catheter (from the Greek katheter which means instrument that is sent below) is a shaped
and elongated narrow tube that can be introduced into a tissue or vein with the aim of
exploring cavities. Catheters allow the injection of nutrients, drugs, fluid drainage or access
other medical instruments.® The catheters are usually inserted into a body cavity, a pipe, or
a blood vessel. These devices can be thin tubes, called soft flexible catheters or catheters
thicker and non-flexible called hard catheters. A catheter can be left in the body, whether
temporarily or permanently. The catheters are generally inserted percutaneously, and
frequently some complications arise after the catheter is placed; these complications can be
caused by several factors including exit/tunnel infection, external cuff extrusion,
pericatheter leak, inflammation, catheter obstruction, infusion or pressure pain.** However,
the most relevant complication of the catheter is the catheter-related infection.® In
catheterized patients, bacteria can adhere rapidly to the surface on indwelling devices in a
process known as bacteria docking after the interlocking, creating an extracellular stronger
polymeric matrix, which adheres to the catheter surface, where bacteria colonize in a
process known as biofilm.* This biofilm acts as pathogen reservoir*® and is more
resistant to the antibacterial treatment, resulting in catheter-related infections and many
cases, in death.*’

The catheter-related infection is the significant microbial growth (more than 15 colony
forming units (CFU)) cultivated in a segment of the catheter.***? Usually, these infections
start at the end of the catheter, then penetrates the skin and then extraluminal extend along
the catheter surface, or appear in the catheter lumen and extending intraluminal into the

bloodstream. Only in sporadic cases these infections are initiated by hematogenous seeding
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in the intravascular portion of the catheter; and even in more rare circumstances, infection
may appear by the solution infused through the catheter.

The microorganisms that commonly cause these infections include Staphylococcus
aureus (S. aureus), Pseudomonas aerugonosa, Enterobacteriaceae, Enterococci,

Escherichia coli (E. coli), Candida spp, Coagulase-negative staphylococci, Acinetobacter
43

spp.

Due to the poor compatibility of silicone rubber catheter, it cannot bind with the body
tissues, creating a space (passway) between the skin and the percutaneous device. Using
this passway, the bacteria can easily permeate inside the body (Skin Downgrowth), and it
can cause bacterial infection (see Figure 1.3). To prevent bacterial infection, the surface

coating technigque by cytocompatible materials on a silicone rubber is required.

Skin downgrowth &

bacterial infection

Silicone rubber Catheter Bacteria
(PDMS) (O.5—\5pm)
. A Passway
?Enidermis- it Air space (1mm)
. —
L J Human SURTEN A A
T T w7, Vbody

Subcutaneoustissue

Skin
Downgrowth

J

Figure 1.3. Scheme of the silicone catheter as a percutaneous device that is a tissue access device
for monitoring tissue parameters including O,, CO,, pH, temperatures, biopotentials, and enzymes
at the human body. Due to the poor bio-affinity of the silicone rubber with the skin tissues, after
several days the down growth mechanism appears and generates a bacterial infection.

PDMS with poor bioafinity cannot bind
with the body skin tissues
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1.2.3. Assignments for Achieving both Biocompatibility and Antibacterial
Activity

The ability of a substance to kill or inhibit bacterial growth is known as antibacterial
activity.*® The international norm ISO 22196 defines the antibacterial activity as the
difference in the logarithm of the viable cell count found on an antibacterial-treated product
and an untreated product after inoculation with and incubation of bacteria.**

Owing to the increasing concern about microbial infections, in particular, hospital-
acquired diseases (many of them are catheter-related infections), there is a growing interest
in creating an effective and safe antimicrobial agents. Additionally, if the material also has
cytocompatibility, the medical devices will be highly favored.”> Materials with
cytocompatibility and antibacterial activity have been used in several biomedical products,
including wound or burn dressings, catheters, and bone cement.*6#’

In order to achieve a material with both cytocompatibility and antibacterial activity, it
has been incorporated metal ions such as silver (Ag), copper (Cu), zinc (Zn) and Au, in
cytocompatible materials including titania (TiO,), silicates, bioactive glass (BG), and
HAp.*® Ag-doped BG showed antibacterial activity against E. coli) and S. aureus without
altering the cytocompatibility or bioactivity of BG with the human osteoblast-like MG-63
cells.”® The immobilization of Ag nanoparticles (NPs) on nano silicate platelets resulted in
a mild inflammatory response and an excellent antibacterial activity.>

The incorporation of Ag into TiO, nanotubes enhanced the cytocompatibility and the
antibacterial activity against S. aureus. Similar results were obtained when doping HAp
with Ag,>*™>* Cu,> Au,* and Zn ions.>"*® Ag NPs have been widely investigated because
of their well know effective antimicrobial activity towards a broad range of
microorganisms, such as bacteria and fungus. At low concentrations, Ag ions are non-toxic
for eukaryotic cells, but at higher concentrations, the Ag started been cytotoxic.>®

The antibacterial effect of Ag NPs, Cu, and other metallic ions is proposed to arise from
the release of metallic ions or oxidation. It is known that the metallic ions that cause
damages to bacterial DNA, proteins, and enzymes, for that reason can directly inhibit
bacteria growth. Notably, the productions of the reactive oxygen species (ROS) are
responsible for the antibacterial effect of the metal ions and their mediated cytotoxicity in

different cells.®*®* Cu and Zn ions are trace element in the human body and are essential

8
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for various metabolic processes in most of the living organisms, while in higher amounts,
they are potentially toxic.®® However, Zn also has a stimulatory effect on bone formation in
vitro and in vivo.*

Zn plays essential roles in growth and development, the immune response, neurological
functions, and reproduction. On the cellular level, the purpose of Zn has catalytic,
structural, and regulatory features.®> U.S. Food and Nutrition Board set the tolerable upper
intake level (UL) for adults is 40 mg/day, including dietary and supplemental Zn.®®®” HAp
is the most promising material because of its cytocompatibility, bioactivity,
osseointegration, reasonable action exchange rate with metals, high strength, and low

fracture toughness.

1.3. Hydroxyapatite Nanoparticles

Human bone is an organic-inorganic composite having the components of collagen
fibrils containing embedded and well-disposed, nanocrystalline HAp with 25-50 nm in
length and rod-like shape.®® Bone can repair and regenerate itself for damage.
Nevertheless, the old age, diseases, and trauma can negatively affect bone functions,
and these functions only can be restored with surgical reconstruction by the
implantation of bioceramics, which aims to generate an environment to stimulate
specific cellular responses to promote osteogenesis.®

The nanotechnology has allowed the preparation of nanostructured biomaterials,
giving way to the third generation of bioceramics, focused on the enhanced bioactivity
and the initial physiological trace inducing an enhanced cell to respond at the molecular
level in order to regenerate the tissues due to their similarity to the inorganic component
of human bone and dental enamel.” Nanobioceramic is defined as ceramic less than
100 nm in at least one direction.”

The nanobioceramics, including HAp, have been demonstrate to have highly
cytocompatibility, good bioactivity, flexible structure, are stable at physiological
environment, corrosion resistant as well as remarkable higher specific surface area,
volume ratio and contain more quantity of grain boundaries than the conventional
counterparts offering better surface properties such as topography, energy, roughness,

and wettability that potentially favor the cell response.””’® The properties of the

9
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nanobioceramics have potential applications in biomedicine field. Besides, NPs become
more active with regard to dissolution and recrystallization processes that are important
characteristics in the bone biomineralization process.”® The nanobioceramics play a
crucial role, enables the design of bioceramic that can provide better suited to biological
tissues to empower their regeneration through the natural signaling pathways and using
the natural components such as cells, growth factors and proteins adjusting the
interactions between the biological tissue and the bioceramics.

1.3.1. Structures and Their Properties

HAp is a crystalline isomorphic biomaterial, classified as a ceramic. This material has a
molecular weight of 1004.64 g/mol, a theoretical density of 3.156 g/cm® and a molar ratio
of Ca/P of 1.67 related to its stoichiometry.”* The bioactivity of calcium phosphates is
related to the crystal structure, the porosity and its rate of dissolution in the body, the latter
in turn is affected by the molar Ca/P ratio. Calcium phosphates with highest Ca/P are
precipitated in alkaline solution, and those with lower Ca/P ratios are precipitated in acid
solution. Generally HAp is produced in neutral or alkaline solution.”>”® The crystalline
structure of HAp is characterized by a hexagonal system with space group P6s/m, although
it may have a slight variation in cell sizes associated with the presence of impurities such as
magnesium (replacing part of calcium), carbonates (replacing some phosphate) and fluorine
(replacing some hydroxyl).”” In this condition a very low solubility is presented, and as
biomaterial structure, solubility ensures high chemical exchange activity in the extracellular
medium. The lattice constants of hexagonal HAp are a=9.423A and c=6.875A. The
hexagonal HAp has mirror planes at z=1/4 and 3/4 and the hydroxyl arrangement shows
two fold disorder.”®"

There are two crystallographically independent Calcium atoms in the unit cell (see
Figure 1.4). The Figure 1.4 (a) shows the crystal structure of the HAp projected along with
the c-axis, centered on hexagonal c-axis channel. Figure 1.4 (b) exhibits the overview of
the HAp unit cell structure, indicating the negatively-charged c-plane due to the rich
content of phosphate ions and the positively-charged a-plane due to the content of calcium
ions.® The Ca(2) atom is surrounded by six oxygen atoms belonging to phosphate (PO.)

groups and the hydroxyl (OH) group, whereas the Ca(l) atom is nearly octahedrally

10
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surrounded by six oxygen atoms. The Ca(2) triangles stack along the c-axis, rotating
mutually 60° from each other. In the HAp structure, the OH group is not located at the
center, but shifted above or below the center of the triangle.?* The phosphorus atom is
surrounded by four oxygen atoms and forms a tetrahedron. The PO, tetrahedron is almost
regular with only slight distortion. Ca(2) is exposed on the crystal surface, thus playing a
large role in the physical properties of HA, such as surface charge, and in interactions with

organic compounds.’*®

(a) HAp crystal structure (b) Surface properties of HAp

a- plane: positively-charged
9.423 A

c- plane
( Negatively-charge )

¥ 5.8'9
pafaeya-£joanedou oued -2

(Positively-
charge )

Space group P6,/m

The top surtace ot the HAp
majorly interact with the proteins

Cells Excellent
~ biocompatibility
and osseointegration

HAp implant
HAp have been widely applied as biomedical material
due to their excellent biocompatibility

Figure 1.4. (a) Crystal structure of HAp in the top view along with c-axis, which were centered
on hexagonal c-axis channel, (b) the overview structure to exhibit the rich phosphate and hydroxyl
ions at c-plane and the calcium ions at a-plane (Drawing using VESTA (10) from the CIF obtained
from American Mineralogist Crystal Structure Database), and (c) HAp applications.

The HAp is highly cytocompatible and presents bioactive properties. The crystal
structure, morphology, thermal stability and mechanical properties play an important role in
the biological responses of bonce cells. HAp physicochemical bonds to the bone and
promotes bone formation necessary for implant osseointegration (see Fig. 1.4 (c)).** This

property is needed to minimize damage in the surrounding tissues and to increase the

11
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implant efficiency. However, even that HAp can form a direct bod with neighboring bones,
for its application as biomaterial, it should also consider other important factors such as
strength, hardness, porosity, dissolution, adhesion, etc., besides physical and chemical
aspects; and it should not ignore the intent to use, as the environment where they will place
has specific characteristics, considering it is not the same use as filler, as a support or as a
substitute.®

HAp has several attractive useful properties in the medical field; the main characteristics
are: it has a very slow resorption and it allows a better new bone, it is osteoconductive,
cytocompatible, resorbable (10—30%), osteophilic, undergoes a process of osseointegration
and it has a highly porous structure; this porous structure allows a better neovascularization
of the formed bone.®* The problem with this material in monolithic form is its
unsatisfactory mechanical properties, so that it is undesirable use in weight bearing parts.
This problem could be solved by the reinforcement using a material with good mechanical
properties.

The properties of the HAp can significantly affect the particle composition, assembly,
size and the morphology. The nano-sized HAp (20—80 nm) had been showed more efficient
osteoblast adhesion and proliferation and improved mineralization.® Since the sizes of the
microparticles are not much smaller than the cells, the microparticles are not able to
penetrate in the cell wall and will be promptly degraded by phagocytosis.”® Among the
nano-scale levels, it has been reported that the HAp NPs with the size of around 20 nm are
better for the cell proliferation and inducing apoptosis in some cancer cells.®® It was
found that the spherical and rod-like shapes of the HAp NPs showed remarkable less
cytotoxicity as compared with the needle and plate-like shapes of those.®°

The obtained sizes and shapes of the HAp depend strongly on the synthetic route as well
as the synthetic parameters.*® The HAp nanostructures of the spherical shapes with the sizes
of 5-200 um, rod-like shapes with those of 5 nm—150 um, needle-like shape with those of
40 nm—150 pm can be synthesized by diverse methods such as mechanochemical
method,” % hydrolysis method,”*** sol-gel method,”®®" hydrothermal method,”® chemical

d'% and solid state reactions.!®® Nevertheless, the

precipitation method,*® emulsion metho
mechanochemical, chemical precipitation and sol-gel methods frequently result in the

irregular shapes with agglomerations. Within the precipitation method, chemical agents

12
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have been used as the modifiers to control the sizes and morphologies.'®® The most-
reported agents are i) complex ligands such as citric acid,’®'% ethylenediaminetetraacetic

acid (EDTA),"*% tartaric acid or acetic acid,’*"'* ii) organic molecules as amino acids,'*

10111 and surfactants like cetyltrimethylammonium bromide (CTAB).**? For

polymers
example, CTAB has been used as rod-like micelle template. After the addition of the CTAB
into the solution, the bromine ions on the surfaces of the formatted micelle of CTAB are
replaced quickly with the phosphate ions. The precursors reacted with the phosphate ions

on the surfaces of the CTAB micelles formed the HAp nanostructure.™

1.3.2. Heteroelement-Substitution

HAp is a member of the “apatite” that is a general term for crystalline mineral with a
general composition of Mg(ZO4)eX2.*™® The name was taken from the Greek word
“apatite” that means deceit. Many elements could occupy the M, Z and X sites like:

M=Ca, Mg, Sr, Ba, Mn, Fe, Zn, Cd, Pb, Na, K, Al, etc.
Z=P, V, As, S, Si, Ge, COg, etc.
X=F, Cl, OH, O, Br, COg, etc.

The flexibility of the structure of the stoichiometric HAp with the formula
Cai0(PO4)s(OH), allows the substitution of the calcium (Ca®"), phosphate (PO,*) and
hydroxyl (OH") ions by isomorphic anionic and cationic ions.” The amount and size of the
substituted ions will affect the lattice parameters of the unit cell.**® The OH can be
substituted by CI, F, COs, etc, while PO, side can be supersede by COs, SiOa, Ti, etc. The
Ca site can be replaced by several cations, e.g. Mg, Na, K, Sr, Mn, La, Cu, Zn.** The ionic
substitutions will generate a change in the lattice parameters, crystallinity, surface charge,
and morphology. The Zn ion substitution can occur at the Ca(1) and Ca(2) sites. However,
it have been reported that the substitution at Ca(2) site is more energetically favored for Zn
with tetrahedral coordination which produce structural distortion.*? 2

Biological apatite is a non-stoichiometric form of HAp, characterized by Ca** deficiency
but containing trace elements such as cations (Mg®*, Mn®*, Zn**, Na®*, Sr**) or anions
(HPO,* or CO3%). Reports confirm that this substitution by cations can lead advantageous
effects on biomaterial properties, such as the degree of structural order (i.e. crystallinity,

lattice parameters, surface charge, morphology), which have a direct impact in the
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solubility, bioactivity, mechanical properties and thermal stability of the resulted
HAp.'**'?® The most common advantageous effect is obtained with the incorporation of
COs” ion, which constitute 5-8% of apatite in bone, by weight."?® The COs* ion can
replace both OH and PO,> within the HAp structure, termed A-type and B-type
replacement, respectively. B-type replacement is common in bones, and it is an essential
factor in altering the melting point of the biological apatite.’?’*?® Increases in positive
charge with the replacement of PO,> by CO;” are balanced out either by the loss of Ca®*
sites or by the introduction of Na" ions; the name for this type of apatite is calcium-
deficient HAp (CDHA) is greater for biological interest than stoichiometric because the
mineral portion of bone is primarily CDHA partially substituted with carbonate.'?® This has
shown that CDHA plays an important role during the formation and bone turnover.

1.3.3. Biomedical Applications

Nano-sized HAp with enhanced bioactivity, cytocompatibility, mechanical properties
and higher resorbability as compared with the micro-sized HAp,"****? has been widely
applied for the several biomedical applications as shown in Figure 1.5. Among the most
important biomedical applications, bone filling and medical implants,***** bone tissue
engineering scaffolds,™*® bioactive coatings, and composites with antibacterial properties,™’
drug delivery systems,**®**° bioimaging and diagnosis material,****** and biosensor.*?> The
shapes, sizes, crystalline phases and the functional groups are responsible for the surface
reactivity of the HAp (i.e., biorelevant parameters). The cells can incorporate the particles
inside when the particles have the appropriate sizes and charge were up to about 200 nm
and are positively charged.**® The HAp NPs with crystalline sizes less than 100 nm have
the ability to cross the natural barrier and interfaces of the cells and also can deliver drugs
in sites with difficult access sites of delivery, in addition, have the possibility to associate
and can bind with the DNA and proteins owing to the cell structure. The dynamic and
energetic length scales of the HAp NPs match which those exhibited by many biological
processes.*** The interfacial properties of the non-stoichiometric HAp due to calcium and
hydroxide ions deficiency confer a higher solubility and interfacial reactivity, favoring both
the biomolecular adsorption as well as the ion exchange.** For bone regeneration, it is

attempted to synthesize the chemical and crystallographically HAp NPs, which were more
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146,147

effective for promoting cell proliferation and cellular activity, to obtain excellent

cytocompatibility and optimal mechanical properties in terms of hardness, rigidity,
bioresorbability, and biodegradability. *®1%

The cell cultured with the spherical HAp NPs suspension showed better osteoblast
proliferation, cell adhesion, migration and cell-matrix interactions, suggesting that spherical
HAp NPs are more hazardous than needle-like shape particles.****** In vitro studies showed
that HAp NPs with a particle size of 20 nm have enhanced cell viability and proliferation of
bone marrow mesenchymal stem cells and inhibited the growth of osteosarcoma cells.™
The HAp NPs with a diameter of about 50 nm showed the apoptotic action of hepatoma cell
line.™>® For bioimaging properties such as photostability, the cytocompatibility, and
spherical shapes are necessary properties.***

The HAp NPs doped with lanthanide or europium ions are prepared by integrating into
the HAp structure by ion exchange during synthesis for bioimaging applications. These
NPs have the crystalline sizes around 10-50 nm are included in the lattice to endow the
NPs with luminescence moiety and are detected due to the fluorescence caused by an
external stimulus.®>***® This strategy is better than the use of fluorophores since it avoids
inconveniences as poor stability and photobleaching.®” For the antibacterial activity
applications, studies have been done by doping the HAp with metals such as Ag, Cu or Zn,
obtaining a decrease in bacterial growth in all cases.*® However, of these metals, Zn is the
less toxic metal. In the case of HAp doped with Zn, when the Zn was incorporated into the
structure, the NPs decreased in size, which favored the cytocompatibility with the
fibroblasts cells in vitro and increased the antibacterial activity due to the bioresorbability
and biodegradability properties.**® The doping with Zn promoted the proliferation and
differentiation of fibroblast cells as compared with pure HAp.***® The Sr—substituted
HAp showed better cell adhesion and proliferation than HAp, without toxic effects on
extracellular matrix formation and mineralization.'®®

The Rod-like-HAp NPs showed better biomimetic features in bone fillers, promoted the
osseointegration, followed by bone tissue regenerations since the physiological HAp in the
had tissues are rod-like-HAp NPs. Thus, filling the bone with the similar HAp NPs
increases the concentration of bioactive molecules generating the successful

osseointegration in vivo and in vitro."**'%*
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The micropores (around 1-10 pm) and macropores (> 100 nm) have an important effect
in the bone formation. The microporosity is related with the osteoinduction process and
promoted cartilage formation before the osteogenesis,® while the micropores induced
direct osteogenesis.’® It has been reported than pores sizes of 100 pm enhanced cell
spreading and migration, whereas pores of > 300 pm promoted the formation of bone and
capillaries.’® The applications of the HAp NPs are remarkably influenced by their shapes,
sizes, and crystallinity. The spherical HAp NPs can imitate the hierarchical features of the
human bones, which enhanced the cell adhesion, proliferation, differentiation and
osseointegration in vivo.'** The control of these parameters is the fundamental factor to

determine the physicochemical properties and biological activity of the HAp.

Properties of NPs Bio-imaging Medical implant
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=" .J’:; =" Luminescent HAp,,..;% PSR SRR —— Zn:HAp
B L i TEM |mage \
ollagen _ .
NPs are easy to fiber— =) 7
uptake for the cells s - ! - Vo
Cell ———1—' .= b S ] . Antibacterial
HAD BN === . activity
Scaffolds SR & _
o ol > .‘..' 2 Yo Protein
HAp ré T . Y
Lo BN : s o v
7‘_:\<’.Drug - z
NPs have enhanced 1 ——
bone resorption Drug delivery system Protein interactions

Figure 1.5. lllustration of the diverse biomedical applications of the HAp NPs. The NPs are
important for biomedical applications; however, the interactive mechanism is not clear.
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1.4. Design of Biomedical Substrates
1.4.1. Surface Modification

Studies on polymers applied to the medical field began in the 20™ century nonetheless,
at the end of 19507s, the use of polymers in medicine and medical applications was
intensified, since their good cytocompatibility, low toxicity, bio-inert nature, good
mechanical properties as strength, abrasion resistance and flexibility."®®*"* The nature of
the chemical bonds of the main chain of the polymer determines the polymer properties.'’
In the non-degradable polymers, the carbon-carbon bond is chemically and biologically
stable and inert. Nevertheless, the physiochemical properties can be modified by the
oxidation of the carbon backbone, changing the mechanical properties, crystallinity,
hydrophobicity, weight, solubility, chemical composition, melt and glass transition
temperatures of the polymer.* 17

The biodegradable polymers have hydrolytically unstable linkages. In the backbone of
the polymers, the end group contains ester, amide or ether bonds.*”® The functional groups
frequently found in these biodegradable polymers are esters, anhydrides, orthocenters and
amides.'”” Biodegradable polymers, as well as non-degradable polymers have been widely
used in the biomedical applications such as medical devices,'’® sutures,*’" drug delivery

systems,”g*lgz 183,184 185,186

scaffolds for tissue engineering, implants, and organ
regeneration.'®"'# The chemical compositions and structures of the polymer surfaces will
determine the interfacial interactions that take place between the biological media (such as
proteins, cells and tissues) and the polymer substrates.® In order to improve the bio-
interactions, specificity, bio-functionality, bio-recognisability, and cytocompatibility of the
polymers, several techniques have been used for modifying the biomedical polymer
surfaces such as modification of the roughness, the domains or ionic charge, to introduce
functional sites, adsorption of molecules, or making more hydrophilic.*®

The surface modification methods can be divided in two categories; (1) physicochemical
methods alter the atoms and molecules of the polymer surface. Among the most used
physicochemical methods are ion beam etching, plasma etching, corona discharge, ion
beam implantation, ion exchange, UV irradiation, chemical reactions like nonspecific
oxidation, functional group modification, addition and derivatization reactions, surfactant

or hydrophilic polymer immobilization.*** In contrast, it can be raised that (2) coating of the
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2 These methods include

polymer surface with an external hydrophilic layer.*®
photografting, chemical grafting, radiation grafting, electron beam induced grafting,
plasma, gas phase deposition, silanization, gas phase deposition, laser ablation, biological

193 and patterning.'®® These treatments have been used to obtain the functional

methods,
groups at the surface, leading to the increase the energy, lubricity, electrical conductivity
and dyeability at the surface, improve hydrophilicity, introduce surface cross-linking,
remove contaminants or weak boundaries layers.*** Thin surface modifications which only
modify the outermost molecular layer would be ideal in order to do not change the
mechanical and functional properties of the polymer, although the minimum thickness
required depends on the length of the molecule to be incorporated.’® The intermolecular
interactions at the overlayer of the modified region will produce the surface rearrangement
through the diffusion or translation of the atoms or molecules at the surface as a response of
the stresses transmitted from the matrix across the interfaces.*®® If the interactions between
the overlayer and the substrate are not strong, or the surface modification layer is very thin,

surface reversals will occur.t®

Among the surface modification methods, oxygen plasma
treatments have widely been used to form the reactive silanol groups on the surface of the
siloxane component, which increase the hydrophilicity, wettability, characteristic and

cytocompatibility at the surfaces of biomedical polymers including devices or implants.**"

199

One of the most used polymers in biomedical applications is PDMS, due to the low
toxicity, high flexibility, good thermal and oxidative stability, low modulus, anti-adhesive
nature, soft and rubbery behavior, bio-inert, transparency in visible region, and can control

the free volume for the aim of accommodation of metal NPs.2%

Anteriorly, our group has
reported the incorporation amount and state of Au NPs into the PDMS by controlling the
cross-linking degree during the hydrosilylation reaction. The general reaction between the
siloxane oligomer (liquid PDMS) and the siloxane cross-linker for generate the linked
PDMS shows the UV-visible adsorption spectra and photographs of Au-PDMS composite
films containing 2 to 10 wt% of cross-linker to PDMS. In Au-PDMS composite films
containing low cross-linker concentration (less than 4 wt%), the aggregation of Au NPs was
found. The Au-PDMS composite films containing 6 wt% of cross-linker, the Au NPs was

dispersed in the film.?*
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1.4.2. Surface Functionalization

The surface structure of the cytocompatible polymer is able to enhance the protein
adsorption, and then the cells interact with the proteins, leading to the cells to form tissues
on the biomedical polymer. In this manner, it is desirable to tailor the surface of the
biomedical polymer in order to provide a cytocompatible physicochemical environment to
guide the cells to form tissues.?>?*® These specific requirements will depend on the
medical applications. For tissue engineering, it is necessary to give good cytocompatibility,
cell adhesion and biodegradable properties.?®® On the other hand, for drug delivery systems,

it is desirable multi-response properties for intelligent control of drug release.?’

A great
variety of superficial physicochemical properties can be obtained through the surface
modification; however, to obtain specific requirements, it is necessary to functionalize the
polymer surfaces.’®® The surface modification can serve as the bench for the surface
functionalization to improve the properties.?*

Two commonly-used strategies to functionalize polymers can be raised: (1) Functional
groups are introduced into the polymer monomers. Although hydrophilic co-monomers can
be inserted into the pre-polymerization system by chemical functionalization, these
monomers can alter the bulk properties, which is not desirable for the biomedical

applications.'*

(2) Functional groups are introduced into the polymer chain by the further
modification of the prepared polymer.?® Strategies for functionalization of biomedical
polymers including: topographical (surface graft polymerization or thin film deposition by
chemical vapor deposition (CVVD)) and immobilization (such as proteins, nucleic acids, and
carbohydrates).* It has been reported that plasma treatment allows to precise the control of
chemical functionalization and the morphology of the surface of biodegradable and non-
biodegradable polymers, which results in coating with good stability and better
compatibility with the biomolecules and host cells in liquid media (see Figure 1.6).2*#?%
Some cytocompatible polymers exhibit hydrophobic surface, which impairs the desired
cellular response. The functionalization through graft polymerization has been extensively
studied.?*?'" The surface graft polymerization method tailors the properties of the polymer
through the direct introduction of other types of monomers on the polymeric surface

without alteration of the bulk properties.?*°
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Surface modification
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Figure 1.6. Schematic representation of the surface modification of the PDMS by plasma treatment
from hydrophobic to hydrophilic PDMS surface, the corroboration by static contact angle with 2
mL water droplets and the subsequent functionalization by coverage with gamma globulin (yG).

1.4.3. Applications

Hydrophobic polyurethane (PU) scaffolds were modified by grafting hydrophilic
methacrylic acid (AA) monomers (under UV light), resulted in hydrophilic polyurethane
methacrylic acid (PMAA) with better cell compatibility than pure polyurethane (PU).?8%%

By plasma enhanced CVVD (PECVD), the different kinds of polymeric surfaces can form
different types of thin films depending on inorganic coatings such as carbon nanotubes,??
diamond-like carbon,?** Zn0,??? Ti0,,%2 and Sn0,.?** Diamond-like carbon (DLC) has
been used as a cytocompatible hard coating on biomedical polymers, showing higher
flexible properties.””® The amorphous nature of DLC allows incorporating elements like Si,

F, P, Ag and N, which improve the properties of the polymer.?® %%
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1.5.  Mild Coating of Hydroxyapatite Nanoparticles on
Substrates without Chemical Reagents

1.5.1. Electrophoretic Deposition

Artificial bone is one of the most transplanted tissues. For this reason, the interest to
develop new and more cytocompatible inorganic-organic composites is increasing,’
not only because the physicochemical properties of the composites provide the
necessary properties for the bone replacement, but also because the human bone tissues
are the nanocomposites formed by the inorganic HAp (70 mass %) embedded in an
organic matrix composed of collagen (30 mass%) and non-collagenous proteins.?*%2%

The objective of the incorporation of HAp into cytocompatible polymer matrix
enhances the mechanical strength and provides the topographic features to improve the
integrity of implants and the surrounding bone and to stimulate bone tissue ingrowth.?*?
The coating methodology has the advantages to cover porous and irregularly shaped
surfaces and to have control over the thickness.?*® The electrophoretic deposition (EPD)
is a functional coating technique associated with the movement of charged particles in a
liquid, which takes place by applying an electric field. The charged particles of the
suspension can be deposited on the conductive or semiconducting substrate, creating the
uniform particulate film. The film thickness depends on the several factors such as
viscosity, conductivity, zeta potential,?** and particle concentration in the suspension,
deposition time, and applied voltage.?> %" The coverage of some polymers with HAp
has been investigated by EPD using A.C. (alternating current) or D.C. (direct current) in
different alcoholic solvents for the biomedical applications.?®® The advantages of EPD
are the possibility of uniform covering of the substrates with complex shapes, control of
the microstructures, rapid deposition, simple and low-cost techniques, room
temperature and suitability of co-deposition.?®¢2%° A schematic representation of the
EPD process is shown in Figure 1.7. In the suspension, the alcoholic solvent is
adsorbed on the c-plane of HAp to generate the ionic dissociation.?** Thus, the
negatively-charged ethoxide ion and positively-charged HAp particles were formed.
Thus, the positively-charged HAp NPs, dispersed in the alcoholic solvent, move

towards the negatively charged substrates under the influence of the applied electric
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field and the HAp NPs are deposited on the polymer forming the dense particulate
layer.?** The EPD of the HAp-alginate and HAp-Chitosan (CS) composites have been
reported with the uniform coatings at the thicknesses up to 60 pm.****** However, it has
sought to improve the physicochemical properties of the composites through the co-
deposition with the other materials such as bioactive glass, obtaining the bioactive
glass-HAp-alginate and bioactive glass-HAp-CS composite coatings for the biomedical
applications. The film thickness in the range was up to the several micrometers,
although the deposit states were non-uniform because of the use of relatively larger
bioglass particles.?*®

The co-deposition of carbon nanotubes (CNTs) and HAp NPs with the crystal sizes
of 2040 nm has been investigated to obtain the microstructured HAp-CS-CNTSs
composite coatings, indicating the enhanced, mechanical properties (hardness, elastic
modulus and adhesion strength), bioactivity and corrosion resistant properties.?® The
co-deposition of polyether ether ketone (PEEK) and HAp to obtain the PEEK-HAp
composite coatings with approximately 70 um of thickness has been successfully
obtained for the improved bioactivity.?®® The cathodic EPD of graphene (Gr), CS and
HAp on Ti substrate in ethanol suspension resulted in HAp/CS/Gr coatings with the
crystalline domain size of 42.6, 25.1 and 22.0 nm, respectively. The HAp/CS/Gr
coatings showed the improved morphology, thermal stability, and bioactivity by the
incorporation of Gr.?*® Our group has reported the EPD of the HAp NPs doped with Zn
(Zn:HAp) on the conductive silicone (Ti-silicone) to improve the cytocompatibility and
to provide the antibacterial activity. The thickness of the Zn:HAp NP layer was 20-50
nm. It was observed that there was the better adhesion and spreading of the fibroblasts
on the Zn:HAp film doped with 5 mol% of Zn ion (0.5-Zn: HAp).**’
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Figure 1.7. (a) Scheme of the EPD procedure of the HAp NPs in ethanol with a direct current
(DC) of 100V, b) deposition mechanism in ethanol. The positively charged HAp NPs bind with
the negatively charged conductive film by Van der Waals forces. (c) Resultant EPD system.
After ultrasonification only the first layer remains.

1.5.2. Biomimetic Process

The biomineralization (or biological mineralization) is a well-regulated process,
which is responsible for the controlled formation of inorganic materials from agueous
solution in living organisms.?*® The formation of the inorganic biomaterials is
demonstrated by the result of the combination of three physicochemical stages of
supersaturation, nucleation and crystal growth. At the first stage, the inorganic ions in
the supersaturated body fluid start forming the nuclei.*® The surface reactions between
the nuclei develop the aggregation-based crystal growth.?® The interactions between
the aggregates and the ions in the solution generate the formation of stable clusters,
followed by the anisotropic crystals growth and phase transformation from the
amorphous calcium phosphate (ACP) to octacalcium phosphate (OCP). The next step is
the transition from OCP to the well-ordered biological HAp crystals (BAp).»* %2 The
schematic representation of the biomineralization process is shown in Figure 1.8. In the
living body, the osteoblasts secrete a collagen-proteoglycan matrix. This matrix is

important to control the mineralization.?®* The collagen can stabilize the amorphous
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clusters until them becomes HAp and orientates the formation of the HAp along the ¢
axis, which allows to the preferential binding with acidic extracellular matrix (ECM)

proteins on its surface.?*®
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Figure 1.8. Scheme of the biomineralization process. (a) ions in solution, b) nucleation, c)
aggregation, d) amorphous calcium phosphate, the circle shows the Postner cluster unit [Cag(PO4)s]
projected on the ab plane, (e) octacalcium phosphate, projected on the ab plane, (f) HAp, projected

on the ab plane and (g) biological HAp. (Drawing using VESTA (10) from the CIF obtained from
American Mineralogist Crystal Structure Database).

The new technology called "bio-inspired growth" has been sought to emulate the
natural biomineralization process in order to obtain bioactivity and mechanical
properties, which can improve the bio-interactions with the human bone.®®> The
organic-inorganic fusion interfaces can be constructed by placing the polymer in
simulated body fluid (SBF), which is a metastable solution containing the
supersaturated calcium (Ca?*) and phosphate (PO,*) ions. This process is a simple and
inexpensive technique that can coat complex shapes.?®® It has been reported the
synthesis of the nanocomposite with cytocompatibility and similar structures to the
natural bone by the mineralization of nano-HAp on the assembled collagen.?® It has

been observed that the formation of HAp begins by the union between the Ca®* ions and
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the negative ions on the polymer surface. The number and arrangement of the functional
groups in the surface are important factors for HAp formation.?® The higher functional
groups on the polymer produce the higher HAp nucleation rate.®® The nucleation
occurs at the specific sites and the polymer directs the nucleation.?*%?®* As described
above, some functional groups on the surface of the polymers such as silanol groups
(Si—OH),%**%* carboxyl groups (—COOH),*®* and sulfonic groups (—SOzH) can
effectively induce the formation of HAp through the interactions with the Ca?* ions.?®®
The Ca®* ions are the key factor for the HAp coating on polymers.

The control of the deposition and growth conditions of the deposited HAp can be
carried out by changing the composition of the SBF solution. The thickness of the
coated HAp can be controlled by the immersion time.?®® Our group has studied the
biomineralization process to promote the BAp growth from SBF by three different
processes in Figure 1.9. Process 1: the bare (Au, Ti, and HAp) substrates induced the
BAp growth by the immersion. Process 2: the fetal bovine serum (FBS) proteins
preadsorbed on the substrates showed the slight BAp growth, indicating the significant
inhibition of the BAp growth.?®” Process 3: BAp coating technique on tissue culture
poly(styrene) through the film formation by the L-a-phosphatidyl-choline phospholipid
vesicle (PV) was achieved, obtaining the transparent HAp-PV film with the stabilility
against the sterilization treatments, suggesting the cell culture dishes application.?®®
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Figure 1.9. Scheme of the biomineralization process for inducing the biological apatite (BAp)
growth from a simulated body fluid (SBF) by three different processes. Process 1: The bare
substrates induced BAp growth by immersion in SBF while process 2: the fetal bovine serum (FBS)
proteins pre-adsorbed on the substrates showed slight BAp growth, indicating a significantly
inhibition of the BAp growth. Process 3: BAp coating technique on tissue culture poly(styrene)
through the film formation by the hybridization of BAp with L-a-phosphatidyl-choline
phospholipid vesicle (PV).

1.5.3. Other Techniques

It has been observed that the incorporation of HAp into the polymer matrix can
enhance the mechanical properties, increase the roughness and produce topography that
allows to mimics the nanostructure of the bone.?® The most used techniques for the
manufacture of HAp/cytocompatible polymer composites are solvent-solution casting

27
d 0

method, plasma spraying process,?”* electrospinning,?’?  electrochemical

deposition,?”

thermally induced phase separation (TIPS) also known as freeze-drying
method,?’* and pulsed laser deposition.?”® The advantage and disadvantages of the HAp
coating techniques on solid substrates are shown in Table 1.1. The calcium deficient
HAp NPs (d-HAp NPs) dispersed in N, N-dimethylformamide (DMF) were successfully
deposited on PLA by the solvent-casting technique. The d-HAp NPs were
homogeneously distributed on the films and had similar morphology, composition, and

crystalline structure to BAp. The thickness of the PLA/d-HAp nanocomposite film was
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about 0.1 mm. The tensile modulus of PLA/d-HAp nanocomposite film was 2.77 GPa,
which was higher as compared with that of pure PLA (1.66 GPa).?"

The potential toxicity of the solvents is the major drawback of the solvent-casting
technique. The fabrication of nanofibrous (NF) gelatin/HAp composite scaffold by TIPS
technique mimicked the physical architecture and chemical composition of ECM in
natural bone. The NF-gelatin/apatite scaffolds showed significantly higher mechanical
strength and better osteogenic differentiation, suggesting the use in bone tissue
engineering.?’" This technique could present the toxicity due to the used solvents. The
HAp/cellulose nanocomposite films were developed by the incorporation of HAp NPs
with the particle sizes of 20-40 nm into the cellulose matrix in NaOH/urea aqueous
solution and subsequent coagulation with a Na,SO, aqueous solution. The thermal
stability and tensile strength of the HAp/cellulose nanocomposite films were improved
as compared with those of the pure cellulose. The HAp/cellulose nanocomposite films
showed excellent cytocompatibility with non-toxicity.?’”® These techniques to form the
inorganic-organic composites are more innovative, although they have the disadvantage

of being more complicated and with a higher cost.
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Table 1.1. Advantages and disadvantages of the HAp coating techniques on solid substrates.

Technique Thickness Advantages Disadvantages
. . . . Long tim
Electron Coatings with uniform thickness ong time .
Beam and 0.5-3mm . Amorphous Coatings
. Dense coatings
Sputtering
Laser Dense and Porous coatings . .
Ablation 0.05-5 mm Developing Technique
Dynami . . Developing Technique
y _a I High adhesion between the Ping . q
Mixed 0.05-1.3 mm coating and the substrate Expensive
Method g Amorphous Coatings
. i Cheap and Fast High t emperature
Dip Coating  0.05—0.5 mm . . . sintering
Coating different geometries .
HAp decomposition
Coating different geometries .
g g High temperature
Sol-Gel <1 um Low temperatures sinterin
Method H Relatively inexpensive because J .
. ] HAp decomposition
the coatings are thin
No coating complex
geometries
Hot | [ . Elevated temperatures
ot so§tat|c 0.2—20 mm Dense coatings ) .p .
Pressing Differences in elastic
properties
Expensive
Thermal . . .
High deposition rate High temperatures
Spray and 30—200 pum gn dep g P

Plasma Spray

Relatively inexpensive

HAp decomposition

1.6. Bioceramic Cell- Interactive Substrates

1.6.1. Cell-Interactive Bioceramic/Polymer Interfaces

The process of bone tissue formation is called as osteogenesis and is carried out by
two ossification mechanisms: intramembranous (IM) and endochondrial (EC).?”° In the
IM ossification, the mesenchymal stem cells (MSCs) derived from neural-crest are
attached at the bone formation site, and then the MSCs proliferate and condense into

compact nodules and subsequently differentiate into osteoblasts.
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The osteoblasts capture the calcium, carbonate and phosphate ions for the formation
of HAp NPs from the blood and deposit them in the osteoid matrix, and also secrete the
matrix components to promote calcification tissue. In this process, the transcription
factor and morphogenic proteins are expressed.?®® EC ossification is responsible for the
formation of long bones. After the condensation, the MSCs differentiate into
chondrocytes to form cartilage templates that will later be replaced by endochondral
bone. In the growth plate, the extracellular matrix (ECM) is composed of type II, IX, X
and Xl collagen, proteoglycans containing glycosaminoglycans (chondroitin sulfate),
hyaluronic acid, molecular components like matrilines, cartilage oligomeric matrix
protein, among others.?® In the HAp/polymer fusion interfaces, as mentioned in section
4, the HAp provides good osteoconductivity, bioactivity and a cytocompatible interface,
while the polymer contributes with a continuous and flexible structure to obtain the
high surface area and high porosity composites, which allows the anchoring, growth,
and differentiation of cells for bone formation such as fibroblasts.?> However, the
polymer/bioceramic interfacial functions for providing the preferential biomolecular
interactions at the nanoscales were not understood so far.

For the porous composite structures, the study of the interactions between the
HAp/bio-inert polymer and the cells is carried out using in vitro cell culture models.
One of the most important states for the cells/fHAp/polymer interactions, which can be
called “bio-fusion materials”, is the characteristics of cellular adhesion.?®® It has been
reported that the chemical compositions, crystallinity, topographical structures, particle
sizes and surface properties can directly affect the cell adhesion, proliferation, and
differentiation.?®* The topography of the composites promotes the adsorption of specific
proteins, which affects the cellular characteristics. The surface roughness can induce the
cell adhesion, and proliferation.”® It has been demonstrated that the pore
interconnectivity, pore size, and total porosity are important factors for cellular
attachment, proliferation and nutrient. If the pores are very small, cell migration is
difficult, which generates the cellular encapsulation around the implanted composite.
The limited diffusion of nutrients and the reuse of waste cause necrotic regions. If the
pores are very large, the surface area decreases, which hinders cell adhesion. The pore

size determines the number of struts and ligands available for cell adhesion.?® In the
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composites, the pores diameters of 186200 um can transport nutrients and metabolites
and ingrowth blood vessels, while the pore diameters of 10—100 um to take nutrients
and throw waste and ingrowth capillaries.”®’ It has been reported that the osteoblastic
cell could be attached easily to the HAp coated surface, allowing osteoids formation
with chemical and biological interactions between the implanted composites and the
bones,?®® indicating the importance of the HAp surface properties.

It has been studied the initial attachment of human osteoblasts (HOBs) on poly(e-
caprolactone) (PCL) and PLA as the matrix for compositing two HAp particles of (a)
50-um-sized and sintered (HApso) and (b) submicron-sized (HAPs). After the cell
culture for 4 h, the cells on the PLA/HAp composites showed a higher degree of
cellular spreading than the case on PCL/HAp. The cells on PLA/HApso and PCL/HAPpso
with the rough macro-textures exhibited more elongated morphology than those on the
composites with HAPs. After the 24 hours, the cell activity on PCL/HAp and PLA/HAp
composites was remarkably higher than the case on the pure polymers films. The “point
exposure” of the HAp provides suitable composites for controlling the cell density on
implant surfaces.”® It was reported a synthetic HAp/collagen composite with the
similar composition and structure of natural bone. In the in vivo and in vitro studies of
the biological reactions, the composites were resorbed by the osteoclasts through
phagocytosis and also promoted the adhesion of osteoblasts to form a new bone in the
surrounding.?®® Our group achieved the microstructures of HAp NPs composited with
SU-8 polymer micropatterns by a nano/microfabrication technique and studied the
interfacial phenomena of hepatocytes. The hepatocytes interacted and promoted the
cellular aggregation and then preferential adhesion on the HAp NPs sites. The
preferential adhesion was observed by a quartz crystal microbalance with dissipation

(QCM-D) technique and optical microscope.?*

1.6.2. Control of Cell-Protein-Hydroxyapatite Interfacial Interactions
The cell adhesion, proliferation, migration, differentiation and survival can be

modulated by the ECM proteins. The ECM can influence diverse types of cells such as

osteoblast, osteoclasts, osteocyte, and bone linings cells.?”® The ECM can be constituted

by several constituents like arginine-glycine-asparagine (RGD), peptides such as
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collagen (Col), laminin, fibronectin (Fn), vitronectin (Vtn).?** The numerous in vivo
studies showed that the implanted materials are immediately covered by the interstitial
fluids and blood proteins, indicating the importance of the adsorbed proteins for the
initial interaction.®® In particular, the fibrillar proteins such as Fgn and Vtn favor the
adhesion and migration of cells.”®* The attachments of the cells can occur via the
integrin-mediated receptor, followed by the clustering of transmembrane receptors to
start the signaling cascade and finally regulate the attachment and the characteristics of
the cells, leading to the improvement of the environment for cellular interactions (cell-
cell and cell-material).?**?%® The way in which the proteins are adsorbed causes the
specific cellular reactions to the underlying physicochemical properties of the
material

To control the cell function, it is necessary to clarify the ECM protein absorption
because the structural organization of the proteins can result in the different initial
interactions with the cells.?®” The adsorption of proteins depends on the surficial
properties like free energy, wettability, roughness and charge. The porous HAp
improved protein adsorption and provided the better viability as compared with the case
by the dense HAp.?®

The water molecules from the solvents can be absorbed on the HAp surface to form
the hydration layers, which has a great influence on the three-dimensional arrangement
of the proteins. The interactions between the HAp NPs and the proteins are strongly
influenced by the water at the interface (i.e., hydration layer), suggesting that the
hydration layer plays an important role in the determination of the structure, dynamics
and bioactivity of the proteins.?** %" Here, the strength of surface hydration is mainly
determined by the physicochemical properties of the HAp NPs. The hydration layer
causes a steric repulsion when the proteins approach to the surface for the unfavorable
decrease in entropy. In the polymer research field, the interfacial water can be classified
into three categories: (a) non-freezing water which plays an important role in the
cytocompatibility, (b) intermediate water which prevents that the proteins have a direct
contact with the surface, and (c) free water that behave as the bulk. The non-freezing
and intermediated water can be defined as bonding water, because these are the ones
that affect the ability of protein binding with the HAp. (see Figure 1.10).29%3% The
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negative- and positive-charged ions of the HAp NPs can bind with the water molecules,
and the hydration layer could increase the nonspecific protein adsorption.?* Although
the water—protein interactions are crucial for the protein structural stability, functional
dynamics and biological responses.®® The phenomena at the interface are not fully
understood in the bioceramic research field. In the previous reports about the

hydration,*®’

the possible schematic representation of protein adsorption on HAp is
shown in Figure 1.11. In the beginning, the hydrated Fgn interacts with the hydration
layer with possible dehydration. Then, the Fgn absorbs on HAp occurs, when the aC
domain of the positively-charged Fgn interacts with the negatively-charged phosphate
ions and hydroxyl groups of HAp. Because of the Fgn saturation and the Fgn-Fgn
hydrophobic interactions, the adsorbed Fgn change the conformation from “side-on” to
“end-on” in Figure 1.11(a). The adsorption model of albumin (Ab) could be “side-on”
at the initial adsorption region at the monolayer. The positively-charged calcium ions
on the HAp effectively bond with the imidazole and carboxyl groups of the Ab. The
nonfreezing water could suppress the denaturalization of the adsorbed proteins,

suggesting the concept of “bio-fusion interfaces” as shown in Figure 1.11(b).3%®

Suggested hydration layers |I Protein adsorption
Free
v 'water L 4 .
v o  Protein
v o D ¢
ntermediate v '0
water Bonding
/;_-I’]"-'Fmﬂ—-Non_. water
HAp NPs I Eiginef substrate  freezing |
water

Figure 1.10. Scheme of the possible HAp NP interfacial interactions related with the suggested
hydration layer and the consecutive protein adsorption.
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(a) Hydrated gy8a
Fgn
Water
HAp NP
 Side -on
(b)

Hydrated ¢
Ab

Biopolymer
Side - on

Figure 1.11. Possible schemes of the protein interactions with the hydration layer on the HAp
surface during the protein adsorption. (a) In the beginning the hydrated Fgn interacts with the
hydration layer with possible dehydration. Then the Fgn absorbs on HAp. Finally, conformational
change from “side-on”, at initial adsorption region t0 “end-on” at saturated adsorption region. (b)
The adsorption model of Ab could be “side-on” at initial adsorption region and also at the
monolayer. The nonfreezing water could suppress the denaturalization of the adsorbed proteins
suggesting fusion interfaces.

Several HAp/polymer/cell interactions have been studied to improve the bone tissue
regeneration and to control cell adhesion. HAp bonded with insulin was incorporated in
PLGA to obtain insulin-HAp/PLGA composites. The in vitro studies showed the better
cell adhesion and differentiation with an accelerated osteogenesis on the insulin-
HAp/PLGA composites as compared with the case on HAp/PLGA and pure PLGA,
suggesting its possible application as an artificial bone for implantation and as scaffolds
for bone tissue regeneration.®® In vitro, the cellular response of HOBs to the HAp
roughness was studied. With the increase in the roughness increased the adhesion,
proliferation and detachment strength of the cells. The detachment strength could be
due to the specific adsorption of serum proteins such as Fn. The substrates pre-adsorbed
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with Fn have resulted in a high detachment strength.**® Previously, our group
investigated the interfacial phenomenon between the pre-adsorbed protein layer and
cells on HAp and oxidized polystyrene (PSox) by Voight-based viscoelastic model.
With the increase in the cell adhesion, the interfacial layer was changed from elastic to
viscose.

The cells on the pre-treated HAp showed the rough fibrous pseudopods, whereas the
pseudopods on the pre-treated PSox were particulate, suggesting the change in the
cytoskeleton and ECM.3*312 Our group observed the change in the arrangement of the
ECM and the cytoskeleton at the interfaces due to the interactions between the cells and
the proteins. The first interfacial phenomenon was carried out by the pre-adsorption of
Ab, Fn and Col, followed by the adsorption in FBS and finally the cellular adhesion of
osteoblasts. The Col adsorption had the higher elasticity and viscosity than the cases in
the Fn and Ab adsorption. The Fn and Col formed the viscous interfacial layer and cell
adhesion to exhibit the elongated cellular shapes with fibrous pseudopods, contrary to
the modification of Ab that had the round shapes Figure 1.12 (a) showed the scheme of
the evaluation for the effect of different pre-adsorbed proteins on the interfacial
phenomenon during the initial adhesion of the osteoblasts by the analyses with QCM-D
and confocal laser scanning microscope (CLSM). The results of the cellular
morphologies adhered on the pre-adsorbed proteins on HAp were shown in Figure 1.12
(b) on the adsorbed FBS, (c) on the adsorbed FBS-Fgn, (d) on the adsorbed FBS-AD,
and (e) on the adsorbed FBS-Col,*'® suggesting the experimental proof of the
protein/bioceramic fusion interfaces for the cell activation. The use of HAp/polymer
composites depends on the mechanical requirements of the application. The rigid
polymer substrates can be used for the bone replacement or implanted to provide the
structural support or as tempered for bone regeneration, while the soft polymer
substrates can be used to replace cartilage, tendon, or to build blood vessels or
catheters.
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Figure 1.12. Scheme of the evaluation of effect of interfacial phenomena between the proteins and
the osteoblast-like cells at initial adhesion of the cells adhered on (a) fetal bovine serum (FBS), (b)
FBS-AD, (¢) FBS-Fn, and (d) FBS-Collagen adsorbed on the HAp.

1.7. Purpose of This Study

In this study, the control of the shape and size of the HAp to obtain rounder HAp with
nanoparticle size in order to control the cytocompatibility and the subsequent thin film
formation without using toxic reagents was achievement trough two strategies. The first
strategy was by the use of nonionic surfactant assistant synthesis to obtain HAp NPs with
elliptical shape (E-HAp NPs) for enhance the cytocompatibility of the particles. In order to
understand the HAp films-protein interfacial interactions and the relationship of the HAp
films—Protein—Cell interfacial interactions were investigated in order to control the
cytocompatibility with the cells. The second strategy was achieved by the incorporation of
ions (Zn and carbonate ions) in the HAp structure to obtain NPs with rounder shape. The
Ca ion is substituted by the Zn ion to obtain (Zn:HAp NPs) with rounder shape and higher
cytocompatibility and with antibacterial activity. The Phosphate ion substitution by
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carbonate ions to achieve a carbonate containing HAp NPs (CHAp NPs) which is a material
with excellent good cytocompatibility and biodegradability, due to the similarity with the
HAp contained in the human bones and teeth. Nano-sized particles to fill the interspace
between the silicone rubber and the cells and the bacteria can no longer permeate through
the interspace and cannot cause bacterial infection. Development of a fixation technique
without chemical reagents (e.g., Use of electric field, plasma treatment, thermos-
compression). No silane coupling agents because are cytotoxic. The HAp
Films—Protein—Cell interfacial interactions were investigated with the purpose of
understands these interactions. The schematic representation of the scope of this study is

shown in Figure 1.13.

Coating technique Interfacial interactions

i Enhanced
New synthetic Protein adlayer

technique Chapter2 c.ytocompatlblllty
Elliptical HAp NPs Fibroblast =~
il I
— 'w.-_

Composite : "
Interface | ¥ Clarify the interfacial interactions

-

' N

< >

| -, - - i~
FL vy
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Chapter3

Bioinert substrate

Ti-PDMS

Figure 1.13. Scheme of the purpose of this study. New synthetic technique of elliptical HAp NPs
to obtain self-assembled bioinert-bioactive composite films by coating technique and study their
interfacial interactions for biomedical devices applications.

1.8. Contents of This Thesis

In this thesis was investigated the relationship between the cells the HAp NPs and how
this relationship is modified by the modification of the shape and size of HAp NPs as

shown in Figure 1.14.
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The thesis contains four chapters. In Chapter 1: “General introduction” it was suggested
that the surface modification of bioinert materials like Au and PDMS with HAp, is
necessary in order to improve and control the cytocompatibility, due to the
crystallographically and chemically similarity of the HAp with the components of human’s
hard tissues (bones and teeth). Importantly, naturally-formed HAp is not absolutely pure
and has some impurities of ions (Zn**, Mg®*, K*, etc.). The incorporation of these ions
improves the cytocompatibility and in the case of the Zn ion will provide also an
antibacterial property. The shape and size are important factors that affect the absorption of
the proteins and as a consequence the cell adhesion, it was reported than nano-sized and
rounder shape had better cytocompatibility. However, the mechanism is still unknown. The
investigations of the interfacial interactions between the HAp NPs—Protein—Cell are
required to design medical devices which enhance cytocompatible properties.

In Chapter 2: “Study on Preparation of Elliptical Hydroxyapatite Nanoparticle Films
and their Protein Mediated Ability for Cell Adhesion” the use of nonionic surfactant
(ChEO3s) allows controlling the shape of the HAp NPs, leading the formation of the
E—HAp NPs. EPD method was used to deposit the E-HAp NPs substrate to obtain the
E—HAp film. The shape and size of E-HAp NPs of the film play an important role in the
hydration layer structures due to the different Ca/P ratio exposure. The hydration layer
structure ratios had a direct impact on the Fgn adsorption and conformation. A comparative
study of the adsorption mechanism, interfacial interactions, and conformation of adsorbed
Fgn were studied. Fgn—surface interactions showed a higher affinity for E-HAp than for
the traditional synthetic process of HAp with Neddle-like shape (N—-HAp) and Au substrate.
Therefore, the biomaterial physicochemical properties affected the protein conformation
and orientation upon the adsorption states through the specific surface protein interactions,
and subsequent cell adhesion and spreading. The E-HAp film leads the formation of
effectively bioactive surfaces, which promote the cellular adhesion with higher production
of collagen type I.

In Chapter 3: “Preparation and Biological Evaluation of Nanoparticle Zinc-substituted
Hydroxyapatite Films” the Zinc-substituted HAp NPs were synthesized by a wet chemical
method. In the method, the initial (Ca+Zn)/P ratio of 1.67 (Zn:HAp) and 2.00 (Zn:CHAp)
were adjusted from the reagents (CaCl,, ZnCl,, and K,HPQO,) to resultantly form the
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stoichiometric and carbonate HAp NPs, respectively. The initial ZnCl, was changed as the
dopant concentration of Zn/(Ca+Zn) = 0.0, 2.5, 5.0 and 10 mol%. An EPD at the optimized
voltage of 100 V was used for the surface modification of biomedical polymers. All the
particle films electrically plated on a Ti-PDMS substrate demonstrated no cytotoxicity. The
hydration layer structures was studies on the Zn:HAp and Zn:CHAp films. Comparative
studies of the interfacial interactions of adsorbed fetal bovine serum (FBS) were studied.
Moreover, the nanocrystalline Zn:HAp and Zn:CHAp films were summarized to provide
good cytocompatibility as well as antibacterial properties on biomedical polymer surfaces,
suggesting useful catheter surface modification technique. Nevertheless, Zn:CHAp films
significatively provided the bioactive properties for fibroblast ingrowth, suggesting the Zn
and carbonate ions effect on the cytocompatibility.

In Chapter 4: “Summary”, in this chapter it is summarized the HAp films-hydration
layer structures-protein-cell interfacial interactions. It is expected that the new synthetic
technique of HAp film can be applicable for medical devices with enhanced

cytocompatibility.

Shape-controlled NPs
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Figure 1.14. Scheme of the contents of this thesis, showing the synthesis of the HAp by general
method to obtain N-HAp NPs. Control of the shape by surfactant-assistant method using ChEQOs to
obtain E-HAp NPs, and carbonated-substituted HAp methodology to obtain Zn:CHAp, and zinc-
substituted HAp in order to obtain Zn:HAp NPs and the study of the relationship between
HAp—Hydration layers—protein—fibroblast interfacial interactions.
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Chapter 2

Study on Preparation of Elliptical Hydroxyapatite
Nanoparticle Films and Their Protein Mediation Ability
for Cell Adhesion

2.1. Introduction

Hydroxyapatite [(Ca;o(PO4)s(OH),), HAp] is a non-toxic, bioactive and
osteoconductive material, highly valuable for biomedical applications due to its
compatibility with the human body as a result of its similarity to the composition of
human hard tissues."’ It is well known that the physicochemical properties in
biomedical fields mainly depend on the appropriate stoichiometry, shape, morphology
and size of the HAp particles. Previous studies have reported that the HAp
nanoparticles (NPs) exhibited enhanced resorbability and higher bioactivity as
compared with the case of microparticles.® '* Therefore, the behavior of the HAp NPs
in the body depends on their microstructure and shape. It has been reported that HAp
NPs with irregular shape causes inflammatory reactions in soft tissues and the bone
formation was slower as compared with the case of the spherical HAp NPs, suggesting
that the use of rounded and smooth particles is preferable for filling tissue defects.!' ™"
The spherical HAp NPs can contribute to the cell migration and extracellular matrix
(ECM) growth through the vacancies that were formed between the particles.'*"
Another advantage of the spherical particles is that they bear no risk for irritation or

16,17

damage of mucosal layers of the cells. The spherical microsized-HAp particles

have been synthetized by a micro-emulsion method with the use of surfactants.'®"
Among the surfactants, polyethylene glycol, triethanolamine (TEA), ethylenediamine
tetra-acetic acid (EDTA), sodium dodecyl sulfate (SDS), sodium dodecylbenzene
sulfonate (SDBS), cetyltrimethylammonium bromide (CTAB) and (2-ethylhexyl)
sulfosuccinate (AOT) have been the most commonly used.”’ The disadvantage is that
this method uses a large amount of oil and surfactant, and these phases cannot be

recycled. The spherical microsized-HAp particles were synthesized in water-in-oil

micro-emulsions consisting of cyclohexane as the oil phase, and a mixed
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21,22

poly(oxyethylene) nonyl phenol ether as the surfactant. In contrast to the mentioned

above method, the aqueous phase is the major phase in the emulsion, which can be formed
by a small amount of oil and surfactant phases.?***

When a biomaterial is implanted in the human body, the proteins in the biological
solution are adsorbed immediately on the biomaterial surface.*° During the interaction of
the biomaterial with the biological environment, the proteins adsorbed on the surfaces
determine the cytocompatibility of the biomaterial. The adsorbed proteins play an important
role in the cell adhesion, grow and proliferation.’’?®* A quite numbers of studies have
clarified the factors involved in the adsorption layer (adlayer) of the proteins on the surface.
Several factors such as surface chemistry, charge, domain size, curvature, topography and
wettability of the biomaterials affect the protein adsorption. The changes in the underlying
chemistry could cause an alteration in the protein adlayer and affect directly the
conformation and orientation of the protein, and therefore, the cell adhesion.” !

The cell adhesion is dominantly influenced by the fibrous glycoproteins of ECM, which
are fibrinogen (Fgn), collagen, elastin, fibronectin (Fn), laminin, vitronectin (Vtn),

323 Fon is a major plasma glycoprotein coagulation factor.

thrombospondins, and tenascins.
This structural glycoprotein facilitates adhesion, spreading and aggregation of the cells,
which are important properties in the hemostasis process.***> The adsorption amount and
state of Fgn on the cytocompatible materials such as HAp NPs and Au NPs are an
important parameter for improving the cell adhesion on the biomaterial surfaces.*®"’
Diverse techniques have been used to obtain information on the rate and amount of
adsorbed Fgn to determine the surface-bonding interactions and structures. Some useful
techniques are the circular dichroism (CD), grazing angle Fourier transform infrared
spectroscopy (GA-FT-IR), fluorescence and electron spin resonance with spin labeling,
quartz crystal microbalance with dissipation (QCM-D), atomic force microscopy (AFM)

and surface plasmon resonance (SPR).**™*

Although the Fgn adsorption has been studied
extensively focusing on the adsorption amount of Fgn, the protein—biomaterial interactions
have not been completely understood yet. Thus, the investigation of the interactions
between the HAp NPs and the proteins can provide the basis for the biological reactivity.
The interactions between the HAp NPs and the proteins are strongly influenced by the

water at the interface (i.e., hydration layer), suggesting that the hydration layer plays an
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important role in the determination of the structure, dynamics and bioactivity of the
proteins.4346 Here, the strength of surface hydration is mainly determined by the
physicochemical properties of the HAp NPs. The hydration layer causes a steric repulsion
when the proteins approach to the surface for the unfavorable decrease in entropy. In the
polymer research field, the interfacial water can be classified into three categories: (a) non—
freezing water which plays an important role in the cytocompatibility, (b) intermediate
water which prevents that the proteins have a direct contact with the surface, and (c) free
water that behave as the bulk.*”*® The negative- and positive-charged ions of the HAp NPs
can bind with the water molecules, and the hydration layer could increase the nonspecific
protein adsorption.”” Although the water—protein interactions are crucial for the protein
structural stability, functional dynamics and biological responses,’® the phenomena at the
interface are not fully understood in the bioceramic research field.

In this study, the synthesis of the well-controlled elliptical HAp NPs (E-HAp NPs) in
the presence of non-ionic surfactants [poly(oxyethylene) cholesteryl ethers, ChEO;5] were
investigated. The deposition of the synthesized needle—like HAp (N-HAp) and elliptical
HAp (E-HAp) NPs on Au substrate surfaces were performed in order to clarify the
hydration structures and water—protein—cellular interfacial interactions of the film surfaces.
SPR comparative studies for the Fgn adsorption on E-HAp, N-HAp and Au NP films were
performed to clarify the bonding affinity and conformational changes of the Fgn adsorbed
on both surfaces. The changes of the secondary structures of the protein (Fgn) adsorbed on
E-HAp, N-HAp and Au NP films were also determined based on the deconvolution

technique of the amide I band in the infrared light absorption spectra.
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2.2. Experimental

2.2.1. Materials

Dipotassium hydrogen phosphate (K,HPO4, 99.0 wt%), calcium chloride dihydrate
(CaCl*2H,0, 99.0 wt%), 20 vol% of tetramethylammonium hydroxide aqueous solution
(TMAOH: (CH3)sNOH) and ethanol (C;HsOH, 99.5 wt%), formaldehyde (37 vol %) as
special grade chemicals were purchased from Wako Chemical Co., Ltd. The
poly(oxyethylene)cholesteryl ether (ChEO;s: Cy7H4s(OCH,CH;)15) as special grade
chemical was purchased from Nihon emulsion Co., Ltd. The molecular structure of the
ChEO;sis shown in Figure 2.1. The fibrinogen (Fgn: Calbiochem Co., Ltd, Mw.: 340 kDa)
were dispersed in phosphate buffer saline (PBS: DS Pharma Biomedical Co., Ltd) with the
jons (K": 4.15 mM, Na": 153.09 mM, HPO,*": 9.57 mM, CI: 139.57 mM). The molecular
structure of Fgn is shown in Figure 2.2. Fetal bovine serum (FBS: JRH biosciences Co.
Ltd., model number: 12603C), Dulbecco’s minimum essential medium (DMEM: Aldrich-
Sigma Co. Ltd.) and 0.05 w/v% trypsin-0.053M-EDTA (Wako Co. Ltd., No. 204-16935)
were used. Fibroblast NIH3T3 cells (RCB1862) were provided by Riken Bio Resource
Center. A plastic cell culture flask with an area of 75 ¢cm® was purchased from BD
Bioscience. A polyclonal rabbit antimouse collagen type I R2 chain (sc-28654) and
fluorescein isothiocyanate-labeled goat antirabbit immunoglobulin G antibody (FITC-
labeled IgG, F2765) were purchased from Santa Cruz Biotechnology and Invitrogen

(VSA), respectively. All chemicals were used without further purification.

b
<
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Figure 2.1. Molecular structure of ChEO;s. The Phase diagram of the binary water/ChEO;s shows

Hydrophobic

that at the synthesis temperature the ChEO,s is in the micellar phase, forming spherical micelles
with an approximate length of 13 nm.
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Fgn molecule

D domain Molecular mass: 340 KDa
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Figure 2.2. Molecular structure of Fgn. The aC domains are positively charged, the D and E
domains are considered as hydrophobic domains. However at neutral pH, the D domain can be also
negatively charged. The Fgn has a molecular mass of 340 kDa and an isoelectric point of 5.5. The
size of the Fgn is 9 x 45 x 6 nm.

2.2.2. Synthesis of Elliptical HAp (E-HAp) NPs
In this study, the elliptical HAp NPs (E-HAp NPs) were synthesized as follows. ChEOs

(3.0 mmol) was dissolved in ultrapure water and then K,HPO, (3.0 mmol) was added into
the dissolution. The aqueous solution containing CaCl,*2H,0 (5.0 mmol) was dropped into
the ChEO,s/K,HPO, solution at the flow rate of 1 mL/min, 40 °C. The solution was
refluxed with continuous stirring at 60 °C. After 24 hours, the pH value was adjusted to be
13 using TMAOH, and the temperatures was increased to 80 °C. The solution continued at
refluxed with continuous stirring for 3 h. The solution was centrifuged (10000 g, 5 min,
4 °C) to obtain the sediment solid product, which was washed with ethanol and ultrapure
water 2 times. The product was dried at 90 °C for 24 h, obtaining the E-HAp-bef NPs. As
the reference, the sample without ChEO;s was synthesized and defined as needle—like HAp
NPs (N-HAp-bef NPs). These samples were calcined at 250 °C for 3 h and subsequent at
550 °C for 6 h to obtain the E-HAp and N-HAp NPs.

2.2.3. Formation of E-HAp NP Films

For the formation of HAp NP film, the deposition of the HAp NPs samples, “E-HAp
and N-HAp NPs without calcination”, on the Au substrate (GE Healthcare Life Sciences
Co., Ltd.) was performed by an electrophoretic deposition (EFD) based on our previous
report.> Before the deposition, the sensor was cleaned by UV/O; treatment (ASUMI
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GIKEN, Limited, ASM401N, Xi=185 nm and 254 nm) for 5 min. The ethanolic suspension
containing 1 wt% of the HAp NPs was ultrasonically agitated for 15 min to remove the
hybridized surfactant and be stably dispersed in the solution. The deposition was conducted
by the applied DC voltages of 100 V/cm for 1 min, followed by the ultrasonication in 20
mL of ethanol for 1 min and were subsequently washed by 20 mL of ethanol. As the
reference, the Au substrate without coating was used in this study. For the FT-IR
measurement, 35 pL (cm? of substrate area)™ of the ethanolic suspension containing 0.1
wt% of the HAp NPs (“E-HAp and N-HAp NPs without calcination”) was spin-coated
(6000 rpm, 10 s) on the Si (100) substrate (Mitsubishi Materials Trading Co., Ltd.). As the
reference, the Si (100) substrate without coating was used. These thin films formed on the
metallic substrates were dried at 100 °C for 12 h and calcined at 250 °C for 3 h.

2.2.4. Preparation of Fibroblast Suspension and Their Culture

Mouse embryonic fibroblast NIH3T3 cells (RCB1862), provided by Riken Bio
Resource Center, were cultured in a plastic cell culture flask with an area of 75 cm? (BD
Bioscience, USA) containing 15 mL of Dulbecco’s modified Eagle’s medium (DMEM:
Invitrogen Co.,Ltd.) supplemented with 10 vol% fetal bovine serum (FBS: No. 12603C,
SAFC Bioscience Co.,Ltd.) and 1vol% penicillin/streptomycin. The fibroblast cells were
cultured at 37°C, in a humidified atmosphere of 5% CO, environment, and were
subcultured after 7 days wusing 1 mL of 005 w/N% trypsin-0.053 M-
ethylenediaminetetraacetic acid (trypsin-EDTA: No. 204-16935,Wako Co., Ltd.) for 10 min
at 37 °C. After being washed with 15 mL of PBS, the cells were homogeneously dispersed
in 15 mL of PBS, and were separated by centrifugation (2000 rpm, 2 min), and dispersed in
15 mL of 10 % FBS/DMEM. The centrifugation and dispersion were carried out twice. The
number of cells in the suspension was counted and adjusted at the desired seeding density

in subsequent procedures.
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2.2.5. Characterization of E-HAp NPs
2.2.5.1. Basic Evaluation of E-HAp NPs

The elemental composition was determined by an X-ray fluorescence analysis (XRF:
ZSX Primus Il, Rigaku, Co., Ltd. Japan). The XRF analysis was performed using a sample
pellet which was made by pressurizing sample powder without dilution. The fundamental
parameters of the software (EZ scanning program, Rigaku, Japan) were obtained using the
semi-quantitative analysis method. All the measurements and data analysis were conducted
using the software. The infrared spectra were recorded on a Fourier transform infrared
spectrometer (FT-IR: JASCO Co., Ltd., FT/IR-4600ST). The FT-IR spectra were
measured with pellets containing KBr. The weight ratio between sample powder and KBr
was 1:10. All the spectra were recorded after subtracting the background spectrum of
pristine KBr. The spectra were obtained wavelength range of 4000-400 cm™ with an
accumulation time of 128 and a resolution of 2 cm™.

X-ray diffraction (XRD) patterns were recorded with a powder X-ray diffractometer
(Smart Lab, Rigaku Co., Ltd., Japan) with an X-ray source of CuKa line (A = 0.15418 nm),
a voltage/current of 40 kV/30 mA, scan speed of 5.0° min and sampling width of 0.01°.
The primary optics is equipped with soller slits (0.04 rad), a divergence slit (1°) and a
scattering slit (1°), and the secondary optics is equipped with a receiving slit (0.1 mm),
soller slits (0.04 rad), a graphite monochrometer and a detector. The present phases were
determined by comparing the X-ray patterns with hydroxyapatite (JCPDS 9-432) standard.
The lattice parameters were determined by Rietveld refinement of the diffraction profiles
with a PDXL program. The crystallographic characteristics of the crystals can be
determined from the X-ray diffraction’s data. For the hexagonal cell parameters “a” and “c”
of the crystallographic system of HAp, the relationship between the distance, “d”, of two
adjacent net planes and the (hkl) Miller indices of the reflection planes, is given by the

Bragg’s law, EqQ. (2-1).

1

d= (2-1)

g*hz+hk+k2 +£
4 a? c?
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The crystalline sizes were estimated using the Scherer equation as shown in Eq. (2-2),
where Dy,;,; indicates the crystalline size, A is the x-ray wavelength (0.15418 nm), S is the
full-width at half-maximum (in radians) of 200, 002 and 300 diffraction, 0 is the diffraction
angle (Bragg’s angle, degree), and K=0.89.%

KA
Dpp = Beoso (2-2)

According to Scherer's equation, crystalline sizes (Do, and Dsp0) were calculated from
the half width of the 002 and 300 diffractions.

For the determination of the surface properties, the glass sample holder tubes were filled
with the 100 mg of E-HAp and N-HAp NPs. Prior to the measurement, the NPs were dry
and degassed under vacuum at 120°C for 4 h using a pretreatment device (BELPREP-vacll,
Microtrac/BEL Co., Ltd., Japan). For each NPs sample, the measurements were performed
3 times after conducting a 3-min leak check to ensure data reproducibility, sufficient
sealing and complete drying of the specimens. The specific surface area (Sger) and pore
size distributions were determined through nitrogen (N,) adsorption and desorption
instrument (BELSORP-minill, Microtrac/BEL Co., Ltd., Japan). The films was analyzed
under N, conditions, 77 K, the adsorption relative pressure upper limit of 0.99, and
desorption relative pressure lower limit of 0.05. The Brunauer-Emmett-Teller (BET)™
surface areas and Barrett-Joyner-Halenda (BJH)>* pore sizes distribution were applied to
the analysis. These calculations were performed with the calculation software
BELMASTER (TM) manufactured by Microtrac/Bel Co., Ltd.

The BET theory is for explain the multi-layer adsorption of gas molecules on a solid
surface and is considered as an expansion of Langmuir equation, which is for the single

layer gas adsorption. The BET equation can be described as:

P 1 c-1 P
= + * —
V(Po—P) VmC V€ Py

(2-3)

By plotting the P/v(P, — P) against the P/P,, a straight line is obtained, where the
slope is (C — 1)/V,,,C and the intercept is 1/V,,,C. In the equation (2-3) P is the pressure
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of the gas, P, is the saturation pressure of the gas, V},, is the volume of the gas necessary to

. (q1-a2) . .
form a unimolecular adsorbed layer, and C = e o /RT, where g, is the heat of the first
adsorption layer, and g, is the heat of the liquefaction, R is the gas constant and T is the
temperature. This graph is used to obtain the specific surface area, substituting V;,, in
equation 2-4:

v
Sper = 222114 * Ky * S (2-4)

Where K, is the Avogadro’s number. Since the cross-sectional occupied area occupied
by the adsorbed of nitrogen at the liquid nitrogen temperature is 0.162 m? s can be

calculated as:
s =435xV, (2-5)

The BJH method was used for calculate the pore size distributions from experimental

isotherms using the Kelvin model of pore filling (eq. 2-6).

_ __ —20Vcos0O

~ RTIn(P/Py) (2-6)

Here, 1, is the pore diameter, 7, is the pore diameter where the capillary condensation

occurs, t is the he thickness of the multilayer adsorption, o is the surface tension of liquid

nitrogen, and @ is the contact angle, V is the liquid molar volume of nitrogen. This
technique was developed for porous adsorbents with a wide range of pore sizes. The theory

can be summarized as (eq. 2-7):

V-V, = f:; T (r—t)2L(r)dr (2-7)
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Where V is the total volume Vx is the volume of gas adsorbed at saturation pressure,
L(r)dr is the total length of pores whose radii is between r and r + dr. rp, is the radius of
the largest pore still completely filled with liquid adsorbate at any pressure.

The determination of the particle size and the volume distribution of the
nanoparticles, was measured by the nanoparticle gNano multi-analyzer (Meiwafosis Co.,
Ltd., gNano), which is based on the electric resistance nanopulse method.>>*® The E-HAp
and N-HAp NPs were ultrasonically dispersed in PBS (pH = 7, phosphate ion
concentration of 100 mM) at the particle concentration of 0.1 mg/mL for the volume
evaluation. Then, the dispersion solution was diluted 1 / (2x10) times for counting at least
100 particles for the measurement. The average particle volume (Ave.) and the coefficient
of variation (cv) were calculated. Here, the current values were set to be 80 to 130 nA with
the applied voltage of 0.6 V. The calibration sample used was carbonylated polystyrene
standard particles (Izon Science, Ltd.) with an average diameter of 100 nm were placed in
the PBS buffer solution at the concentration of 2 x 10° particles/mL.

The morphologies were observed on the carbon-coated Cu grid using a transmission
electron microscope (TEM; JEOL Co., Ltd., JEM-1400) with magnifications typically up to
x1,000,000, at an accelerating voltage of 120 kV, and the short length (S) and long length
(L) distributions of the ECP hybrids were calculated by counting 300 particles.

2.2.5.2. Measurement of Au Substrate Wettability with UV/Ozone Treatment
The change in the wettability of the Au substrate with the UV/Oj3 treatment was
measured on a contact-angle meter (Excimer Inc., Smart Contact 100, probe: ultrapure

water) at the droplet volume of 3.1 uL under static condition.

2.2.5.3. Characterization of E-HAp NP Films

The surface structures of the E-HAp and N-HAp NPs on the Au substrate were
analyzed by an atomic force microscope (AFM: Nanocute, SII Investments, Inc.) in
an area of 1.0 x 1.0 pm?. A silicon probe mounted on a cantilever (SII Micro Cantilever SI-
AF01, SII Investments, Inc.) was employed. The surface roughness (Rims) was
calculated by the root mean squares in the Z-range images. The software used for the

calculations of coverage percent and roughness was SPIWin SPI3800N software. From
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scanning, the AFM equipment developed a front image and a three-dimensional image of
the morphology. Once the morphological image was made, obtained, the roughness of the
area and of the line was obtained, in the parameter of mean square roughness (equation (2-

8)), respectively, as follows:*’

/z% (I1zn—2])?
ers = # (2-8)

Where z,, is a segment height, Z is average height of all segments, and N is the number
of segments. Roughness provides the information about area roughness trend across the
swept area; whereas the roughness of the line yields the roughness value in a selected
trajectory.

For the determination of the surface properties, the E-HAp and N-HAp NP films were
broken into small pieces and that small pieces of the films were used to fill the glass sample
holder tubes (100 mg). Prior to the measurement, the films were dry and degassed under
vacuum at 120°C for 4 h using a pretreatment device (BELPREP-vacll, Microtrac/BEL Co.,
Ltd., Japan). For each film, the measurements were performed 3 times after conducting a 3-
min leak check to ensure data reproducibility, sufficient sealing and complete drying of the
specimens. The specific surface area (Sger) and pore size distributions were determined
through nitrogen (N,) adsorption and desorption instrument (BELSORP-minill,
Microtrac/BEL Co., Ltd., Japan). The films was analyzed under N, conditions, 77 K, the
adsorption relative pressure upper limit of 0.99, and desorption relative pressure lower limit
of 0.05. The Brunauer-Emmett-Teller (BET)>® surface areas and Barrett-Joyner-Halenda
(BJH)>* pore sizes distribution were applied to the analysis. These calculations were
performed with the calculation software BELMASTER (TM) manufactured by
Microtrac/Bel Co., Ltd.

2.2.5.4. FT-IR Spectral Measurement for Analyzing Hydration Layers
The infrared spectra were obtained by a Fourier transform infrared spectrometer (FT—IR;
JASCO Co., Ltd., FT/IR-4600ST) and were measured in the range between 400-4000 cm™

with an accumulation of 128 times with a spectral resolution of 1 cm™. The Si (100)
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substrate pre-treated with UV/ozone for 5 minutes was Au-sputtered at 5 mA for 1 min
(SC-701 Quick coater, Sanyu denshi Co. Ltd., Japan) in order to cover the surface of
Si(100) with a thin Au layer (~10nm). The Si(100) substrate without Au-coating was used
as the background. Peak separation is achieved by curve fitting, in which the experimental
spectrum is fitted by a function which is the sum of the individual peaks with Gaussian or
Lorentzian shape. The deconvolution of the hydroxyl —OH stretching bands was fitted with

the product of Gaussian and Lorentzian peaks (Eq. (2-9)):>

~(v-von)’

e 1+ Q] (2-9)

I =Y1B,e

Where vy is the peak maximum, s is the peak width and s’ is the bandwidth term of the
Lorentzian part, and B is the peak position.

For evaluating the hydration layers, the O—H stretching band was deconvoluted into the
three components free water (3200 + 20 cm™), intermediate water (3400 + 20 cm™), and
non—freezing water molecules (3600 + 20 cm™).*® The components of the deconvoluted O—
H stretching bands of the Au substrates were calculated as the integrated area ratio of the
band of bounding (i.e., intermediate and non—freezing water molecules) to that of free water

molecules.

2.2.6. Surface Plasmon Resonance (SPR) Measurement for Fibrinogen (Fgn )
Adsorption Ability

The SPR technique was used to measure the Fgn interactions with the HAp NP films
was performed on a SPR instrument (Biacore X, GE Healthcare Life Sciences Co., Ltd.)
under the excitation wavelength at 760 nm. The change in the resonance angles was
calibrated as 46 = 0.1 deg. (1000 RU), which can be proportional to the weight mass of the
bonded Fgn at 1 ng/mm?. The refractive index changes on the Au substrate (sensing area:
1.4 mm?) provide the Fgn binding amount and kinetics. The 46 can be obtained through the
change in the refractive index by the Fgn adsorption within the decay length of the
evanescent field (I4..qy) at the interface between the Au substrate and PBS. The l,¢q, Can

be given by the following Eq. 2-10:%
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o A €r Aut€rw
ldecay = oAl 512ﬂ_w (2-10)

Where X is the excitation wavelength at 760 nm, €, 4, is the dielectric constant of Au
(21.8 at 760 nm), and &,.,, is the dielectric constant of water (1.33). As a result, the lgecqy
in this study was 328 nm, which is longer than the Fgn adsorption layer thickness. The

schematic representation of the SPR measurement is shown in Figure 2.5.
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Figure 2.5. Schematic representation of SPR analysis during Fgn adsorption. The surface refractive
index is monitored over time as Fgn binding events occur.

It was studied the protein adsorption on the E-HAp and N-HAp NP films. Fibrinogen
bovine plasma (Fgn, 99.0 wt%) with the molecular weight of 340 kDa was used and
(K*: 4.15 mM, Na*: 153 mM, HPO,**: 9.57 mM, CI": 139.57 mM) to prepare the solution
with the different Fgn concentrations of 2.9, 15, 29, 44 and 59 nM for analyzing the kinetic
constants at the initial adsorption stage. 50 pL was injected on the HAp NP films at the
flow rate of 5 puL/min. After the injection, the adsorption behavior at the dynamic states
was monitored for the 10 mins. On the basis of 1:1 Langmuir binding model, the resonance

curve was fitted with the Eq. (2-11) for the linear analysis.”*

Kobs = Kg — Ka*Cs (2-11)

70



Chapter 2 Elliptical Hydroxyapatite

Where kops IS appearance kinetic constant, ky is dissociation constant, k, is binding
constant, and C; is feed protein concentration in PBS.

In the following, the adsorption amounts were measured. 5 pL of the Fgn solution was
injected on the HAp NP films at the flow rate of 5 puL/min. After the injection, the
adsorption behavior at the static states was monitored. Then, 10 puL of PBS was injected at
the flow rate of 10 pL/min to remove the non-binding Fgn from the film surfaces.

Fgn was dispersed in PBS to prepare the solution with the different Fgn concentrations
of 0.29, 2.9, 29, 294, 735 and 1470 and 2941 nM for analyzing the adsorption isotherms at
the equilibrium stage for 60 min. The adsorption amount on the E-HAp, N-HAp and Au
NP films was determined by the response changes after washing with PBS. The adsorption
amount at the equilibrium state (W) was calculated by the Eq. (2-12) based on the
adsorption isotherms. On the basis of the Langmuir adsorption isotherm formula, the
equation of state for the one-component adsorption can be represented as follows:®

C / W = 1 / (Keq' Wmax) + (l / Wmax) C (2‘12)

C, Keq and Wmay are the Fgn concentration in the equilibrium state, the adsorption
equilibrium constant and the maximum adsorption amount, respectively. The Keq and Wiax
were determined from the slope of a C/W versus C plot. The Fgn adsorption based on the
correlation coefficient (0.9939 for Au substrate and 0.99465 for HAp NP films) was found
to be Langmuir-type monolayer adsorption.

In the higher Fgn concentration of 2941 nM for the adsorption time of 1 h, the
adsorption amount at 27 °C was measured at the different phosphate ion concentrations (10,
25, 50, 75 and 100 mM) in PBS. The adsorption at the phosphate ion concentration of 10
mM in PBS was measured at the different temperature of 22, 24.5, 27, 30, 32 and 37 °C.

The adsorption amount was determined by the response changes after washing with PBS.
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2.2.77. Real-Time Monitoring of Fgn Adsorption by Quartz Crystal
Microbalance with the Dissipation (QCM-D) Method

Bovine plasma Fgn (pl: 5.5 and MW 340 K) was used in the protein adsorption analyses.
The protein solution at 1.0 mg/mL was adjusted with 10 mM phosphate buffer solution
(NaH,PQO, and Na,HPQ,, pH 7.0).

QCM-D (D300, Q-Sense AB) measurements were performed by monitoring the
frequency shift (Af, Hz) and dissipation shift (AD) at 15 MHz. The temperature was kept at
37.00 + 0.05 °C. The Af value was converted to Af.-3/3 at a frequency of 5 MHz. A PBS
amount of 0.5 ml was introduced into the sensor chamber. The Af and AD readings were
stabilized for 30-60 min. Then, 0.5 ml of the Fgn solution was introduced and the Af and
AD curves were measured for 60 min. The weight change due to adsorption was calculated
with the Sauerbrey equation:®

Am = —c xAf,—3/3 (2-13)

where ¢ is a constant equal to 17.7 ngHz ‘ecm™ The adsorption amount at the
equilibrium state (W) was calculated on the basis of the one-component adsorption
Langmuir adsorption isotherm formula presented in equation (2-12).

The viscoelastic properties of the adsorbed Fgn were evaluated using the time-saturated
AD /Af value (ADsu/Af sar) In the AD—Af plot. The ADsa/Af <o Values from the measured
Af and AD curves have been used to evaluate the conformational adsorption state.®*®°
These values correspond to the energy dissipation per unit adsorption mass, characterizing
the viscoelasticity of the adlayer. The Af and AD curves were fitted with the Voigt-based
viscoelastic model to characterize the adlayers as a Newtonian fluid.*®

The QCM-D data were simulated using the QSoft 401 and the analysis of the Af and AD

curves was carried out using the Q-sense Dfind software.

2.2.8. FT-IR Spectral Analysis for Fgn Adsorption Secondary Structures

For the FT-IR measurement, the adsorption at the phosphate ion concentration of 10
mM in PBS and the Fgn concentration of 2941 nM for the adsorption time of 1 h was
conducted at the different temperature of 22 and 37 °C, and was washed by ultrapure water

and freeze-dried. Based on our previous report,®’ the adsorbed protein secondary structures
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on the HAp NP films at the different temperature of 22 and 37 °C were measured by a
Fourier transform infrared spectroscopy (FT-IR: JASCO Co., Ltd., FT/IR-4600ST) at the
cumulated number of 128 times and the spectral resolution of 1 cm™. The spectra were
recorded after subtracting a background spectrum of pristine Si(100). The spectra of the
freeze-dried films adsorbed Fgn at the equilibrium stage were measured and deconvoluted
into six components at the wavenumber regions between the ranges of 1600-1735 cm™. In
the concrete, the C=0 stretching band was deconvoluted into six components (1630+£2,
1645 + 2, 1655+2, 1665+2, 1680+2 and 1690+2 cm™) belonging to p—sheet, random, o—
helix, turn, p—turn (1) and p—turn (2), respectively. All the deconvolutions were performed
by fitting with the Gaussian functions (Eq. 2-14) using the SOLVER option in the software
(Microsoft Co. Ltd., Excel 2013).

y=Aexp {—(x —B)?/C?} (2-14)

Where A is the peak height, B is the peak position and C is the deviation

By the generalized reduced gradient method, the SOLVER calculation was done until
the satisfied states of all the constraints and optimization conditions. The residual values
decreased down to be less than 7.0 %. The ratio of the mono-component area was
calculated from the separated spectrum. As the references, the spectra of Fgn alone without

further purifications were measured and deconvoluted as described above.

2.2.9. Localized FT-IR Spectroscopic Measurement of Fibroblasts and Their
Immunostaining by Type | Collagen

The localized FT—IR spectroscopic measurement was recorded on a FT-IR
spectroscopy (Spectrum GX, Perkin-Elmer, Inc.) with an accumulation of 256 times
and spectral range of 4000—750 cm * at a spectral and resolution of 2.0 cm™*. The IR
beam entered the chamber through a polarizer and a KBr window, and the once-
reflected beam was detected by a mercury cadmium telluride (MCT) detector. After
culturing for 2 h from the cell seeding at the concentration of 10° cells/mL. The

adhered cells were washed with PBS and the cell surfaces were measured with an
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aperture size of 50 x 50 um?® The spectroscopic images were collected using
Spotlight 150i/200i infrared microscopy system.®®

The immunostaining of the type I collagen in the fibroblasts was carried out according
to the previous report.®® The cells were cultured for 120 min. and then fixed with 3.7 vol %
formaldehyde in PBS for 10 min and were stained with 100 uL of the polyclonal rabbit
antimouse collagen type | R2 chain as a primary antibody, and the fluorescein
isothiocyanate (FITC)-labeled 1gG was used as a secondary antibody, which was diluted
15-fold in PBS including BSA (1 wt %) for 4 h and washed three times with 1 mL of PBS.
The cells in PBS were sealed with a cover glass to prevent evaporation during the
observation with a confocal laser scanning fluorescence microscope (Olympus CKX41,

UIS2 (Universal Infinity-corrected) optical system).

2.3. Results and Discussion

2.3.1. Evaluation Results of E-HAp NPs

Figure 2.6 shows the FT—IR spectrum of the E-HAp and N-HAp NPs before and after
calcination; all the samples had the characteristic FT-IR spectra of the HAp. The band
observed around 3530cm™ is due to the presence of structural hydroxyl group in the HAp
NPs structure.”® The broad band from 3600 to 2600 cm™ was attributed to the surface OH
groups of the adsorbed hydration layer (free, intermediate and non—freezing water).”* The
band around 1645 cm™ corresponds to the OH vibration of the free water.”*”® The P-O
vibrations of the phosphate ions bands were at around 1000-1100, which belong to
stretching vibration, the band 962 cm™ is assigned to a no degenerated symmetric
stretching mode of the P—O bond of the phosphate group, and the bands at 600 and 560 cm’
Yand 470 cm™, corresponds to the triply degenerated bending mode of the O—P—0."*"® The
bands at around 1530, 1460 and 876 cm™, are characteristic of the carbonate ions (e.g,
HCOs5, Cng_) in the structures. The double bands around 1530 and 1460 cm™ are
attributed to the symmetric mode with its transition moment parallel to the C—O bond (vs)
and the asymmetric mode with its transition moment perpendicular to the same C-O bond
(vas).”"® The incorporation of carbonate ions in the structure of the HAp NPs can be due to
the interactions of the HAp NPs and the atmospheric CO, which can dissolved into the

solution during the synthesis. According to the phase diagram of the ChEOs—water, at the
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synthesis temperature of E-HAp NPs, the ChEO;5 had micellar phase (W) forming a
spherical micelle.?>® It has been reported that the ethylene oxide units of the ChEO;s
micelles interacted with the calcium ion in the solution allowing the formation of “caged
Ca-complexation” structures.®* However, in the FT-IR spectra results before calcination,
there was no bands of organic compounds observed (methylene oxide units) for that reason
it was concluded there is no complexation interaction between the ChEO;5 micelles and Ca
ions of the E-HAp NPs during nucleation. The decrease in size of the E-HAp NPs could be
due to the size of the ChEO;5 micelles. The ChEO15 micelles occupy a large space which

prevents the growth of E-HAp NPs.
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Figure 2.6. FT-IR spectra of the N-HAp and E-HAp NPs synthesized in the presence of ChEOs
before and after the calcination, demonstrating that there are no residues of surfactant after
calcination. The band around 3500 cm™ correspond to the adsorbed water (free, intermediate, and
non—freezing water) and the hydroxyl group (O-H) of the N-HAp and E-HAp NPs.

75



Chapter 2 Elliptical Hydroxyapatite

The chemical composition of the E-HAp and N-HAp NPs before and after calcination
was summarized in Table 2.1. The chemical composition of the E-HAp and N-HAp NPs
was similar and the Ca/P ratio was the same for both HAp NPs after and before calcination.
The carbon content before calcination was higher for E-HAp NPs than N-HAp NPs, which
could be due to small residues of surfactant in the E-HAp NPs. Nevertheless, after
calcination the carbon content is almost the same, suggesting that the complete elimination
of the ChEOy5 in the E-HAp NPs.

Table 2.1. Chemical composition of the N-HAp and E-HAp NPs synthesized in the presence of
ChEOQOg5 before and after the calcination.

Atomic element N_Hl\l;i_bef N-HAp NPs  E-HAp-bef NPs E;II;?p
C (mol%) 6.9 5.2 7.8 5.6
O (mol%) 62.1 61.6 60.3 60.5
P (mol%) 10.3 10.6 10.4 10.8
CI (mol%) 0.2 0.2 0.1 0.1
K (mol%) 0.2 0.2 0.2 0.2
Ca (mol%) 20.3 22.2 21.2 22.8
Ca/P 2.0 2.1 2.0 2.1

The X-ray diffraction patterns of the E-HAp NPs and the N-HAp NPs before and after
the calcination are shown in Figure 2.7 In all the samples, the plane indices can be assigned
to a HAp single phase (ICDD: 00-009-0432). The resultant crystalline sizes (Dgo2 and Dsgp)
and the Dgo/D3oo ratios of the HAp NPs synthesized in the presence of ChEO;5 before and
after calcination are shown in Table 2.2. Before the calcination, the D3q crystalline sizes of
the E-HAp NPs synthesized in the presence of ChEO15 were larger as compared with the
reference (N-HAp NPs) to successfully provide the smaller Doo,/D3go ratios. The molecular
states of the ChEOjs in the solution were micelles, according to the phase diagram of the
22,80

ChEOjs/water system as the function of temperature and ChEO;s weight fraction.

Moreover, it has been reported that the oxyethylene groups of the nonionic surfactants are
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capable to complex with the calcium ions in an aqueous solutions, resultantly forming the
micelle polar sphere with calcium rich domains that interact with the phosphate ions and
leading a fast formation of E-HAp NPs.23 After the calcination, the crystalline sizes of
the E-HAp NPs were preserved and were similar to those of the N-HAp NPs which grew
along with the a-axis. The Dgga/D3sgo ratios of the E-HAp NPs were smaller as compared
with those of the N-HAp NPs. The E-HAp NPs generally exhibited the anisotropic
elliptical-like shapes (i.e., Dgg2/D3gq ratio > 2.0). 3

The Dgga/D3go ratio of calcinated E-HAp NPs was 1.9. This ratio was smaller as
compare with N—-HAp NPs. It is inferred that the use of the nonionic surfactants suppresses
the growing along with the c-axis and change the preferential growth direction thought the
a-axis, as it has happened with the use of other non-ionic surfactants.®*® Therefore, the
poly(oxyethylene) cholesteryl ether enhanced the mineralization forming HAp at the lower
Doo2/D3go ratios, which are similar to the biosynthesis of HAp in humans and animals with

cholesterol .
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Figure 2.7. XRD patterns of the N-HAp and the E-HAp NPs synthesized in the presence of
ChEOgs before and after the calcination, indicating that all the plane indexes can be attributed to
HAp (ICDD: 00-009-0432).
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The Sger and BJH pore sizes of the calcined HAp NPs were summarized in Table 2.2.
The Sger values of all the calcined E-HAp NPs were lower as compared with that of the N—
HAp NPs. The E-HAp NPs had the highest Sger values, respectively, which is higher than
that reported for the HAp NPs synthesized with the other nonionic surfactants.®%’

The N, adsorption and desorption isotherms and the Dg;y pore size distributions of the
calcined E-HAp and N-HAp NPs were shown in Figure 2.8 In the isotherms of all the
HAp NPs corresponded to type lla with nonporous or macroporous adsorbents based on
IUPAC classification,®® which are based on the result of unrestricted monolayer-multilayer
adsorption. The Dg;y pore size distributions of the calcined E-HAp NPs were different
from that of N-HAp NPs. and the porosity states would be attributed to the template

ChEO15 molecular structures.

Table 2.2. Crystalline sizes, Dogo/D3go ratios, Sger and Dgyy Of the HAp NPs synthesized in the
presence of ChEO45 before and after the calcination.

Sample Before calcination After calcination
Crystalline Crystalline
sizes Doy, S sizes Doy S D
/ BET / BET BIH
2 2
Diogs | Lo D,, (m7g) | Dy, | Dy D,, (m7g) | (nm)
(nm) | (nm) (nm) | (nm)
N-HAp 33 9.2 3.6 62 37 16 2.3 48 24
NPs
EHAP 55 16 22 9 34 18 19 4 24
NPs
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Figure 2.8. Nitrogen (®) adsorption and (o) desorption isotherms of (a, ¢) N-HAp and (b, d) E—
HAp NPs before (a—b) and after (c—d) calcination respectively.

The Figure 2.9 shows the particle size distribution and volume of the N-HAp and E-
HAp NPs before and after calcination determined by nanoparticle gqNano multianalyzer.
The average particles sized were 111, 112, 114, and 130 nm, and the averages of volume
were 0.00075, 0.00075, 0.001, and 0.0012 fL for N-HAp-bef, E-HAp-bef, N-HAp and E-
HAp NPs respectively. The calculation was based the assumption of the cylindrical shapes
and the average values of the short and long lengths for 100 particles. Before calcination
the particle size distribution and volume are almost the same for both HAp NPs but after
calcination of E-HAp NPs increase, that can be attributed to the aggregation of the HAp
NPs during the measurement, suggesting that after calcination, the E-HAp NPs tend to
form more aggregates than before calcination. The zeta potentials of the samples were
calculated by gNano nanoparticle multianalyzer. The zeta potentials were -5 mV for N-—
HAp-bef NPs, —20.4 for E-HAp—bef NPs mV, —13.6 mV for N-HAp, and —-23mV for E—
HAp NPs. The zeta potentials in both HAp NPs increase after calcination which can
facilitate the capacity of the HAp NPs of aggregation. The obtained particle sizes by gNano
nanoparticle multianalyzer were larger than the obtained from XRD suggesting that the
particle dispensability in PBS was not preserved during the measurement, indicating the

aggregation of the particles.
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Figure 2.9. Particle size distribution (a—d), and particle size volume (e-h) of the N-HAp NPs (a, €)
with a zeta potential of -5 mV, E-HAp—bef NPs (b, f) with a zeta potential of —20.4 mV, N-HAp—
bef NPs (c, g) with a zeta potential of —13.6 mV, and E-HAp NPs (d, h) with a zeta potential of —
23mV. Determined after calcination by gNano nanoparticle multianalyzer.

TEM images and particle size distributions of the E-HAp and N-HAp NPs were 23 and
1032 nm and 27 and 63 nm respectively (see Figure 2.10). The average particle size of the
a-axis and c-axis for All the HAp NPs exhibited the smaller crystalline sizes less than 100
nm. E-HAp NPs had elliptical shapes with the aspect ratio of 2.3. In contrast, the N-HAp
NPs showed the needle-like shapes with the aspect ratio of 4.5 that correspond with the
typical HAp NPs synthesized in aqueous suspension states.®® These different morphologies
would be attributed to the use of the other non-ionic surfactants. The crystalline sizes from
the TEM images were longer as compared with the crystalline sizes from XRD patterns,
indicating the polycrystalline states along with the c-axis. The elliptical morphology is the
indication that the precipitation reactions between CaCl,*2H,O and K;HPO, took

continuously place only within the aqueous phase.®
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Figure 2.10. TEM images and their short and long axis size distributions and the particle volume
distribution calculated from the TEM images of the N-HAp NPs with needle-like shape and
average aspect ratio of 4.5 and E-HAp NPs with elliptical shape and an average aspect ratio of 2.3.

2.3.2. Corroboration of Wettability Change Mechanism of Au Substrate

For inducing the effective binding between the Au substrate and the HAp NPs, the
wettability changes of the Au substrate were studied with the UV/O; treatment time. It have
been reported that the Au surface generally exhibits a hydrophobic with the large contact
angle for water at 50°.*’ In Figure 2.11 the contact angle value before the UV/O5 treatment
was 83.7° and decreased with increasing treatment time to finally be 11° at 25 min,
demonstrating the formation of hydrophilic surface. On the other hand, the UV/O;
treatment promote the oxidation of the Au (i.e., the formation of a thin layer of Au Oy.”""'
The oxidation layer immediately reacts with the environmental water molecules to form
hydroxyl groups on the surfaces, which allows the hydrophilicity of the Au film.”* The
proposed mechanism is in accordance with the result of FT-IR spectral changes (Figure
2.12 (a)), where the centered absorption band at around 3400 cm™ can be assigned to
hydrogen-bonded hydroxyl groups,” indicating that the formation of Au—OH was
observed as the stretching vibration of the O—H at the UV/Oj; treatment time of 15 min. In

Figure 2.12 (b) for the component area ratio of bonding to free water molecules, the free

water decreased and the bonding water increased with increasing the UV/O; treatment time,
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demonstrating that the hydration structures on the substrate clearly altered by the treatment
and the oxidation layer effectively interacted with the water molecules. Therefore, the water

molecules strongly interacted with the oxidation layer of the Au substrate by the UV/O3

treatment (Figure 2.12 (¢)).
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Figure 2.11. Contact angle of the Au substrate surface after different times of UV/O; treatment,
corroborating the wettability of the Au surface after UV/O; treatment.
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Figure 2.12. (a) Curve fitting and spectral separation results with the deconvolution of the hydrated
Au surface at 20 minutes of UV/Os. The three components are (1) free water @ 3200 + 20 cm™, (2)
intermediate water bending vibration @ 3400 + 20 cm™, and (3) non-stretching vibration of non—
freezing water @ 3600 + 20 cm™. Here, the re-synthesized and raw spectra were represented by
purple-colored dotted and black-colored solid lines, respectively. (b) component ratio of the two
components of adsorbed water (1) free water (blue), and (2) bonding water (orange) on Au substrate
surface after 0, 3, 5, 15, and 20 min of UV/O; treatment. (¢) Scheme of the possible mechanism of
the surface oxidation and hydration layer formation on Au substrate surface.
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2.3.3. Characterization Results of E-HAp NP Film Surface Structures

The HAp NPs were used for the EPD on the Au substrate in the following experiment.
At the deposition voltage of 100 V, the homogeneously HAp NPs-covered over Au was
observed by the naked eye, indicating the dispersion of NPs in ethanol.*®*%*% The high
electric field can generate the greater mobility and pressure of the E-HAp NPs on Au with
strong binding.*®

Figure 2.13 shows the AFM topographic images (observation area: 2.0 x 2.0 um?) of the
Au substrate, N-HAp and E-HAp NP films. The Rrys values of the films were 0.4 nm for
the Au substrate, 7.1 nm for N-HAp NP film and 7.9 nm for E-HAp NP film, and the value
of the Au substrate was higher than that of the HAp NP films, indicating the successful
deposition of the HAp NPs.”” The response units (RU) monitored by SPR for the HAp NP
and Au films are in Table 2.3 The higher response value of the HAp NP film is due to the
increase in the optical refractive index that is related with the formation of HAp NP
monolayer. The refractive index is proportional to the mass covering over the Au, and the
deposited E-HAp NP film weight was 4.9 + 0.6 ng/cm”.”® Accordingly, the thickness of the
E-HAp NP film was 15.6 + 0.2 nm (HAp density: 3.14 g/cm’).” Since the RU value is
defined as 1000 RU is equal to 0.1 millidegree by the SPR detection, which corresponds to
the layer of 0.1 ng/mm®.'® It was assumed that the HAp NP film was successfully formed
as the NP monolayer state. The N-HAp and E-HAp NP films exhibit needle-like and
elliptical particle shapes with the approximate sizes of 23 nm x 103 nm and 27 nm X 63
nm, respectively. The shape, size and roughness of the HAp NPs play an important role in
the physicochemical properties,'*' and the HAp in the animal body has a spherical shape.'"
Thus, the E-HAp NP film can have a greater cytocompatibility due to the similarity of the
shape and crystallinity with the human hard tissues. The specific surface area of N-HAp
NP film was 49 m*/g with a BJH pore size distribution of 3.0 nm, and the specific surface
area of E-HAp NP film was 46 m*/g with a pore size of 2.2 nm. As expected, N-HAp NP
film that has a larger area because the NPs on this film are larger and therefore the pore size
is also larger compared to E-HAp NP film, which have smaller pore size and surface area.
The surface area of the film was very close with the surface area obtained for the powder
state, suggesting that the EPD method do not affect the surface properties of the particles

during the coating process.
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Figure 2.13. AFM topographic images of (a) Au substrate, (b) N-HAp and (c) E-HAp NP films
after electrophoretic deposition and ultrasonification, (observation area: 2.0 um®) .
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2.3.4. FT-IR Spectra for Analyzing Hydration Layers on E-HAp NP

Films

The FT-IR spectra of the stretching O—H absorption band were deconvoluted into the
five principal components as the hydration layers’’ adsorbed on the Au substrate, N-HAp
and E-HAp NP films in Figure 2.14. The FT-IR deconvolution spectrum of the hydration
layers on N-HAp and E-HAp NP films was show in Figure 2.14 at the temperature of
22°C (a-b) and at 37°C (c—d). Only three of the five components assigned to the
intermediate and non—freezing waters, which have been totally defined as a bonding
water,*® were thought to have spectra were in Figure 2.14 (e). The component ratios of the
free water for Au substrate, N-HAp and E-HAp NP films at 22°C 4%, 51%, and 55%, for
intermediate water 49%, 29% and 31%, and for non—freezing water 47%, 20% and 14%. In
the other hand, the free water for Au substrate, N-HAp and E-HAp NP films at 37°C were
3%, 53% and 60%, those of intermediate water were 0%, 27% and 30%, and those of the
non—freezing water were 97%, 20% and 10%. The bonding water or HAp NP films
decrease, while for the Au increased. It is known that the excess bonding water induces the
protein denaturation.'” In particular, the non—freezing water has a direct contact with the
material surfaces,’’ and the content of can affect the protein adsorption. Here, the Au
substrate has the highest amount of the non—freezing water, which enhances the direct
contact with the proteins to cause the denaturation with strong interactions. The large
increase in non—freezing water ratio on the surface of the Au can drastically affect the
adsorption of proteins, so it is assumed that adsorption would be preferred at 22°C rather
than at 37°C, in contrasts with the HAp NP films where it is assumed that the decrease in
non—freezing water amount at 37°C will enhance the protein adsorption. At 37°C, although
the intermediate water content on N-HAp NP film is almost same to that on E-HAp NP
film, which of non—freezing water on N-HAp NP film is higher twice than that on E-HAp
NP film. It was implied that the particle shape of the HAp NPs play an important role in the
adsorption of non—freezing water, which is a physical and energetic impediment to the
direct binding with proteins.lo4 Therefore, the E-HAp NP film has the lowest amount of
non—freezing water, which would allow a relationship with the subsequent adsorptive
protein conformation.'” The larger ratio of free water would be also preferable for the

conformation.
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Figure 2.14. The detailed curve fitting and spectral separation results with the deconvolution of the
hydrated (a, ¢) N-HAp and (b, d) E-HAp NP films at (a-b) 22°C, and (c—d) 37°C, were shown to
exhibit five components of (1) asymmetric stretching vibration of the free water @ 3190 + 20 cm™,
(2) free water bending vibration @ 326 0+ 20 cm™, (3) intermediate water bending vibration @
3430 + 20 cm™, (4) non-stretching vibration of intermediate water @ 3480 + 20 cm™, (5) stretching
vibration of non—freezing water @ 3610 + 20 cm™. Here, the separated spectra of the non-stretching
vibration of the hydroxyl group in the HAp structures at 3571 + 1 cm™ were non-displayed in (b, c),
the re-synthesized and raw spectra were represented by purple-colored dotted and black-colored
solid lines, respectively. Based on the FT—IR deconvolution results of the absorption band due to
hydroxyl groups, three component area ratios of the hydration layers were represented in (d).
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In order to corroborate if the cooling process during the freezing drying process affects
the hydration layer structures, it was investigated the hydration layer structures without
freeze-drying. The obtained hydration layer structures with and without freeze-drying were
almost the same, suggesting that the drying process did not affected the hydration layer

structures.

2.3.5. Fgn Interfacial Interactions with E-HAp NPs
2.3.5.1. Investigation of Adsorption Behaviors by SPR

The Fgn adsorption kinetics was investigated by the SPR technique at the initial stage,
and shows the kinetics of the Fgn adsorption processes on Au, N-HAp and E-HAp NP
films at the dynamic states with the different concentrations were shown in Figure 2.15 (a),
(b), and (c) respectively and their correlation plots between the Cs and kops Were in Figure
2.15 (d). When the protein contacts with the surfaces, the rapid adsorption causes an
increase in the SPR angle. Intrinsic Kinetics can be determined by the change in the
adsorption rate. The rate of Fgn adsorption is essentially first-order in terms of the protein
concentrations, which can be fitted with 1:1 Langmuir coupling model.*®%” The intrinsic
reaction rate is determined by the binding rate constant (k;) of the ligate concentration in
solution by the concentration of free ligand less the dissociation rate constant (kg) of the
concentration of ligate-ligand complex based on the Eq. (8).% The k, and k4 for the Au, N—
HAp and E-HAp NP films were summarized in Table 2.4. The kq value for the N-HAp NP
film (0.76x10™ s*) was similar that the value obtained for E-HAp NP film (0.72x10™* s%).
The HAp NP films were much lower than that for the Au (17.3x10™ s™%). At the beginning
of the kinetics, the desorption process can be limited by the hydration structures in Fgn as

well as by the water adsorbed on the HAp NP films, 1%
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Figure 2.15. Initial Fgn adsorption processes on (a) Au, (b) N-HAp and (c) E-HAp NP films at the
dynamic state and (d) Correlation plot between the C; and kg5 at the initial Fgn adsorption stage
under the dynamic state, which were fitted with 1:1 Langmuir coupling model.

The analysis of the equilibrium states for the Fgn adsorption on the Au, N-HAp and E—
HAp NP films under static conditions was shown in Figure 2.16. The Fgn adsorption
amount (W) was shown in Figure 2.16 (a) and the relationship between the C/W and C at
the equilibrium states on the Au, N-HAp and E-HAp NP films in Figure 2.16 (b). After
the injection, the flow was immediately stopped, and the SPR adsorption profiles were
collected for the plateau state with the Fgn adsorption, followed by rinsing with PBS. The
adsorption isotherms were fitted with the first order Langmuir model. The Wyax Values of
adsorbed Fgn on the Au, N-HAp, and E-HAp NP films were 1.51x10%, 1.17x10°, and
1.23x10° nmol-cm™, respectively (Table 2.4), indicating the abundant adsorption site on
the Au surface.'® The Keq values on the N-HAp, and E-HAp NP films were 8.50x107,
9.59x107%, and 9.73x10° nM™, indicating the preferential affinity, orientation and bond
strength of Fgn with the E-HAp NP film. The Fgn molecule was adsorbed on a
hydrophobic surface (e.g., Au) to be lengthened by the increase in the segments, which

would induce the reversible binding (i.e., higher kq value). On the charged surface (e.g., E-
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HAp NP film), the reversibly adsorbed state occurred. Subsequently, the Fgn molecules
could undergo the second adsorption state with the rearrangement, which is associated with
the conformational change and considered irreversible, since the interfacial interactions are

stronger and with the higher affinity. "2
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Figure 2.16. (a) Adsorption isotherms of Fgn under the static state, and (b) Relationship between
the C/W and C at the equilibrium states on the Au (o), N-HAp (o), and E-HAp (e) NP films at
different temperatures.

Table 2.4. Response value, binding constant (k,) and dissociation constant (ky), adsorption
equilibrium constant (Ke,) and maximum adsorption amount (W) with the Fgn adsorption on the
Au, N-HAp, E-HAp NP films.

ka kd Ke Wmax
Surface -4 -1 -1 -4 -1 -3 ! -1 -3 -2
(x10 nM s ) (x10 s ) (x10 nM ) (x10 nmol cm )
Au 1.49 17.3 8.50 1.51
N-HAp NP 1.43 0.76 9.59 1.17
film
E-HAp NP 1.45 0.72 9.73 1.23
film
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The protein adsorption behaviors are influenced by the ionic strength in solution, which
can modify the protein charge state. When the ionic strength in the physiological solution
increase, the human plasma protein adsorption amount decrease. Thus, the change in the
ionic strength allows the information on the interfacial interactions as well as the forces
involved in the protein adsorption.**® The dependence of the phosphate ion concentrations
on the Fgn adsorption amount (W) was shown in Figure 2.17. The ionic strengths based on
the Debye—Hiuickel theory were changed at the concentrations between 158—1580 mM. For
the minimum value, it is known that 1 mM of the phosphate ions (e.g., HPO,*, H,PO,) in
the biological solution exhibited the ionic strength of 150 mM.*** The maximum amount of
the adsorbed Fgn on the surfaces was observed at the lower ionic strength regions, which is
closest to the physiological ionic strength. In the case of the HAp NP films, the increase in
the ionic strength didn’t exhibit the remarkable impact on the adsorption amount. It has
been reported that the primary Fgn adsorption stage was carried out by means of
electrostatic interactions between the negatively-charged Fgn,*** and the positively-charged
calcium ions of HAp at the biological pH. The other forces such as van der Waals forces
can contribute to stabilize the Fgn adsorption based on the binding between the Fgn and E—
HAp NP film, #8117 jndicating the stable protection from the ions in the solutions.™®

The N-HAp and E-HAp NP film had a similar behavior. In contrast, there was the
pronounced decrease in the adsorption on the Au film with increasing the phosphate ion
concentration, indicating that the higher phosphate ion amount on hydrophobic surface (e.g.,
Au) can interact with the terminal amino groups of Fgn and simultaneously increase the
predominant intermolecular repulsions, resulting in the destabilizing effect on the solubility,
which promotes the Fgn aggregation by the decrement in the solution of effective Fgn
concentration (i.e., salting-out) to induce the low Fgn adsorption amount.****?° Therefore,
the ionic strength clearly affected the Fgn adsorption behaviors, which is crucial for the
investigation of the interactions between the Fgn and substrate surfaces.
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Figure 2.17. Fgn adsorption amount changes on the Au (o), N-HAp (o), and E-HAp (e) NP films
at different phosphate ion concentrations.

Figure 2.18 shows the temperature dependence of Fgn adsorption amount on Au, N—
HAp, and E-HAp NP films under the static conditions. As the temperature increased, the
Fgn adsorption amount on the N-HAp and E-HAp NP film increased, whereas that on the
Au film decreased. At the lower temperature (22°C), Fgn can bind to the HAp NP films
with end—on orientation, the adsorption amount is small through the hydration layer.*?* %3
With the increase in temperature, the water molecules start moving and leaving the HAp
NP surfaces, suggesting the preferential mobility of the free water molecules as well as the
peptide chains. Accordingly, the water molecules can interact and hydrophilize the Fgn
structures; the hydrophobic D and E domains can go inside the structures through the
electrostatic repulsions among leaving hydrophilic interactions at the outer layer.*** The
positively-charged oC domain can preferentially electrostatically interact with the
phosphate ions of the HAp NP films to exchange with the free water molecules.
Subsequently, the increase in the adsorbed Fgn amount causes the conformational changes
to induce coiled-coil structure with almost perpendicular orientation (i.e., end-on

orientation) due to the electrostatic Fgn-Fgn repulsions to minimize the water interactions.
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In the concrete, the stacked Fgn proteins promote the separation of their backbones and
subsequently the neighboring proteins would reduce water solvation around their
hydrophobic domains to be interacted with each other.**? In contrast, the hydrophobic
interactions between the Au film and the hydrophilized Fgn are difficult, so that the Fgn
amount of the Au film decreased. Thus, it was considered that hydrophobic interactions
worked in addition to electrostatic interaction on the HAp NP films to increase the
adsorption amount at the interface.’**?"12  Although the N-HAp and E-HAp NP films
had almost the same Fgn adsorption behavior and amount from 22 to 20°C, and 37°C, at
32°C the adsorption of Fgn is higher in the N-HAp than in E-HAp NP film, this may be
due to modifications in the hydration structures caused by the increase in temperature.
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Figure 2.18. Fgn adsorption amount changes on the Au (o), N-HAp (©), and E-HAp (e) NP films
at different temperatures.
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2.3.5.2. Adsorption Process Measured by QCM-D

The Figure 2.19 shows the Af and AD curves and the AD-Af plots of Fgn (1mg/mL)
adsorbed on Au, N-HAp, and E-HAp NP films for 60 minutes at 37°C. The Af and AD
curves indicates the adsorption equilibrium states at 60 min. However, the adsorption
plateau was reached at 57 min on Au, 15 min on N-HAp NP film, and 32 min on E-HAp
NP film. The Af and AD values at 60 min. were —61.2 Hz (3.9) on Au substrate, —94.2 Hz
(4.6) on N-HAp NP film, and —90.5 Hz (5.9) on E-HAp NP film, and the saturated AD/Af
values of the Fgn adlayer were 9.4 x 10® 1/Hz on Au substrate, 12.7 x 10® 1/Hz on N-HAp
NP film, and 16.1 x 10® 1/Hz on N-HAp NP film. The Fgn adsorption amount on Au, N—
HAp, and E-HAp NP films at 60 min. was 1.08, 1.68 and 1.63 pg/cm? respectively. The
Higher adsorption amount of N-HAp NP film could be related to the increased area of the
a-plane (calcium-rich plane) due to the increase of crystalline size. The adsorption amount
and the saturated AD/Af values of the Fgn were larger for HAp NP films than Au substrate,
indicating higher molecular weight and affinity of Fgn for HAp NP films, in particular for
E-HAp NP film, which had the highest saturated AD/Af value. The AD-Af plots showed a
linear change, suggesting a monomolecular adsorption on the HAp NP films.*® It was
observed two-step changes during the Fgn adsorption in all the films, indicating
conformational changes during the adsorption.™*® The different adsorption behaviors of Fgn
with almost similar pl value could be attributed to their secondary structure and different
conformational orientations models (“Side—on”, “end—on”).*** The behavior of the
adsorbed Fgn on HAp NP films with dumbbell-like structure have been described.** The
positively charged aC domain binds with the negatively charged phosphate or hydroxyl
ions on the surface of the HAp NP films, which correspond with the “end—on” model.
These results are in agreement with the results obtained in the curve fitting and spectral
separation results of FT-IR deconvolution spectra of the amide I, corroborating the
proposed hydrations layer—Fgn interfacial interactions on Au, N-HAp, and E-HAp NP
films at 37°C. These differences in the viscoelastic properties of the adlayers could affect

the cell behavior.
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Figure 2.19. (a—c) Af (fequency shift) and AD (dissipation shift) curves and the (d) AD-Af plots
of Fgn (1mg/mL) adsorbed on (a) Au, (b) N-HAp, and (c) E-HAp NP films for 60 minutes at 37°C.
Af was transformed into the value for the fundamental frequency of 15 MHz by dividing by 3,
which is the harmonic overtone number.

2.3.5.3. Curve Fitting and Spectral Separation Results of FT—IR Deconvolution
Spectra of Amide I in Adsorbed States

The secondary structures of the adsorbed Fgn on the HAp NP films at 22 and 37 °C were
analyzed by the curve separation of the amide | band peak at around 1650 cm™ through the
Gaussian function fitting. Each secondary structure percentage was calculated from the
separated band areas. The FT—IR deconvolution results of the adsorbed Fgn on the Au, N—
HAp and E-HAp NP films at 22 and 37 °C were shown in Figure 2.20. The component
ratios (%) at 22 and 37 °C on the Au, N-HAp and E-HAp NP films were shown in Figure
2.21. It has been known that the o—helix with helical shape is the most abundant and most
stable ordered structure. The content of this structure has a strong effect on the three-
dimensional conformation and subsequent biological activity.”***3* The predominant

secondary structural elements (o—helix and B-sheet) provide the information about the
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protein conformational state."* In all the samples, the secondary structures of the adsorbed
Fgn were more stereoscopic than the native Fgn, since the content of a—helix and p—sheet
structures was higher than as compared with that of native Fgn. It is indicated that the E—
HAp NP film quelled the adsorbed protein denaturation.® The o-helix and B-sheet
contents of the adsorbed Fgn on the HAp NP films increased at the higher temperature. In
concrete, the o—helix and p—sheet contents at 22°C for E-HAp NP film were 18.5+2.3 and
24.1+2.6 % and those at 37 °C were 19.2+2.5 and 25.3+0.8 %. In contrast, the contents of
turn and B—turn decreased from 15.8 £ 4.2 to 14.8 + 3.4 % and from 21.9 + 4.3 t0 11.2
0.2 %, respectively. It is suggested that the adsorbed Fgn at 22°C has three—dimensional
conformation that is similar to the native Fgn.™’

The results at 22°C showed higher a—helix and p—sheet ratio than the ratios at 37°C. In
this case, the calculated surface coverage rate at the equilibrium state was 49 %, which
indicates the adsorbed Fgn with both end-on and side-on orientations on the E-HAp NP
film.**® Thus, the water molecular behaviors affected the Fgn conformational states that
correspond with the phenomena mentioned in the previous paragraph. It was suggested that
the o~helix content of the adsorbed Fgn was mainly transformed to be the random
structures of turn and p—turn.**® It is indicated that the adsorption of Fgn on N-HAp NP
film allows the secondary structure changes of the Fgn, which would promote the protein
denaturation.***** The o-helix and B-sheet are the components of the protein secondary
structures, and the amount is related with the three-dimensional conformation, resulting in
the bioactivity.**'*

The ratio of a—helix and p—sheet structures on the E-HAp NP film was significantly
higher than those on the Au substrate and N-HAp NP film. In particular, the content of o~
helix and p—sheet was 3.6 = 2.6 % and 23.8 + 4.3 % for Au substrate, 4.4 + 2.4 % and 21.6
* 4.3 %for N-HAp NP film, and 11.1 + 2.3 % and 40.4 £ 3.4 % for E-HAp NP film. The
lower contents of the a—helix and B—sheet structures for the Au substrate and N-HAp NP
film would be attributed to the content of bonding waters, indicating that the planar protein
structures would affect the lower bioactivity. On the other hand, the lower ratio of non-
freezing water on the E-HAp NP film induced the stereoscopic and three-dimensional

protein structures.
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Therefore, it was found that the bonding waters play an important role in the Fgn
conformational states. The results of the present paper also confirm the proposals suggested
in our previous report, where the orientation of the Fgn adsorbed on the HAp NP films had
both end—on and side—on orientations.** In this study, even if two orientations are present

143 and end—on orientation (i.e.,

on the HAp NP films, the side—on (i.e., planar conformation)
stereoscopic, three-dimensional conformation)'** was abundant on the N-HAp and E-HAp
NP film, respectively. Thus, the rich in non—freezing water acts as a barrier which prevents
from directly interacting with the ground material surfaces.

Accordingly, the positively-charged aC domains of the Fgn can electrostatically and
strongly interact with the non—freezing water on the Au substrate and N-HAp NP film, and
the hydrophobic character of D and E domains cause a slight conformational change in the
angle coiled-coils,®® which causes a decrease in the o—helix and B-sheet structures to be
rich in the side—on states. *** Since the amount of non—freezing water is lower on the E—
HAp NP film, the aC domain could electrostatically interact with the bonding water as well
as with the phosphate ions on the E-HAp NP film as the almost perpendicular end—-on
orientation at the initial stage.**® Then, the decrease of the ratio of non—freezing water can
allows the electrostatic interactions of the negatively charged D-domain with the calcium
ions in the surface of the E-HAp NP film in and side—on orientation, but also the strong
interactions between the positively charged aC domains with the phosphate ions and the
repulsion between the Fgn molecules and the free water molecules on the E-HAp NP film
promotes the perpendicular end—on orientation in the surface of E-HAp NP film, allowing
the two orientations on E-HAp NP film, which avoids the loss of o—helix and p—sheet
structures. Therefore, the conformational changes of the protein would depend on the
bonding water states on the substrate surfaces. The secondary structures on E-HAp NP film

at 37°C were suitable for the active bio-functions.
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Figure 2.20. Curve fitting and spectral separation results of FT—IR deconvolution spectra of the
amide I band of the adsorbed Fgn on (a, d) Au, (b, €) N-HAp and (c, f) E-HAp NP films at (a—c) 22,
and (d—f) 37°C. Their secondary structural component is (1) B—sheet, (2) random, (3) a—helix, (4)
turn, (5) p-turn (1), and (6) p-turn (2).
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Figure 2.21. (a) The component ratios of the secondary structures calculated from the
deconvolution spectral areas of the amide | band of the adsorbed Fgn on Au, N-HAp, and E-HAp
NP films at 22, and 37 °C. Secondary structural component assignments of FT—IR deconvolution
spectra are (1) B—sheet @ 1630 £ 2, (2) random @ 1645 £ 2, (3) a—helix @ 1655 + 2, (4) turn @
1665 + 2, (5) p-turn @ 1680 = 2, and (6) p—turn @ 1690 + 2. (b) Outline of the possible
conformational changes of the Fgn adsorbed on E-HAp NP film at different temperatures.

2.3.6. Localized FT- IR Spectra of the Fibroblasts

At two hours of culture, in all the films it is observed that the cells start spreading and
there is the formation of pseudopods—like structures. The morphology of the cultivated cells
is different in each film. The cells cultivated on the Au film (Figure 2.22 (a)) are smaller
and rounder than the cells cultivated on HAp NP films. The morphology of the cells on the
HAp NP films was also different. The cells on N-HAp NP film (Figure 2.22 (b)) had more
elliptical shape. In contrast, the cells on E-HAp NP film (Figure 2.22 (c)) were more
elongated cells and had more pseudopods than Au and N-HAp NP films. The FT-IR

spectra of the top surfaces of the adhered cells measured with the aperture sizes of 50 x 50
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mm? were shown in Figure 2.22 (d). The components of the top surfaces would correspond
to the cellular phospholipid membranes.**"1%

The absorption band at around 3300 cm™ was assigned to the N—H stretching of the
amide A, and the intensity for the Au substrate was higher than those for the HAp NP
films. In the E-HAp NP film, the sharp spectral bands at around 3500 cm™ due to the
hydrogen-bonded N—H stretching were intensified. The bands at 2960, 2925 and 2853 cm™,
which correspond to the C—H stretching bands of the alkyl chains, were observed in the
cells on the HAp NP films.* The stretching vibrations of -COOH or H,0 at 1745 cm™ was
more pronounced in the cells on the HAp NP films. The band at 1658 cm™ attributed to
C=0 stretching of the amide | and that at 1546 cm™ attributed to N-H bending and C-N
stretching of the amide 11 were clearly observed on all the cells.*******2 The bands at 1460
and 1395 cm™ corresponding to the scissoring of C—H, wag, and vs COO™ stretching were
detected only on the HAp NP films.

The band intensity at 1262 cm™ of the N-H deformation of the amide Il for the E—
HAp NP film was higher than that for the N-HAp NP film.*° The presence of alcohol
groups at around 1175 cm™ was only found in the HAp NP films.™®® These results
suggested that a rearrangement is occurring in the mosaic structures of the cell membranes,
which would be caused by the underground substrate surface properties. With the changes
of the lipid membranes, the cell realization occurred, and the morphologies and top surface

structures of the cells were changed.
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Figure 2.22. Microscope photographs of the inner surfaces of the cells adhered on (a) Au, (b) N-
HAp and (c) E-HAp NP films , and the measured areas (aperture size: 50 x 50 mm?, screen size:
359 x 476 mm?) by a FT—IR microscopy were represented by the square marks and their spectra
were shown in (d).

The FT-IR microscopy spectra of the measured areas (aperture size: 50 x 50 mm?,

screen size: 359 x 476 mm?) of the outer surface of the cells adhered on Au, N-HAp and
E-HAp NP films at two hours of culture are shown in Figure 2.23. The intensity of the
bands at 3500 and 3300 cm™ corresponding to N-H hydrogen bonded and N—H stretching
of the amide A were higher for Au and E-HAp NP film and very low for N-HAp NP film.
The corresponding bands assignment for the microscope FT-IR spectra of the cells on HAp
NP films was shown in Table 2.5. The bands at 2960, 2925, 2873 ¢cm’, assigned to C—H
stretching band of the alkyl chain were more pronounced oOn N-HAp NP film, followed by
E-HAp NP film, less pronounced in Au film. The intensity of the C=O stretching of the
amide I at 1660 cm™ and the intensity of the band of N—H bending and C—N stretching of
the amide II at 1540 cm™' showed higher intensity in E-HAp NP film, followed by Au film,
and finally N-HAp NP film. The band at 1262 c¢m™ that corresponds to the deformation of
the N—H of the amide III showed higher intensity for N-HAp NP film, less intense for E—
HAp NP film and the lowest intensity in Au film.
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The presence of alcohol groups at 1170 cm™ was only observed on the HAp NP
films.¥"141> The outer surface of the cell is related to the extracellular matrix (ECM)
proteins (such as collagen, fibrinogen, fibronectin, laminin, vitronectin).**® These proteins
play an important role in cell structure, and also favor the cell adhesion, spreading, and
migration. In the interface of the cell and the ECM, the cytoskeleton of the cell, formed
mainly of collagen, is formed, which is important contributes to adhesion and cell
migration and to give the shape to the cell.**®

The amide A, I, Il and 11l showed different behavior in all the films which suggest that
the cells in each film was binding with different adhesion protein of the ECM. It has been
suggested that the cellular adhesion proteins of the ECM bind to proteins with the same

150

conformation,™ this is in agreement with our results because in each film, the amount of

water adsorbed in the hydration layer modified the conformation of the Fgn adsorbed so

that each conformation will bind to a different protein from the ECM.
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Figure 2.23. Microscope photographs of the outer area surfaces producing ECM at around the cells
adhered on (a) Au, (b) N-HAp and (c) E-HAp NP films, and the measured areas (aperture size: 50
x 50 mm’, screen size: 359 x 476 mm?) by a FT-IR microscopy were represented by the square
marks and their spectra were shown in (d).
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Table 2.5. The corresponding bands assignment of microscope FT—IR spectrum of the cells on
HAp NP films and Au film.

Relations ship

FT-IR peak
_E)ea Bands assignment between inner and
(cm™)
outer surface
3500 hydrogen bonded N-H Inner < Outer
3300 N-H stretching of amide A Inner < Outer
2 2925, 2 . .
960, 2% 52’ 873, (C—H stretching) Alkyl chain Inner > Outer
Stretching vibrations of -COOH or
1745 Inner > Outer
H,0
1660 (Amide I (C=O stretching)) Inner < Outer
1540 (Amide II (N—H‘bendlng/C—N Inner < Outer
stretching))
1460, 1395 Scissoring of C—H2 wag, v COO Inner > Outer
stretching
1262 (Amide III (N-H deformation)) Inner < Outer
(P=0) Phospholipids in cell
1235
membrane
1170 Presence of alcohol groups Inner > Outer
1080 PSox
840 or 828 Phosphate ions Inner < Outer

2.3.7. Observation of Immunostaining State of Collagen Type I

The immunostaining results of the type I collagen in the fibroblasts cultured on Au, N—
HAp and E-HAp NP films at 120 min conducted by fraction of continuously labeled
mitoses (FCLSM) were shown in Figure 2.25. The immunostaining of the collagen type I
in the fibroblasts at the culture time of 2 h was observed by a fluorescent confocal laser
scanning microscopy (FCLSM). All the cells exhibited the fluorescence from the cells,

157,158

indicating the cellular producing of the collagen type I. The fluorescent intensity of

the cell on the Au substrate was lower than those on the HAp NP films.
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The result is in good agreement with those of the different band intensities of the alkyl
chain and the amide Il and 111 bands in the FT—IR spectra, suggesting the abundant collagen
type | formation in the cells by the underground HAp NP films.»® All the adhered cells
exhibited the pseudopod formation, demonstrating the production of the ECM proteins with
arranging the cytoskeleton.*®

In particular, the cells adhered on the E-HAp NP film showed the highest number of
pseudopod (6 pseudopodium), although those on the N-HAp NP film and Au substrate
were shorter extension states with the lower florescence intensity. The results in the
different number of pseudopod and fluorescent intensity of the cells are in concordance
with those of the FT-IR spectra of the outer surface of the cells (i.e., the different
intensities of the alkyl chains, the amide Il and 11l bands). The pseudopodia on the E-HAp
NP film were longer extension states, which would be affected by the producing activity of
collagen type I. Therefore, the preferential affinity of the cells with the underground surface
layers (i.e., the hydration and subsequent protein adsorption layer) on the E-HAp NP film
is demonstrated to form the interfacial interactions based on the abundant connective

proteins (e.g., collagen type 1) and spread with the greater number of pseudopods.

(a) (b) (c)

25 um

25 um

25 um

Figure 2.24. Fluorescent microscope images of the cells adhered on (a) Au, (b) N-HAp and (c) E-
HAp NP films. The cells were stained with the polyclonal rabbit anti-mouse collagen type I a2
chain as a primary antibody and the FITC—labeled IgG as a secondary antibody. The pseudopods
were circulated by a red-colored dot line, indicating the existence of the spread and sharpest
pseudopods on the E-HAp NP film.

105



Chapter 2 Elliptical Hydroxyapatite

2.4. Conclusion

The chain length (n) of the poly(oxyethylene)cholesteryl ether (ChEOnN (n= 15)) used in
the HAp synthesis allows to control the formation of the HAp NPs based on the
organic/inorganic hybrids, leading to be the elliptical E-HAp NPs. The added amount of
ChEON during the synthesis plays an important role in the shape, porosity and surface
specific area of the E-HAp NPs, which had the direct impact on the Fgn—surface
interactions and the conformation of the adsorbed Fgn. The SPR was used to study the
Fgn—surface interactions in a comparative study between the Au, N-HAp and E- HAp NP
film.

A comparative study of the hydration layer on E-HAp, N-HAp NP films and Au
substrate was achieved in order to investigate the interfacial effect of the hydration layers
on the conformation of the adsorbed Fgn and fibroblast adhesion properties. It was
demonstrated that the wettability of the Au substrate after a UV/O3 treatment was useful for
the EPD deposition of the HAp NPs. The deposition of the HAp NPs on the Au substrate
was corroborated by the AFM images, where was observed as the different morphologies of
the E-HAp and N-HAp NPs. The ratios of three types of hydration layer states analyzed by
a Fourier transform infrared (FT-IR) spectral deconvolution of the O-H stretching
absorption band were 3 %, 53 % and 60 % as free water, 0 %, 27 % and 30 % as
intermediate water, and 97 %, 20 % and 10 % as non—freezing water. Although the ratio of
bonding water state (i.e., intermediate and non-freezing waters) is almost same between
two HAp NP films, the E-HAp NP film with the elliptical shape and smaller particle size
exhibited the smallest ratio of non—freezing water, which can suppress the denaturation of
the adsorbed protein. Subsequently, the FTIIR spectral deconvolution results of the amide |
band of the adsorbed Fgn on the E-HAp NP film indicated the higher content of o—helix
and p-sheet secondary structures as compared with those on the N-HAp NP and Au films,
suggesting that the smaller amount of non—freezing waters would play an important role in
the stereoscopic Fgn conformation. Furthermore, the higher content of free water molecules
on the E-HAp NP film would promote the perpendicular end—on orientation of the
adsorbed Fgn. In contrast, the Au and N-HAp NP films with the lower content of non—
freezing water would promote the loss of o—helix and B—sheet structures, due to the side—on

orientation, which causes the denaturation based on the loss of stereoscopic conformation.
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In the fibroblast culture on the films, the adhered cells started spreading with pseudopods
formation in all the films. The cells had a more elongated appearance and had more
pseudopod parts on E-HAp NP film than those on the N-HAp NP and Au films. The FT-
IR spectra the adhered cells on the E-HAp NP, N-HAp NP and Au films exhibited the
different absorbance intensities in the amide A, 1, 11, and Il bands, suggesting the different
amount of collagen producing states by the cells interacted with the underground films,
which were also supported by an immunostaining results of the collagen type 1. Therefore,
the different hydration structures on the films clearly influenced the conformation of the
adsorbed protein, and the preferential conformation was found at the interfaces between the
fibroblasts and the underground E-HAp NP films by promoting the different ECM protein

production and subsequent preferential binding.

References

(1) Okada, M.; Furuzono, T. Hydroxylapatite Nanoparticles: Fabrication Methods and
Medical Applications. Sci. Technol. Adv. Mater. 2012, 13 (6), 064103.

(2)  Dorozhkin, S. Calcium Orthophosphates in Nature, Biology and Medicine. Materials
(Basel). 2009, 2 (2), 399-498.

(3) Komlev, V. S.; Barinov, S. M.; Girardin, E.; Oscarsson, S.; Rosengren, A
Rustichelli, F.; Orlovskii, V. P. Porous Spherical Hydroxyapatite and
Fluorhydroxyapatite Granules: Processing and Characterization. Sci. Technol. Adv.
Mater. 2003, 4 (6), 503-508.

(4)  Aoki; H. Science and Medical Applications of Hydroxyapatite. JAA 1991, 123-134.

(5) Karageorgiou, V.; Kaplan, D. Porosity of 3D Biomaterial Scaffolds and
Osteogenesis. Biomaterials 2005, 26 (27), 5474-5491.

(6) Jarcho, M. Calcium Phosphate Ceramics as Hard Tissue Prosthetics. Clin. Orthop.
Relat. Res. 1981, No. 157, 259-278.

(7) Dorozhkin, S. V.; Epple, M. Biological and Medical Significance of Calcium
Phosphates. Angew. Chemie Int. Ed. 2002, 41 (17), 3130-3146.

(8) Gopi, D.; Indira, J.; Nithiya, S.; Kavitha, L.; Mudali, U. K.; Kanimozhi, K. Influence
of Surfactant Concentration on Nanohydroxyapatite Growth. Bull. Mater. Sci. 2013,
36 (5), 799-805.

(9) Sadat-Shojai, M.; Khorasani, M.-T.; Dinpanah-Khoshdargi, E.; Jamshidi, A.
Synthesis Methods for Nanosized Hydroxyapatite with Diverse Structures. Acta
Biomater. 2013, 9 (8), 7591-7621.

(10) Yang, J. H.; Kim, K. H.; You, C. K.; Rautray, T. R.; Kwon, T. Y. Synthesis of
Spherical Hydroxyapatite Granules with Interconnected Pore Channels Using
Camphene Emulsion. J. Biomed. Mater. Res. Part B Appl. Biomater. 2011, 99B (1),
150-157.

(11) Bernhardt, A.; Dittrich, R.; Lode, A.; Despang, F.; Gelinsky, M. Nanocrystalline

107



Chapter 2 Elliptical Hydroxyapatite

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)
(24)
(25)
(26)
(27)

(28)

Spherical Hydroxyapatite Granules for Bone Repair: In Vitro Evaluation with
Osteoblast-like Cells and Osteoclasts. J. Mater. Sci. Mater. Med. 2013, 24 (7), 1755—
1766.

Paul, W.; Sharma, C. P. Development of Porous Spherical Hydroxyapatite Granules:
Application towards Protein Delivery. J. Mater. Sci. Mater. Med. 1999, 10 (7), 383—
388.

Komlev, V. S.; Barinov, S. M.; Koplik, E. V. A Method to Fabricate Porous
Spherical Hydroxyapatite Granules Intended for Time-Controlled Drug Release.
Biomaterials 2002, 23 (16), 3449-3454.

Ribeiro, C. C.; Barrias, C. C.; Barbosa, M. A. Preparation and Characterisation of
Calcium-Phosphate Porous Microspheres with a Uniform Size for Biomedical
Applications. J. Mater. Sci. Mater. Med. 2006, 17 (5), 455-463.

Hong, M. H.; Son, J. S.; Kim, K. M.; Han, M.; Oh, D. S.; Lee, Y. K. Drug-Loaded
Porous Spherical Hydroxyapatite Granules for Bone Regeneration. J. Mater. Sci.
Mater. Med. 2011, 22 (2), 349-355.

Misiek, D. J.; Kent, J. N.; Carr, R. F. Soft Tissue Responses to Hydroxylapatite
Particles of Different Shapes. J. Oral Maxillofac. Surg. 1984, 42 (3), 150-160.
Douglas, T.; Liu, Q.; Humpe, A.; Wiltfang, J.; Sivananthan, S.; Warnke, P. H. Novel
Ceramic Bone Replacement Material CeraBall Seeded with Human Mesenchymal
Stem Cells. Clin. Oral Implants Res. 2010, 21 (3), 262-267.

Bose, S.; Saha, S. K. Synthesis and Characterization of Hydroxyapatite
Nanopowders by Emulsion Technique. Chem. Mater. 2003, 15 (23), 4464-4469.
Lim, G. K.; Wang, J.; Ng, S. C.; Gan, L. M. Nanosized Hydroxyapatite Powders
from Microemulsions and Emulsions Stabilized by a Biodegradable Surfactant. J.
Mater. Chem. 1999, 9 (7), 1635-1639.

Mohandes, F.; Salavati-Niasari, M. Simple Morphology-Controlled Fabrication of
Hydroxyapatite Nanostructures with the Aid of New Organic Modifiers. Chem. Eng.
J. 2014, 252, 173-184.

Sato, T.; Hossain, M. K.; Acharya, D. P.; Glatter, O.; Chiba, A.; Kunieda, H. Phase
Behavior and Self-Organized Structures in Water/Poly(Oxyethylene) Cholesteryl
Ether Systems. J. Phys. Chem. B 2004, 108 (34), 12927-12939.

Takahashi, S.; Ikkai, Y.; Rodriguez-Abreu, C.; Aramaki, K.; Ohsuna, T.; Sakamoto,
K. Application of a Water Soluble Alkoxysilane for the Formation of Mesoporous
Silica from Nonionic Surfactant Micelles Bearing Cholesterol. Chem. Lett. 2007, 36
(1), 182-183.

Solans, C.; Solé, I. Nano-Emulsions: Formation by Low-Energy Methods. Curr.
Opin. Colloid Interface Sci. 2012, 17 (5), 246-254.

Sagitani, H. Making Homogeneous and Fine Droplet O/W Emulsions Using
Nonionic Surfactants. J. Am. Oil Chem. Soc. 1981, 58 (6), 738—743.

Tagaya, M.; Ikoma, T.; Hanagata, N.; Tanaka, J. Analytical Investigation of Protein
Mediation Between Biomaterials and Cells. Mater. Express 2012, 2 (1), 1-22.
Tagaya, M. In Situ QCM-D Study of Nano-Bio Interfaces with Enhanced
Biocompatibility. Polym. J. 2015, 47 (9), 599-608.

Roach, P.; Farrar, D.; Perry, C. C. Interpretation of Protein Adsorption: Surface-
Induced Conformational Changes. J. Am. Chem. Soc. 2005, 127 (22), 8168-8173.
Tagaya, M.; Ikoma, T.; Takemura, T.; Hanagata, N.; Yoshioka, T.; Tanaka, J. Effect

108



Chapter 2 Elliptical Hydroxyapatite

(29)

(30)

(31)

(32)
(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

of Interfacial Proteins on Osteoblast-like Cell Adhesion to Hydroxyapatite
Nanocrystals. Langmuir 2011, 27 (12), 7645-7653.

Tagaya, M.; lkoma, T.; Hanagata, N.; Yoshioka, T.; Tanaka, J. Competitive
Adsorption of Fibronectin and Albumin on Hydroxyapatite Nanocrystals. Sci.
Technol. Adv. Mater. 2011, 12 (3), 034411.

Gumbiner B. Cell Adhesion: The Molecular Basis of Tissue Architecture and
Morphogenesis. Cell 1996, 84, 345-357.

Ngandu Mpoyi, E.; Cantini, M.; Reynolds, P. M.; Gadegaard, N.; Dalby, M. J.;
Salmerdn-Sanchez, M. Protein Adsorption as a Key Mediator in the
Nanotopographical Control of Cell Behavior. ACS Nano 2016, 10 (7), 6638-6647.
Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular
Biology of the Cell; Garland Science, 2002.

Wang, X.; Chang, J.; Wu, C. Bioactive Inorganic/Organic Nanocomposites for
Wound Healing. Appl. Mater. Today 2018, 11, 308-319.

Rico, P.; Cantini, M.; Altankov, G.; Salmeron-Sanchez, M. Matrix Protein
Interactions with Synthetic Surfaces. In Polymers in Regenerative Medicine; John
Wiley & Sons, Inc: Hoboken, NJ, 2015; pp 91-146.

Cooke, M. J.; Phillips, S. R.; Shah, D. S. H.; Athey, D.; Lakey, J. H.; Przyborski, S.
A. Enhanced Cell Attachment Using a Novel Cell Culture Surface Presenting
Functional Domains from Extracellular Matrix Proteins. Cytotechnology 2008, 56
(2), 71-79.

Ikoma, T.; Tagaya, M.; Hanagata, N.; Yoshioka, T.; Chakarov, D.; Kasemo, B.;
Tanaka, J. Protein Adsorption on Hydroxyapatite Nanosensors with Different Crystal
Sizes Studied In Situ by a Quartz Crystal Microbalance with the Dissipation Method.
J. Am. Ceram. Soc. 2009, 92 (5), 1125-1128.

Tagaya, M.; lkoma, T.; Takemura, T.; Migita, S.; Okuda, M.; Yoshioka, T.;
Hanagata, N.; Tanaka, J. Initial Adhesion Behavior of Fibroblasts onto
Hydroxyapatite Nanocrystals. Bioceram. Dev. Appl. 2011, 1, 1-4.

Monkawa, A.; lkoma, T.; Yunoki, S.; Yoshioka, T.; Tanaka, J.; Chakarov, D.;
Kasemo, B. Fabrication of Hydroxyapatite Ultra-Thin Layer on Gold Surface and Its
Application for Quartz Crystal Microbalance Technique. Biomaterials 2006, 27 (33),
5748-5754.

Tunc, S.; Maitz, M. F.; Steiner, G.; Vazquez, L.; Pham, M. T.; Salzer, R. In Situ
Conformational Analysis of Fibrinogen Adsorbed on Si Surfaces. Colloids Surfaces
B Biointerfaces 2005, 42 (3-4), 219-225.

Roach, P.; Farrar, D.; Perry, C. C. Surface Tailoring for Controlled Protein
Adsorption: Effect of Topography at the Nanometer Scale and Chemistry. J. Am.
Chem. Soc. 2006, 128 (12), 3939-3945.

Tagaya, M.; lkoma, T.; Hanagata, N.; Chakarov, D.; Kasemo, B.; Tanaka, J.
Reusable Hydroxyapatite Nanocrystal Sensors for Protein Adsorption. Sci. Technol.
Adv. Mater. 2010, 11 (4), 045002.

Green, R. J.; Frazier, R. A.; Shakesheff, K. M.; Davies, M. C.; Roberts, C. J.;
Tendler, S. J. . Surface Plasmon Resonance Analysis of Dynamic Biological
Interactions with Biomaterials. Biomaterials 2000, 21 (18), 1823-1835.

Chong, S. H.; Ham, S. Dynamics of Hydration Water Plays a Key Role in
Determining the Binding Thermodynamics of Protein Complexes. Sci. Rep. 2017, 7

109



Chapter 2 Elliptical Hydroxyapatite

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(1), 1-10.

Papoian, G. A.; Ulander, J.; Wolynes, P. G. Role of Water Mediated Interactions in
Protein-Protein Recognition Landscapes. J. Am. Chem. Soc. 2003, 125 (30), 9170-
9178.

Huggins, D. J.; Marsh, M.; Payne, M. C. Thermodynamic Properties of Water
Molecules at a Protein-Protein Interaction Surface. J. Chem. Theory Comput. 2011, 7
(11), 3514-3522.

Chen, S.; Li, L.; Zhao, C.; Zheng, J. Surface Hydration: Principles and Applications
toward Low-Fouling/Nonfouling Biomaterials. Polymer (Guildf). 2010, 51 (23),
5283-5293.

Tanaka, M.; Mochizuki, A. Effect of Water Structure on Blood Compatibility -
Thermal Analysis of Water in Poly(Meth)Acrylate. J. Biomed. Mater. Res. - Part A
2004, 68 (4), 684-695.

Tanaka, M.; Motomura, T.; Ishii, N.; Shimura, K.; Onishi, M.; Mochizuki, A
Hatakeyama, T. Cold Crystallization of Water in Hydrated Poly(2-Methoxyethyl
Acrylate) (PMEA). Polym. Int. 2000, 49 (12), 1709-1713.

Li, L.; Chen, S.; Zheng, J.; Ratner, B. D.; Jiang, S. Protein Adsorption on
Oligo(Ethylene Glycol)-Terminated Alkanethiolate Self-Assembled Monolayers:
The Molecular Basis for Nonfouling Behavior. J. Phys. Chem. B 2005, 109 (7),
2934-2941.

Yang, Q.; Zhang, Y.; Liu, M.; Ye, M.; Zhang, Y. Q.; Yao, S. Study of Fibrinogen
Adsorption on Hydroxyapatite and TiO, Surfaces by Electrochemical Piezoelectric
Quartz Crystal Impedance and FTIR-ATR Spectroscopy. Anal. Chim. Acta 2007,
597 (1), 58-66.

Pefaflor Galindo, T. G.; Kataoka, T.; Fujii, S.; Okuda, M.; Tagaya, M. Preparation
of Nanocrystalline Zinc-Substituted Hydroxyapatite Films and Their Biological
Properties. Colloid Interface Sci. Commun. 2016, 10, 15-19.

Drits, V.; Srodon, J.; Eberl, D. D. XRD Measurement of Mean Crystallite Thickness
of Illite and Illite/Smectite: Reappraisal of the Kubler Index and the Scherrer
Equation. Clays Clay Miner. 1997, 45 (3), 461-475.

Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in Multimolecular
Layers. J. Am. Chem. Soc. 1938, 60 (2), 309-319.

Barrett, E. P.; Joyner, L. G.; Halenda Vol, P. P.; -RnAtn Apj, R.; Vn-Rn Atn Ac, R.
A. Vp2 = R2AV2-R2AT2 ACi Generalizing Equation (4) and Substituting (6a) for
Vm* Yields.

Willmott, G. R.; Vogel, R.; Yu, S. S. C.; Groenewegen, L. G.; Roberts, G. S.; Kozak,
D.; Anderson, W.; Trau, M. Use of Tunable Nanopore Blockade Rates to Investigate
Colloidal Dispersions. J. Phys. Condens. Matter 2010, 22 (45), 454116.

Kozak, D.; Anderson, W.; Vogel, R.; Chen, S.; Antaw, F.; Trau, M. Simultaneous
Size and (-Potential Measurements of Individual Nanoparticles in Dispersion Using
Size-Tunable Pore Sensors. ACS Nano 2012, 6 (8), 6990-6997.

De Aragdo, B. J. G.; Messaddeq, Y. Peak Separation by Derivative Spectroscopy
Applied to FTIR Analysis of Hydrolized Silica. J. Braz. Chem. Soc. 2008, 19 (8),
1582-1594.

Tanaka, M.; Hayashi, T.; Morita, S. The Roles of Water Molecules at the
Biointerface of Medical Polymers. Polym. J. 2013, 45 (7), 701-710.

110



Chapter 2 Elliptical Hydroxyapatite

(59)

(60)

(61)

(62)

(63)

(64)
(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

Westra, K. L.; Thomson, D. J. Effect of Tip Shape on Surface Roughness
Measurements from Atomic Force Microscopy Images of Thin Films. J. Vac. Sci.
Technol. B Microelectron. Nanom. Struct. 1995, 13 (2), 344.

Reimhult, E.; Larsson, C.; Kasemo, B.; Ho0k, F. Simultaneous Surface Plasmon
Resonance and Quartz Crystal Microbalance with Dissipation Monitoring
Measurements of Biomolecular Adsorption Events Involving Structural
Transformations and Variations in Coupled Water. Anal. Chem. 2004, 76 (24),
7211-7220.

Hall, D. R.; Winzor, D. J. Use of a Resonant Mirror Biosensor to Characterize the
Interaction of Carboxypeptidase A with an Elicited Monoclonal Antibody. Anal.
Biochem. 1997, 244 (1), 152-160.

Morton, T. A.; Myszka, D. G.; Chaiken, I. M. Interpreting Complex Binding
Kinetics from Optical Biosensors: A Comparison of Analysis by Linearization, the
Integrated Rate Equation, and Numerical Integration. Anal. Biochem. 1995, 227 (1),
176-185.

Yamada, S.; Tagaya, M. Analytical Investigation of Hydration and Protein
Adsorption Structures on Hydroxyapatite-Based Mesoporous Silica Particles. Mater.
Lett. 2017, 209, 441-445.

SAUERBREY; G. The Use of Quarts Oscillators for Weighing Thin Layers and for
Microweighing. Z. Phys. 1959, 155, 206-222.

Rodahl, M.; Kasemo, B. On the Measurement of Thin Liquid Overlayers with the
Quartz-Crystal Microbalance. Sensors Actuators A Phys. 1996, 54 (1-3), 448-456.
HOok, F.; Kasemo, B.; Nylander, T.; Camilla Fant; Kristin Sott, and; Elwing, H.
Variations in Coupled Water, Viscoelastic Properties, and Film Thickness of a Mefp-
1 Protein Film during Adsorption and Cross-Linking: A Quartz Crystal
Microbalance with Dissipation Monitoring, Ellipsometry, and Surface Plasmon
Resonance Study. Anal Chem. 2001, 73 (24), 5796-5804.

Malmstrom, J., Agheli, H., Kingshott, P.; Sutherland, D. S. Viscoelastic Modeling of
Highly Hydrated Laminin Layers at Homogeneous and Nanostructured Surfaces:
Quantification of Protein Layer Properties Using QCM-D and SPR. Langmuir 2007,
23 (19), 9760-9768.

Tagaya, M.; Ikoma, T.; Takeguchi, M.; Hanagata, N.; Tanaka, J. Interfacial Serum
Protein Effect on Biological Apatite Growth. J. Phys. Chem. C 2011, 115 (45),
22523-22533.

Tagaya, M.; Ikoma, T.; Takemura, T.; Hanagata, N.; Okuda, M.; Yoshioka, T.;
Tanaka, J. Detection of Interfacial Phenomena with Osteoblast-like Cell Adhesion on
Hydroxyapatite and Oxidized Polystyrene by the Quartz Crystal Microbalance with
Dissipation. Langmuir 2011, 27 (12), 7635-7644.

Wang, X.; Zhang, L.; Liu, Z.; Zeng, Q.; Yang, M. Probing the Surface Structure of
Hydroxyapatite through Its Interaction with Hydroxyl: A First-Principles Study .
RSC Adv. 2018, 8 (7), 3716-3722.

Meejoo, S.; Maneeprakorn, W.; Winotai, P. Phase and thermal stability of
nanocrystalline hydroxyapatite prepared via microwave heating. Thermochim. Acta.
2006, 447 (1), 115-120.

Ma, M. G. Hierarchically Nanostructured Hydroxyapatite: Hydrothermal Synthesis,
Morphology Control, Growth Mechanism, and Biological Activity. Int. J.

111



Chapter 2 Elliptical Hydroxyapatite

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

Nanomedicine 2012, 7, 1781-1791.

Gheisari, H.; Karamian, E.; Abdellahi, M. A Novel Hydroxyapatite -Hardystonite
Nanocomposite Ceramic. Ceram. Int. 2015, 41 (4), 5967-5975.

Panda, R. N.; Hsieh, M. F.; Chung, R. J.; Chin, T. S. FTIR, XRD, SEM and Solid
State NMR Investigations of Carbonate-Containing Hydroxyapatite Nano-Particles
Synthesized by Hydroxide-Gel Technique. J. Phys. Chem. Solids 2003, 64 (2), 193—
199.

Arsad, M. S. M.; Lee, P. M. Synthesis and Characterization of Hydroxyapatite
Nanoparticles and B-TCP Particles. 2nd Int. Conf. Biotechnol. Food Sci. 2011, 7,
184-188.

Mondal, S.; Dey, A.; Pal, U. Low Temperature Wet-Chemical Synthesis of Spherical
Hydroxyapatite Nanoparticles and Their in Situ Cytotoxicity Study. Adv. nano Res.
2016, 4 (4), 295-307.

Berzina-Cimdina, L.; Borodajenko, N. Research of Calcium Phosphates Using
Fourier Transform Infrared Spectroscopy. Infrared Spectrosc. - Mater. Sci. Eng.
Technol. 2012, 12 (7), 251-263.

Sl(’)sarczyk, A.; Paszkiewicz, Z.; Paluszkiewicz, C. FTIR and XRD Evaluation of
Carbonated Hydroxyapatite Powders Synthesized by Wet Methods. J. Mol. Struct.
2005, 744747, 657-661.

Wang, A.; Yin, H.; Liu, D.; Wu, H.; Wada, Y.; Ren, M.; Xu, Y.; Jiang, T.; Cheng, X.
Effects of Organic Modifiers on the Size-Controlled Synthesis of Hydroxyapatite
Nanorods. Appl. Surf. Sci. 2007, 253 (6), 3311-3316.

Sato, T.; Hossain, M. K.; Acharya, D. P.; Glatter, O.; Chiba, A.; Kunieda, H. Phase
Behavior and Self-Organized Structures in Water/Poly(Oxyethylene) Cholesteryl
Ether Systems. J. Phys. Chem. B 2004, 108 (34), 12927-12939.

Lim, G. K.; Wang, J.; Ng, S. C.; Gan, L. M. Formation of Nanocrystalline
Hydroxyapatite in Nonionic Surfactant Emulsions. Langmuir 1999, 15 (22), 7472—
T477.

Lim, G. K.; Wang, J.; Ng, S. C.; Chew, C. H.; Gan, L. M. Processing of
Hydroxyapatite via Microemulsion and Emulsion Routes. Biomaterials 1997, 18
(21), 1433-1439.

Chen, C.-W.; Riman, R. E.; TenHuisen, K. S.; Brown, K. Mechanochemical-
Hydrothermal Synthesis of Hydroxyapatite from Nonionic Surfactant Emulsion
Precursors. J. Cryst. Growth 2004, 270 (3-4), 615-623.

Kataoka, T.; Shiba, K.; Tagaya, M. Preparation of Europium(lil)-Doped
Hydroxyapatite Nanocrystals in the Presence of Cationic Surfactant. Colloid
Interface Sci. Commun. 2016, 13, 1-5.

Zuo, G.; Wei, X.; Sun, H.; Liu, S.; Zong, P.; Zeng, X.; Shen, Y. Morphology
Controlled Synthesis of Nano-Hydroxyapatite Using Polyethylene Glycol as a
Template. J. Alloys Compd. 2017, 692, 693-697.

Zhang, W.; Huang, Z.-L.; Liao, S.-S.; Cui, F.-Z. Nucleation Sites of Calcium
Phosphate Crystals during Collagen Mineralization. J. Am. Ceram. Soc. 2003, 86 (6),
1052-1054.

Lim, G. K.; Wang, J.; Ng, S. C.; Gan, L. M. Nanosized Hydroxyapatite Powders
from Microemulsions and Emulsions Stabilized by a Biodegradable Surfactant. J.
Mater. Chem. 1999, 9 (7), 1635-1639.

112



Chapter 2 Elliptical Hydroxyapatite

(88) Rouquerol, J.; Rouquerol, F.; Llewellyn, P.; Maurin, G.; Sing, K. S. W. Adsorption
by Powders and Porous Solids: Principles, Methodology, and Applications,
Academic Press, 1999.

(89) Wang, X.; Andrews, L. Gold Is Noble but Gold Hydride Anions Are Stable. Angew.
Chemie - Int. Ed. 2003, 42 (42), 5201-5206.

(90) Stadlober, B.; Haas, U.; Gold, H.; Haase, A.; Jakopic, G.; Leising, G.; Koch, N.;
Rentenberger, S.; Zojer, E. Orders-of-Magnitude Reduction of the Contact
Resistance in Short-Channel Hot Embossed Organic Thin Film Transistors by
Oxidative Treatment of Au-Electrodes. Adv. Funct. Mater. 2007, 17 (15), 2687—2692.

(91) Klyushin, A. Y.; Rocha, T. C. R.; Havecker, M.; Knop-Gericke, A.; Schldgl, R. A
near Ambient Pressure XPS Study of Au Oxidation. Phys. Chem. Chem. Phys. 2014,
16 (17), 7881-7886.

(92) Cherevko, S.; Topalov, A. A.; Zeradjanin, A. R.; Katsounaros, I.; Mayrhofer, K. J. J.
Gold Dissolution: Towards Understanding of Noble Metal Corrosion. RSC Adv.
2013, 3 (37), 16516-16527.

(93) Chen, J.; Pidko, E. A.; Ordomsky, V. V.; Verhoeven, T.; Hensen, E. J. M.; Schouten,
J. C.; Nijhuis, T. A. How Metallic Is Gold in the Direct Epoxidation of Propene: An
FTIR Study. Catal. Sci. Technol. 2013, 3 (11), 3042—-3055.

(94) Galindo, T. G. P.; Kataoka, T.; Tagaya, M. Morphosynthesis of Zn-Substituted
Stoichiometric and Carbonate Hydroxyapatite Nanoparticles and Their Cytotoxicity
in Fibroblasts. J. Nanomater. 2015, 16 (1), 360.

(95) Xiao, X. F.; Liu, R. F. Effect of Suspension Stability on Electrophoretic Deposition
of Hydroxyapatite Coatings. Mater. Lett. 2006, 60 (21-22), 2627-2632.

(96) Eliaz, N.; Sridhar, T. M.; Kamachi Mudali, U.; Raj, B. Electrochemical and
Electrophoretic Deposition of Hydroxyapatite for Orthopaedic Applications. Surf.
Eng. 2005, 21 (3), 238-242.

(97) Farnoush, H.; Aghazadeh Mohandesi, J.; Haghshenas Fatmehsari, D.; Moztarzadeh,
F. A Kinetic Study on the Electrophoretic Deposition of Hydroxyapatite—Titania
Nanocomposite Based on a Statistical Approach. Ceram. Int. 2012, 38 (8), 6753—
6767.

(98) Drescher, D. G.; Selvakumar, D.; Drescher, M. J. Analysis of Protein Interactions by
Surface Plasmon Resonance. Adv. Protein Chem. Struct. Biol. 2018, 110, 1-30.

(99) Zhang, Y.; Xu, H. H. K.; Takagi, S.; Chow, L. C. In-Situ Hardening Hydroxyapatite-
Based Scaffold for Bone Repair. J. Mater. Sci. Mater. Med. 2006, 17 (5), 437—445.

(100) Szunerits, S.; Boukherroub, R.; Boukherroub, R. Introduction to Plasmonics;
Szunerits, S., Boukherroub, R., Eds.; Jenny Stanford Publishing, 2015.

(101) Bystrov, V. S.; Paramonova, E.; Dekhtyar, Y.; Katashev, A.; Karlov, A.; Polyaka,
N.; Bystrova, A. V.; Patmalnieks, A.; Kholkin, A. L. Computational and
Experimental Studies of Size and Shape Related Physical Properties of
Hydroxyapatite Nanoparticles. J. Phys. Condens. Matter 2011, 23 (6) 065302.

(102) Wahl, D. A.; Czernuszka, J. T. Collagen-Hydroxyapatite Composites for Hard
Tissue Repair. Eur. Cells Mater. 2006, 11, 43-56.

(103) Dolatshahi-Pirouz, A.; Skeldal, S.; Hovgaard, M. B.; Jensen, T.; Foss, M.; Chevallier,
J.; Besenbacher, F. Influence of Nanoroughness and Detailed Surface Morphology
on Structural Properties and Water-Coupling Capabilities of Surface-Bound
Fibrinogen Films. J. Phys. Chem. C 2009, 113 (11), 4406-4412.

113



Chapter 2 Elliptical Hydroxyapatite

(104) Chen, S.; Yu, F.; Yu, Q.; He, Y.; Jiang, S. Strong Resistance of a Thin Crystalline
Layer of Balanced Charged Groups to Protein Adsorption. Langmuir 2006, 22 (19),
8186-8191.

(105) Yamada, S.; Tagaya, M. Analytical Investigation of Hydration and Protein
Adsorption Structures on Hydroxyapatite-Based Mesoporous Silica Particles. Mater.
Lett. 2017, 209, 441-445.

(106) Wertz, C. F.; Santore, M. M. Fibrinogen Adsorption on Hydrophilic and
Hydrophobic Surfaces: Geometrical and Energetic Aspects of Interfacial Relaxations.
Langmuir 2002, 18 (3), 706-715.

(107) Rabe, M.; Verdes, D.; Seeger, S. Understanding Protein Adsorption Phenomena at
Solid Surfaces. Adv. Colloid Interface Sci. 2011, 162 (1-2), 87-106.

(108) O’Shannessy, D. J.; Winzor, D. J. Interpretation of Deviations from Pseudo-First-
Order Kinetic Behavior in the Characterization of Ligand Binding by Biosensor
Technology. Anal. Biochem. 1996, 236 (2), 275-283.

(109) Arima, Y.; lwata, H. Effect of Wettability and Surface Functional Groups on Protein
Adsorption and Cell Adhesion Using Well-Defined Mixed Self-Assembled
Monolayers. Biomaterials 2007, 28 (20), 3074-3082.

(110) Mallamace, F.; Corsaro, C.; Mallamace, D.; Vasi, S.; Vasi, C.; Dugo, G. The Role of
Water in Protein’s Behavior: The Two Dynamical Crossovers Studied by NMR and
FTIR Techniques. Comput. Struct. Biotechnol. J. 2015, 13, 33-37.

(111) Wertz, C. F.; Santore, M. M. Fibrinogen Adsorption on Hydrophilic and
Hydrophobic Surfaces: Geometrical and Energetic Aspects of Interfacial Relaxations.
Langmuir 2002, 18 (3), 706-715.

(112) Rabe, M.; Verdes, D.; Seeger, S. Understanding Protein Adsorption Phenomena at
Solid Surfaces. Adv. Colloid Interface Sci. 2011, 162 (1-2), 87-106.

(113) Sharpe, J. R.; Sammons, R. L.; Marquis, P. M. Effect of PH on Protein Adsorption to
Hydroxyapatite and Tricalcium Phosphate Ceramics. Biomaterials 1997, 18 (6),
471-476.

(114) Tsapikouni, T. S.; Missirlis, Y. F. PH and lonic Strength Effect on Single Fibrinogen
Molecule Adsorption on Mica Studied with AFM. Colloids Surfaces B Biointerfaces
2007, 57 (1), 89-96.

(115) Zeliszewska, P.; Bratek-Skicki, A.; Adamczyk, Z.; CieS§la, M. Human Fibrinogen
Adsorption on Positively Charged Latex Particles. Langmuir 2014, 30 (37), 11165-
11174,

(116) Samavedi, S.; Whittington, A. R.; Goldstein, A. S. Calcium Phosphate Ceramics in
Bone Tissue Engineering: A Review of Properties and Their Influence on Cell
Behavior. Acta Biomater. 2013, 9 (9), 8037-8045.

(117) Mathes, J. Influence of PH and lonic Strength on IgG Adsorption to Vials. Eur. J.
Pharm. Biopharm. 2011, 78 (2), 239-247.

(118) Anfinsen, C. B. (Christian B. Advances in Protein Chemistry. Volume 47; Academic
Press, 1995.

(119) Fedoseeva, M.; Fita, P.; Punzi, A.; Vauthey, E. Salt Effect on the Formation of Dye
Aggregates at Liquid/Liquid Interfaces Studied by Time-Resolved Surface Second
Harmonic Generation. J. Phys. Chem. C 2010, 114 (32), 13774-13781.

(120) Dahal, Y. R.; Schmit, J. D. lon Specificity and Nonmonotonic Protein Solubility
from Salt Entropy. Biophys. J. 2018, 114 (1), 76-87.

114



Chapter 2 Elliptical Hydroxyapatite

(121) Tanaka, M.; Mochizuki, A. Effect of Water Structure on Blood Compatibility?
Thermal Analysis of Water in Poly(Meth)Acrylate. J. Biomed. Mater. Res. 2004,
68A (4), 684-695.

(122) Chang, Y.; Chu, W. L.; Chen, W. Y.; Zheng, J.; Liu, L.; Ruaan, R. C.; Higuchi, A. A
Systematic SPR Study of Human Plasma Protein Adsorption Behavior on the
Controlled Surface Packing of Self-Assembled Poly(Ethylene Oxide) Triblock
Copolymer Surfaces. J. Biomed. Mater. Res. Part A 2010, 93(1), 400—408.

(123) Jahnert, S.; Vaca Chavez, F.; Schaumann, G. E.; Schreiber, A.; Schonhoff, M.;
Findenegg, G. H. Melting and Freezing of Water in Cylindrical Silica Nanopores.
Phys. Chem. Chem. Phys. 2008, 10 (39), 6039.

(124) Tsortos, A.; Ohki, S.; Zieba, A.; Baier, R. E.; Nancollas, G. H. The Dual Role of
Fibrinogen as Inhibitor and Nucleator of Calcium Phosphate Phases: The Importance
of Structure. J. Colloid Interface Sci. 1996, 177 (1), 257-262.

(125) England, J. L.; Haran, G. Role of Solvation Effects in Protein Denaturation: From
Thermodynamics to Single Molecules and Back. Annu. Rev. Phys. Chem. 2011, 62,
257-2717.

(126) Prabhu, N.; Sharp, K. Protein-Solvent Interactions. Chem. Rev. 2006, 106 (5), 1616—
1623.

(127) Fuerstenau, D. W.; Pradip. Zeta Potentials in the Flotation of Oxide and Silicate
Minerals. Adv. Colloid Interface Sci. 2005, 114-115, 9-26.

(128) Schmitt, A.; Varoqui, R.; Uniyal, S.; Brash, J. .; Pusineri, C. Interaction of
Fibrinogen with Solid Surfaces of Varying Charge and Hydrophobic—Hydrophilic
Balance: I. Adsorption Isotherms. J. Colloid Interface Sci. 1983, 92 (1), 25-34.

(129) Yang, Q.; Zhang, Y.; Liu, M.; Ye, M.; Zhang, Y.; Yao, S. Study of Fibrinogen
Adsorption on Hydroxyapatite and TiO, Surfaces by Electrochemical Piezoelectric
Quartz Crystal Impedance and FTIR-ATR Spectroscopy. Anal. Chim. Acta 2007,
597 (1), 58-66.

(130) Monkawa, A.; Ikoma, T.; Yunoki, S.; Yoshioka, T.; Tanaka, J.; Chakarov, D.;
Kasemo, B. Fabrication of Hydroxyapatite Ultra-Thin Layer on Gold Surface and Its
Application for Quartz Crystal Microbalance Technique. Biomaterials 2006, 27 (33),
5748-5754.

(131) Lee, D. C.; Haris, P. I.; Chapman, D.; Mitchell, R. C. Determination of Protein
Secondary Structure Using Factor Analysis of Infrared Spectra. Biochemistry 2005,
29 (39), 9185-9193.

(132) Haris, P. 1. Probing Protein-Protein Interaction in Biomembranes Using Fourier
Transform Infrared Spectroscopy. Biochim. Biophys. Acta - Biomembr. 2013, 1828
(10), 2265-2271.

(133) Sethuraman, A.; Vedantham, G.; Imoto, T.; Przybycien, T.; Belfort, G. Protein
Unfolding at Interfaces: Slow Dynamics of a-Helix to f-Sheet Transition. Proteins
Struct. Funct. Bioinforma. 2004, 56 (4), 669-678.

(134) Steiner, G.; Tunc, S.; Maitz, M.; Salzer, R. Conformational Changes during Protein
Adsorption. FT-IR Spectroscopic Imaging of Adsorbed Fibrinogen Layers. Anal.
Chem. 2007, 79 (4), 1311-1316.

(135) Snopok, B. A.; Kostyukevich, E. V. Kinetic Studies of Protein-Surface Interactions:
A Two-Stage Model of Surface-Induced Protein Transitions in Adsorbed Biofilms.
Anal. Biochem. 2006, 348 (2), 222-231.

115



Chapter 2 Elliptical Hydroxyapatite

(136) Michel, R.; Castner, D. G. Advances in Time-of-Flight Secondary lon Mass
Spectrometry Analysis of Protein Films. Surf. Interface Anal. 2006, 38 (11), 1386-
1392.

(137) Young, B. .; Pitt, W. .; Cooper, S. . Protein Adsorption on Polymeric Biomaterials: II.
Adsorption Kinetics. J. Colloid Interface Sci. 1988, 125 (1), 246—260.

(138) Ciesla, M.; Adamczyk, Z.; Barbasz, J.; Wasilewska, M. Mechanisms of Fibrinogen
Adsorption at Solid Substrates at Lower PH. Langmuir 2013, 29 (23), 7005-7016.

(139) Czeslik, C.; Reichhart, C. Native-Like Structure of Proteins at a Planar PAA Brush.
Biophys. J. 2009, 96 (3), 585a.

(140) Soman, P.; Siedlecki, C. A. Effects of Protein Solution Composition on the Time-
Dependent Functional Activity of Fibrinogen on Surfaces. Langmuir 2011, 27 (17),
10814-10819.

(141) Evans-Nguyen, K. M.; Jorgenson, W. Studies of The Influence of Charge and
Wettability on Fibrinogen Adsorption and Fibrin Formation at Surfaces, Chapel
Hill; 2006.

(142) Tagaya, M.; Ikoma, T.; Hanagata, N.; Tanaka, J. Analytical Investigation of Protein
Mediation Between Biomaterials and Cells. Mater. Express 2012, 2 (1), 1-22.

(143) lkoma, T.; Tagaya, M.; Hanagata, N.; Yoshioka, T.; Chakarov, D.; Kasemo, B.;
Tanaka, J. Protein Adsorption on Hydroxyapatite Nanosensors with Different Crystal
Sizes Studied In Situ by a Quartz Crystal Microbalance with the Dissipation Method.
J. Am. Ceram. Soc. 2009, 92 (5), 1125-1128.

(144) Dolatshahi-Pirouz, A.; Jensen, T.; Foss, M.; Chevallier, J.; Besenbacher, F.
Enhanced Surface Activation of Fibronectin upon Adsorption on Hydroxyapatite.
Langmuir 2009, 25 (5), 2971-2978.

(145) Tagaya, M.; lkoma, T.; Hanagata, N.; Yoshioka, T.; Tanaka, J. Competitive
Adsorption of Fibronectin and Albumin on Hydroxyapatite Nanocrystals. Sci.
Technol. Adv. Mater. 2011, 12 (3), 034411.

(146) Monkawa, A.; Ikoma, T.; Yunoki, S.; Yoshioka, T.; Tanaka, J.; Chakarov, D.;
Kasemo, B. Fabrication of Hydroxyapatite Ultra-Thin Layer on Gold Surface and Its
Application for Quartz Crystal Microbalance Technique. Biomaterials 2006, 27 (33),
5748-5754.

(147) Reddy, A. S.; Warshaviak, D. T.; Chachisvilis, M. Effect of Membrane Tension on
the Physical Properties of DOPC Lipid Bilayer Membrane. Biochim. Biophys. Acta -
Biomembr. 2012, 1818 (9), 2271-2281.

(148) Yu, J.; Hong, G.; Karttunen, M. Biochimica et Biophysica Acta Molecular Dynamics
Simulations of Lipid Membranes with Lateral Force: Rupture and Dynamic
Properties. BBA - Biomembr. 2014, 1838 (3), 994-1002.

(149) Manley, G. Public Access NIH Public Access. 2013, 71 (2), 233-236.

(150) Blume, A.; Kerth, A. Biochimica et Biophysica Acta Peptide and Protein Binding to
Lipid Monolayers Studied by FT-IRRA Spectroscopy. BBA - Biomembr. 2013, 1828,
1-12.

(151) Eyler, J. R.; Helden, G. Von. Charge-State Resolved Mid-Infrared Spectroscopy of a
Gas-Phase Protein. 2005, 1345-1348.

(152) Glassford, S. E.; Byrne, B.; Kazarian, S. G. Recent Applications of ATR FTIR
Spectroscopy and Imaging to Proteins. Biochim. Biophys. Acta - Proteins Proteomics
2013, 1834 (12), 2849-2858.

116



Chapter 2 Elliptical Hydroxyapatite

(153) Dempsey, N. C.; Ireland, H. E.; Smith, C. M.; Hoyle, C. F.; Williams, J. H. H. Heat
Shock Protein Translocation Induced by Membrane Fluidization Increases Tumor-
Cell Sensitivity to Chemotherapeutic Drugs. Cancer Lett. 2010, 296 (2), 257-267.

(154) Plant, A. L.; Bhadriraju, K.; Spurlin, T. A.; Elliott, J. T. Cell Response to Matrix
Mechanics: Focus on Collagen. Biochim. Biophys. Acta - Mol. Cell Res. 2009, 1793
(5), 893-902.

(155) Parsons, J. T.; Horwitz, A. R.; Schwartz, M. A. Cell Adhesion: Integrating
Cytoskeletal Dynamics and Cellular Tension. Nat. Rev. Mol. Cell Biol. 2010, 11 (9),
633-643.

(156) Manley, G. Public Access NIH Public Access. 2013, 33 (5), 1201-1237.

(157) Friedman, S. L.; Roll, F. J.; Boylest, J.; Bissell, D. M. Hepatic Lipocytes: The
Principal Collagen-Producing Cells of Normal Rat Liver (Hepatocytes/Sinusoidal
Endothelium/Vitamin A/Liver Cell Culture). Proc. Nati. Acad. Sci. USA 1985, 82
(December), 8681-8685.

(158) Gattazzo, F.; Urciuolo, A.; Bonaldo, P. Extracellular Matrix: A Dynamic
Microenvironment for Stem Cell Niche. Biochim. Biophys. Acta - Gen. Subj. 2014,
1840 (8), 2506-2519.

(159) Engler, A. J.; Sen, S.; Sweeney, H. L.; Discher, D. E. Matrix Elasticity Directs Stem
Cell Lineage Specification. Cell 2006, 126 (4), 677-689.

(160) Kumar, S.; Maxwell, I. Z.; Heisterkamp, A.; Polte, T. R.; Lele, T. P.; Salanga, M.;
Mazur, E.; Ingber, D. E. Viscoelastic Retraction of Single Living Stress Fibers and
Its Impact on Cell Shape, Cytoskeletal Organization, and Extracellular Matrix
Mechanics. Biophys. J. 2006, 90 (10), 3762-3773.

117



Chapter 3

“Preparation and Biological
Evaluation of Nanoparticle Zinc-
substituted Hydroxyapatite Films”



Chapter 3 Zinc—substituted Hydroxyapatite

Chapter 3

Preparation and Biological Evaluation of Nanoparticle
Zinc—substituted Hydroxyapatite Films

3.1. Introduction

A percutaneous device (PD) is a biomedical object that is implanted through the skin in
order to establish an access to the internal organs, tissues, nervous, and cavities for transfer
of mass, liquids, gases, drugs, energy or forces.'”> The applications of the PD include
hemodialysis, neuroelectric stimulation of nerves and/or muscles, charging for cardiac
pacemakers, artificial limbs, cancer therapy, peritoneal dialysis, among others.* One of the
most used PD is the catheter, which is a connection between the inside of the body and the
outside world for introducing or taking out liquids, gases, and drugs.® The catheter is
primarily made by silicone rubber. The lack of bioactivity of this biomaterial impedes the
binding with the surrounding tissues, creating a space between the catheter and the tissues,
through which the bacteria can enter and leads to a bacterial infection.®”

In order to prevent bacterial infection and enhance the cytocompatibility, the catheter
have been coated with bioactive materials like hydroxyapatite (HAp; Ca;o(PO4)s(OH),).*’
The HAp is an extremely indispensable bioceramic due to the high cytocompatibility to be
implementing the defective places and to improve the implant biointegration in animal

10-12
012 For

bodies to encourage the healing process through the binding with living tissues.
improving the cytocompatibility, it has been reported the chemical coating of catheters with
HAp by a chemical synthetic process by corona-discharge treatment or using silane

coupling agents."> "

The coating technique of catheters with HAp has been demonstrated
to have more cytocompatibility. However, some problems have been found with these
techniques among which are (a) the use of toxic agents stands out, which can generate
cytoxicity for tissue cells, (b) the hydroxyapatite used is micrometric in size, so bacteria can
permeate between the space of the microparticles and (c) the cytocompatibility obtained not
only allows the attachment to the tissues, but also allows the adhesion of bacteria which
form a biofilm on the surface, which promotes bacterial infection.'® '8 Thus, the surface

modification of the silicone has been demanded to effectively bind with the human tissues
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by improving the cytocompatibility in addition to the antibacterial property.

For improving the cytocompatibility by the heterogeneous ions, the substitution of
carbonate ions into the HAp structure is very important. Generally, CO, can be dissolved
into a synthetic solution as carbonate ions and eventually incorporated into the structure,

1929 I the synthesis in the presence of sodium

replacing PO,>” or OH ions in the structure.
or potassium ions, these ions are partially substituted with the Ca*" ions of the structure and
are important for promoting new tissue (e.g., bone formation).*'

For further catheter applications, the functionalization of antibacterial property is
necessary to restrict the unexpected bacterial growth. Although a lot of antibacterial
reagents have been researched (Ag*, zn**, Ti**, and Cu®").?** In particular, Zn ion is
present in the all biological hard tissues, and thought to stimulate bone mineralization and
help in pathological calcification. Furthermore, the Zn ion also plays a vital role in the
maintenance of membrane structure, function, protein synthesis, DNA synthesis, mitosis,
and cell proliferation.®? Zinc (Zn) ion is well-known as an effective chemical reagent to
inhibit bacteria growth. Small amount of Zn ion in living hard tissues restricts the bacterial
attachment. To achieve antibacterial property in a long time, it would be useful to stabilize
the Zn ions in cytocompatible materials by the mineralization.”® Therefore, we can suggest
the Zn—substituted HAp nanoparticles (Zn:HAp NPs) as a cytocompatible and antibiotic
material by dense coating on the Ti-PDMS.?

For the dense coating, an electrophoretic deposition (EPD) technique has been attracted.
It is because the technique has strong merits, i.e., the deposition with preserving crystalline
structure and purity, follow-up coatings on the complex shapes with uniform film thickness,
and no requirement for binder chemical reagents such as silane coupling agents.*
Therefore, the EPD technique would be useful for the coating of the functional materials on
Ti-PDMS substrate. The EPD is a colloidal process and can shape directly on the substrates
from the stable alcoholic suspension by a direct current (DC) electric field.***? The EPD is
a process due to the motion of charged particles in a suspension under the influence of an
electric field.®® Thus, we can propose the importance of the EPD coating of Zn:HAp NPs
on the Ti-PDMS.

In this study, the films of Zn:HAp and carbonated HAp (Zn:CHAp) NPs, which were
chemically synthesized at the initial (Ca+Zn/)P molar ratios of 1.67 and 2.00 with the
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different initial Zn concentrations, respectively, were formed on titanium-coated
polydimethylsiloxane (Ti—PDMS) by an EPD technique. Furthermore, the cytocompatible
and antibacterial properties of the nanoparticle Zn:HAp and Zn:CHAp NP films were
investigated using NHI3T3 fibroblasts and Escherichia coli (E. coli DH5a), respectively.

3.2. Experimental

3.2.1. Materials

Potassium phosphate dibasic trihydrate (K,HPO4-3H,0), zinc chloride (ZnCl,), and
sodium hydroxide (NaOH) as the special grade chemicals were purchased from Wako
Chemical Co., Ltd. Calcium chloride (CaCl,) as the special grade chemical was purchased
from Nacalai Tesque, Inc. Phosphate Buffer Saline (PBS: DS Pharma Biomedical Co., Ltd)
with the ions (K*: 4.15 mM, Na*: 153.09 mM, HPO,**: 9.57 mM, CI": 139.57 mM). Ethanol
99.5% (mass/mass) was purchased from Wako Co., Ltd. Inc. Silicon transparent conductive
film (Kyohritsu Electronic Industry Co. Ltd). Fetal Bovine Serum (FBS: JRH biosciences
Co. Ltd., model number: 12603C). For cell culture, phosphate buffered saline (PBS,
Dullbecco Co., Ltd), 0.05 w/v% trypsin-0.053 M-ethylenediaminetetraacetate (trypsin-
EDTA, Gibco), formaldehyde (37 vol %, Wako Co., Ltd.) Dulbecco’s modified eagle
medium (DMEM without sodium pyruvate, Gibco) were used. NIH3T3 mouse embryonic
fibroblast cells (RCB1862) purchased from BioResource Center of Japan. FBS was
purchased from Bioscience Co., Ltd. (product number: 12603C, lot no. 6D0975: SAFC).
For antibacterial test, 6-cm-petri dish (CELLSTAR dish, Greiner bio-one Co., Ltd. code No.
628160) and cover glass #1 (size: 18 mmx18 mm, Matsunami glass Co., Ltd., code No. :

C218181) was used. All the reagents were used without further purification.

3.2.2. Synthesis of Zn—substituted HAp NPs

The K;HPO,4:3H,0 (0.024 mol) was completely dissolved into 100 mL of deionized
water at 40 °C and then stirring for 60 min to prepare phosphate solution. The aqueous
solution containing 0.04 mol of both CaCl, and ZnCl, was added into the phosphate
solution at the drop rate of 5 ml/min at 40 °C and then stirring for 60 min. The pH value of

the mixture solution was adjusted up to 12 using 1N-NaOH aqueous solution. After the
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aging period for 60 min, the precursor solution was then refluxed at 40 °C for 24 h. The
solution was centrifuged (10000 g, 15 min, 4°C) and the sediment solid was washed with
ultrapure water 3 times. The washed product was dried at 100 °C for 24 h under air. Here,
the Zn—substituted HAp NPs were synthesized from the initial molar ratio of (Ca+Zn)/P at
1.67 or 2.00 with the different initial Zn concentrations to the total (Ca+zZn) at 0.0, 2.5, 5.0
and 10 mol%, and these resultant sample form the ratio of (Ca+Zn)/P at 1.67 or 2.00 was
abbreviated as X—Zn:HAp or X—Zn:CAp NPs (X = Zn/(Cat+Zn) = 0.0, 2.5, 5.0, 10),

respectively.

3.2.3. Formation of Zn—substituted HAp NP Films

Before the EPD is carried out the preparation of the polymer, which consisted of
covering the surface of the PDMS polymer with a very thin titanium layer. Using DC
sputtering can deposit very thin layers of material from a "target" (titanium) that is a source
onto a "substrate™ such as a PDMS. DC diode sputtering system is constituted by a pair of
flat electrodes. One of the electrodes is the cathode and the other anode. On the cathode
side facing the plasma the target, that it is desired to evaporate, is located, and the other
face is cooled with water. In the anode was placed the substrate (PDMS) on which is
desired to evaporate. In a DC diode sputtering system, Argon is ionized by a strong
potential difference, and these ions are accelerated to a target. After impact, target atoms
are released and travel to the substrate where they form layers of atoms in the thin-film. The
DC sputtering was carried with a voltage of 5 mA for 1 min in a vacuum.

Removal of the CI" ions and others impurities from the powders is very important
because it can affect the suspension stability and deposition characteristics. The Zn-
substituted HAp NPs was washed three times with ethanol (99.5 % (mass/mass), Wako Co.,
Ltd.) before EPD. The suspension was prepared by the dispersion of 1 wt% of the Zn—
substituted HAp NPs in pure ethanol (99.5 % (mass/mass), Wako Co., Ltd.).

For the purpose of clean the materials; the electrode and the Ti-PDMS surfaces were
undergoes to UV/Oj3 treatment for 5 min. The coating was deposited onto Ti-PDMS
substrates from suspensions containing 1 wt% of Zn-substituted HAp NPs (initial
(Zn+Ca)/P = 1.67 and 2 with Zn/(Ca+zZn) = 0, 2.5, 5.0 and 10.0 mol%), dispersed in pure

ethanol (99.5 % (mass/mass), Wako Co., Ltd.). The suspensions had been ultrasonically
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agitated before EPD process for 3 minutes while deposition was carried out without stirring.
The Zn-substituted HAp NPs were deposited onto the Ti-PDMS substrates (transparent
silicon conductive film) and catheters surface through EPD method at deposition time of 1
min, and an electrode distance of 1 cm. In order to obtain the best coating, the different DC
voltage were applied at 10, 50 and 100 V/cm, following by the ultrasonification in 20 mL
in ethanol for 1 minute and the subsequent wash in 20 mL of ethanol, to remove excess of
Zn-substituted HAp NPs. The coated samples were dried in air for 1h at room temperature.

3.2.4. Preparation of Fibroblast Suspension and Their Culture

Mouse embryonic fibroblast NIH3T3 cells (RCB1862), provided by Riken Bio
Resource Center, were cultured in a plastic cell culture flask with an area of 75 cm? (BD
Bioscience, USA) containing 15 mL of Dulbecco’s modified Eagle’s medium (DMEM:
Invitrogen Co.,Ltd.) supplemented with 10 vol% fetal bovine serum (FBS: No. 12603C,
SAFC Bioscience Co.,Ltd.) and 1vol% penicillin/streptomycin. The fibroblast cells were
cultured at 37°C, in a humidified atmosphere of 5% CO, environment , and were
subcultured after 7 days wusing 1 mL of 005 w/N% trypsin-0.053 M-
ethylenediaminetetraacetic acid (trypsin-EDTA: No. 204-16935,Wako Co., Ltd.) for 10 min
at 37 °C. After being washed with 15 mL of PBS, the cells were homogeneously dispersed
in 15 mL of PBS, and were separated by centrifugation (2000 rpm, 2 min), and dispersed in
15 mL of 10 % FBS/DMEM. The centrifugation and dispersion were carried out twice. The
number of cells in the suspension was counted and adjusted at the desired seeding density

in subsequent procedures.

3.2.5. Characterization at Powder State

3.2.5.1. Characterization of Zn—substituted HAp NPs

The contents (mol %) of the atomic elements (Ca, Zn, P, and C) were determined using
a wavelength dispersive X-ray fluorescence spectrometry (XRF) (ZSX Primus 1l, Rigaku
Co., Ltd.).

The  Thermogravimetric-Differential Thermal  Analysis-Mass (TG-DTA-MS)
experiments were performed using a TG-DTA/photoionization mass spectrometer (Thermo

mass photo, Rigaku Co., Ltd.) The samples were dried for 3 h at 100°C under vacuum to
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remove the free water before experiments. Approximately 20 mg of each were dry from
room temperature to 1000°C in TG differential thermal analyzer at heating rate of 20°C/min.
The pyrolysis experiments were conducted in argon atmosphere and the purge gas flow rate
of argon was 100 ml/min. The derived products were simultaneously measured with the
photoionization mass spectrometer. The sample weight loss and the heat flow during the
pyrolysis process were continuously recorded as a function of temperature and time through
the TG analyzer. The types and traces of the product components for each of the
experiments were targeted by Total lon Current (TIC) measurement mode of MS.

Fourier Transform Infrared (FT-IR) spectra were recorded on a Jasco FT/IR-4100
spectrometer. The spectra were obtained at the wavenumbers between 4004000 cm* with
an accumulation of 128 times and resolution of 1.0 cm™*. The methodology for carbonate
ions quantification was calculated on based on the integrated intensities (or peak areas) of
the vibrational domains of the v3(CO3) of the carbonate ions and the viv3(PO,) for
phosphate ions. The totally contribution of v3(CO3) the was integrated between 1570 and
1330 cm* and the v;v3(PO,) contribution was integrated between 1230 and 900 cm ™. The
calculation of the carbonate/phosphate ratio (rep) between the integrated areas of the
v3(CO3) and v1v3(POy).

_ [areav3(C03)]
Tc/p " larea v1v3(PO,)]

3-1)
The carbonation amount (mass% CQO3) of the NPs was calculated by a validated FT-IR

methodology using the equation 3-2:%*

Mass %CO; = 28.62 * rc + 0.0843 (3-2)

P

XRD patterns were recorded by a Smart Lab diffractometer (Rigaku Co., Ltd.) using
monochromatized CuKa radiation. The crystalline phases were determined by comparing
the X-ray patterns with HAp (JCPDS 9-432) standard, and the lattice parameters were
determined by Rietveld refinement of the diffraction profiles with a PDXL2 program. For
the hexagonal cell parameters a and c of the crystallographic system, the relationship
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between the distance (d) of two adjacent net planes and the (hkl) Miller indices of the

reflection planes, which is given by the Eq. (3-3):*%

1

[4n2+hik+ic? W2
3 a? c?

d = (3-3)

The crystalline sizes of the nanoparticles were estimated using Scherrer equation of Eq.
(3-4):

KA
Bcos6

Dpjq = (3-4)

Where Dy, indicates the crystalline size, A is the X-ray wavelength (0.15418 nm), S is
the full-width at half-maximum (in radians) of 002 and 300 diffraction, and 6 is the
diffraction angle, and K is 0.9.%"%

The morphology was observed by transmission electron microscopy (TEM) with a
JEM-1400 (JEOL Co., Ltd.). The ethanoic suspension at the solid concentration of 0.01
wit% was dropped onto a carbon-coated copper (Cu) grid (Cu 200-A mesh, Okenshoji Co.,
Ltd.), and the grid was dried in desiccator under nitrogen atmosphere for 1 day. The
nanoparticles were examined in bright mode at the magnifications typically up to

%1,000,000 under an accelerating voltage of 120 kV.

3.2.5.2. FT-IR Spectral Measurement for Analyzing Hydration Layers

The infrared spectra were obtained by a Fourier transform infrared spectrometer
(FT-IR; JASCO Co., Ltd., FT/IR-4600ST) and were measured in the range between 400—
4000 cm™ with an accumulation of 128 times with a spectral resolution of 1 cm™. The
Si(100) substrate pre-coated with a thin Au layer was used as the background.

For evaluating the hydration layers, the O—H stretching band was deconvoluted into the
three components free water (3200 + 20 cm™), intermediate water (3400 + 20 cm™), and
nonfreezing water molecules (3600 + 20 cm™).*® The components of the deconvoluted O—H
stretching bands of the Au substrates were calculated as the integrated area ratio of the band

124



Chapter 3 Zinc—substituted Hydroxyapatite

of bounding (i.e., intermediate and nonfreezing water molecules) to that of free water

molecules.

3.2.5.3. Dissolution Behavior of Zn—substituted HAp NPs
The dissolved Ca** ratios from the total Ca®* content in the Zn-substituted HAp NPs

were investigated by the immersion in PBS for 48 h under static condition. The Ca®*
concentration was measured using a D73LAB equipped with an electrode (6583—10C,
Horiba, Co., Ltd., Japan). The standard Ca®" solution was prepared by mixing ultrapure
water containing 1000 mg/L of CaCl,-2H,0 and 0.1 M of KCI (support salt). 100, 10 and
1.0 mg/L of the Ca®* solutions with KCI (0.1 M) were also used for drawing a calibration
curve. The dissolved Ca?* weight from the Zn—substituted HAp NPs was measured at the
particle concentration of 100 pg/mL in PBS. The value obtained with PBS was subtracted
from that obtained with PBS containing the Zn-substituted HAp NPs, and the dissolved
Ca®* weight was divided by the initial Ca** weight in the Zn-substituted HAp NPs
determined by the XRF result.*°

The dissolution model can be represented with the Korsmeyer-Peppas model that is

expressed by the following Eq. (3-5): **

In(F) = In(M,/M) = nin(K,,.t) (3-5)

Where F is the fraction of the released Ca®" at the time (t) and can be represented by
M¢/M. The M is the total amount of Ca?* in the particulate form, and Mt is the amount of the
released Ca”" at the time (t). Ky, is the kinetic constant that indicates the release rate and n is
the diffusional exponent that depends on the release mechanism as well as the geometry of
the system. Here, the low K, values are the index of slow dissolution behavior and n
depends on the physicochemical properties of the materials irrespective of the dissolution
behavior. As previously reported on the radial diffusion from the cylindrical geometry, the
n value for pure Fickian diffusion is 0.45. It is known that the value for abnormal transport
is more than 0.45, and that for Case Il transport (e.g., polymer relaxation or swelling—

controlled mechanism) is 0.89.%
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3.2.6. Characterization of Surface Structures of Zn—substituted HAp NP Films

The surface structures of the Zn—substituted HAp NP Films and Ti-PDMS were
analyzed by an atomic force microscope (AFM: Nanocute, Sll Investments, Inc.).
The surface roughness (Rrms) was calculated by the root mean squares in the height

images, the parameters of mean mean square roughness (equation (3-6)), as follows:

/2%: (Izn-21)?
Rypms = % (3'6)

Where z, is a segment height, Z is average height of all segments, and N is the number
of segments. Roughness provides the information about area roughness trend across the
swept area, whereas the roughness of the line yields the roughness value in a selected
trajectory.*

HAp NP deposits obtained at the applied voltage below the critical saturated voltage
showed preferable deposition of fine particles,** because smallest particles reached the
highest electrophoretic velocity, and therefore these were the preferential deposited.* Both
kind of Zn—substituted HAp NPs present good adherent and continuous coating after the

deposition without cracks.

The deposit weight (W) in the EPD process could be described by the equation (3-7):

w=%2 (3-7)

Where C and u are the particle concentration and mobility, respectively; t is deposition
time, and d is the distance between the electrodes. U is described as follows:

U=Up — Ugsep (3-8)
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Where U,, = applied voltage, Ug., = Vvoltage drop in deposit. The electrophoretic

mobility can be determined by the equation (3-9):

=2 (3-9)

- 41N

where ¢ = zeta potential, ¢ = dielectric constant, and # = viscosity of the medium.*

For the determination of the surface properties, the Zn-substituted HAp NP films were
broken into small pieces and that small pieces of the films were used to fill the glass sample
holder tubes (100 mg). Prior to the measurement, the films were dry and degassed under
vacuum at 120°C for 4 h using a pretreatment device (BELPREP-vacll, Microtrac/BEL Co.,
Ltd., Japan). For each film, the measurements were performed 3 times after conducting a 3-
min leak check to ensure data reproducibility, sufficient sealing and complete drying of the
specimens. The specific surface area (Sger) and pore size distributions were determined
through nitrogen (N,) adsorption and desorption instrument (BELSORP-minill,
Microtrac/BEL Co., Ltd., Japan). The films was analyzed under N conditions, 77 K, the
adsorption relative pressure upper limit of 0.99, and desorption relative pressure lower limit
of 0.05. The Brunauer-Emmett-Teller (BET) " surface areas and Barrett-Joyner-Halenda
(BJH) “® pore sizes distribution were applied to the analysis. These calculations were
performed with the calculation software BELMASTER (TM) manufactured by
Microtrac/Bel Co., Ltd.

The BET theory is for explain the multi-layer adsorption of gas molecules on a solid
surface and is considered as an expansion of Langmuir equation, which is for the single
layer gas adsorption. The BET equation can be described as:

P 1 c-1 P
= * — (3-10)
V(Pp—P) VpC Vi€ o Py

By plotting the P/v(P, — P) against the P/P,, a straight line is obtained, where the
slope is (C — 1)/V,,,C and the intercept is1/V,,,C. In the equation (3-10) P is the pressure

of the gas, P, is the saturation pressure of the gas, 1/}, is the volume of the gas necessary to
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. (q1-a2) . .
form a unimolecular adsorbed layer, and C = e o /RT, where g, is the heat of the first

adsorption layer, and g, is the heat of the liquefaction, R is the gas constant and T is the
temperature. This graph is used to obtain the specific surface area, substituting V;,, in

equation 3-11:

Vin
22414

Sper = * Ky *s (3-11)

Where K, is the Avogadro’s number. Since the cross-sectional occupied area occupied
by the adsorbed of nitrogen at the liquid nitrogen temperature is 0.162 m? s can be

calculated as:
s =4.35x%1, (3-12)

The BJH method was used for calculate the pore size distributions from experimental

isotherms using the Kelvin model of pore filling (eq. 3-13).

—20Vcos6

RTIn(P/Py) (3-13)

Here, 75, is the pore diameter, 7y, is the pore diameter where the capillary condensation

occurs, t is the he thickness of the multilayer adsorption, o is the surface tension of liquid

nitrogen, and @ is the contact angle, V is the liquid molar volume of nitrogen. This
technique was developed for porous adsorbents with a wide range of pore sizes. The theory

can be summarized as (eq. 3-14):

V-V, = f:; T (r—t)2L(r)dr (3-14)
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Where V is the total volume Vx is the volume of gas adsorbed at saturation pressure,
L(r)dr is the total length of pores whose radii is between r and r + dr. rp, is the radius of

the largest pore still completely filled with liquid adsorbate at any pressure.

3.2.7. FT-IR Spectral Analysis for Fetal Bovine Serum (FBS) Adsorption

Secondary Structures
For the FT-IR measurement, the adsorption of 10 vol% FBS in DMEM was used in the
in situ adsorption experiments for 120 min was conducted at 37°C, and was washed by

ultrapure water and freeze-dried. Based on our previous report,**°

the adsorbed protein
secondary structures on theZn—-substituted HAp NP films at the different temperature of
37°C were measured by a Fourier transform infrared spectroscopy (FT-IR: JASCO Co.,
Ltd., FT/IR-4600ST) at the the cumulated number of 128 times and the spectral resolution
of 1 cm™. The spectra were recorded after subtracting a background spectrum of pristine
Si(100). The spectra of the freeze-dried films adsorbed Fgn at the equilibrium stage were
measured and deconvoluted into six components at the wavenumber regions between
1600-1735 cm™. In the concrete, the C=0O stretching band was deconvoluted into six
components (1630+2, 1645 + 2, 1655+2, 1665+2, 1680+2 and 1690+2 cm™) belonging to
B—sheet, random, o-helix, turn, PB-turn(l) and p-turn(2), respectively. All the
deconvolutions were performed by fitting with the Gaussian functions using the SOLVER
option in the software (Microsoft Co. Ltd., Excel 2013).>' By the generalized reduced
gradient method, the SOLVER calculation was done until the satisfied states of all the
constraints and optimization conditions. The residual values decreased down to be less than
7.0 %. The ratio of the mono-component area was calculated from the separated spectrum.
As the references, the spectra of Fgn alone without the further purifications were measured

and deconvoluted as discribed above.

3.2.8. Antibacterial Test

The antibacterial text of the Zn:HAp and Zn:CHAp NP films at 0, 2.5, 5 and 10 mol%,
and [reference: Ti-PDMS substrate], were conducted using Escherichia coli (E. coli DH5a)
purchased from Takara Bio Co., Ltd.
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LB medium and LB plate kit were purchased. LB culture medium solution was prepared
by mixing Tryptone (Becton, Dickinson and Company (BD) Co., Ltd., code No. 211705),
Yeast Extract (BD) Co., Ltd., code No. 211705), and NaCl (Wako Co., Ltd., code No. 191-
01665). The LB medium was prepared by dissolving 10 g of tryptone, 5 g of yeast extract
and 10 g of NaCl into 950 mL of deionized water and adjusting the pH of the medium to
7.0 using 1N-NaOH to bring volume up to 1 L. The medium was treated by an autoclave
before the culture. On the other hand, LB plate culture medium for preparing colony plate
was prepared by adding Agar (Wako Co., Ltd., code No. 010-15815) into LB culture
medium solution, and the resulting solution was casted on sterile 10-cm- petri dish (AS
ONE Co., Ltd., code No. 3-1491-01). LB plate was prepared by adding 15 g/L agar before
the autoclaving in the same preparation procedure to LB medium as above. After the
autoclaving, the liquid at the temperature of 55°C was poured into petri dishes (diameter:
10 cm). After harden, the plate was inverted and stored at +4°C in the dark.

For coating of the cultured colony solution on the LB plate in the dish, T-shape
spreading pole (product name: bacteria spreader, AS ONE Co., Ltd., code No. : 2-6424-
04) was used. The E. coli DH5a bacteria were cultured in a plastic cell culture dish
(diameter: 10 cm) with LB medium plate containing 10 mL of LB medium at 37°C in a
humidified air atmosphere, and then sub-cultured every 2 days to finally keep the cultured
E. coli DH50. bacteria at 4°C. After being washed with 15 mL of LB medium, the bacteria
were dispersed in 15 mL of PBS, separated by centrifugation (2000 rpm, 2 min). The
centrifugation and dispersion were carried out twice.

Based on a McFarland turbidimetric method, the bacteria liquid was adjusted by
McFarland standard solution. The McFarland No. 3 solution was prepared in the admixture
solution of 1 wt%-BaCl,/water (0.3 mL) and 1 wt%- H,SO,/water (9.7 mL). As a result, the
turbidity by a turbidimetric measurement (CO7500 Colorimeter UK, Biochrom Ltd.) was
26 % of transmittance at 590 nm (0.4 of absorbance at 590 nm) and 1.0 X 10° CFU (Colony
Forming Unit)/mL of number of bacteria, indicating that the prepared bacteria liquid of E.
coli DH50 was McFarland standard turbidity No. 3. Then, the diluted dispersion solution of
E. coli DH5a was prepared at the concentration of 1.0 X 108 CFU/mL (900 uL), 1.0 X 10’

CFU/mL (900 uL) and 1.0 X 10° CFU/mL (900 uL).
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The sample films were which were pre-sterilize by 70 vol%-ethanol/water solution and
then dried inside clean bench. 50 uL of the E. coli DH5a bacterial liquid at the
concentration of 1.0x10° CFU/mL (i.e., 5.0 X 10* CFU) was seeded on the sample film

surface in 60-mme-cell-culture-dish. The seeded surface layer was immediately put over and
homogeneously coated by a speeding stick. The surfaces were softly capped by a cover
glass (area: 18 mm x 18 mm), and the culture dishes were put on a closed container with
the 100 % of humidity and contiguously pre-cultured for 17 h under room temperature.
After the pre-culture, the cover glass/E. coli DH5a fungi/sample film substrate was
moved into 10 mL of LB medium in 50-mL-tube-container and oscillated in order to extract
all the E. coli DH5a fungi (ca. 5.0x10* CFU) and prepare the dispersion medium solution
(i.e., secondary fungus liquid). Then, 200 pL of the secondary fungus liquid (ca. 1000
CFU/200 pL), 200 pL of the 10-fold-dilution liquid (ca. 100 CFU/200 uL), 200 pL of 100-
fold-dilution liquid (ca. 10 CFU/200 pL) were adjusted by LB medium and the liquid (200
puL) was seeded on the solid and dry state agar gel medium, which is a commercially-
available LB agar plate, at three different concentrations. The seeded surface layer was
immediately put over and homogeneously coated by a speeding stick. The culture of viable
fungi was conducted at 37°C under air with 100 %-humidity for 24 h, and then the number
of the viable fungi was counted. As the characterization method of the antibacterial
properties, the viability rate after the viable fungi growth of second culture was investigated
by measuring the number of viable E. coli, which is famous evaluation method. The

number was averaged between three same sample films (n=3).

3.2.9. Evaluation of Cytocompatibility

Before the seeding procedure, the samples were kept in phosphate buffered saline
(PBS) for three hours and then sterilized with ethanol 50 and 70 vol% of concentration for
12 h each of them, then rinsed twice with PBS 30 min, and finally swelled in Dulbecco’s
modified Eagle’s medium (DMEM) for 30 minutes two times, in order to clean the samples.
NIH3T3 mouse embryonic fibroblast cells were cultured at 37°C, 95% relative humidity
and 5% CO; environment. The culture medium was 90 % Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and 1%
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penicillin/streptomycin. The cells were cultured in a cell culture flask containing 15 mL of
the FBS dispersed into DMEM at 10 vol% (10 % FBS/DMEM). The cells were incubated
at 37 °C in a humidified atmosphere of 5 % CO,, and subcultured every 7 days with 1 mL
of the trypsin-EDTA. After being washed with 15 mL of PBS and treated with 1 mL of the
trypsin-EDTA for 10 min at 37 °C, the cells were dispersed in 15 mL of PBS, separated by
centrifugation (2000 rpm, 2 min), and dispersed in 15 mL of 10 % FBS/DMEM. The
centrifugation and dispersion were carried out twice. The number of cells in the suspension
was counted and adjusted at the seeding density of 8000 cells-mL™. The suspension was
seeded on Zn:HAp and Zn:CHAp NPs at 0, 2.5, 5 and 10 mol% in petri tissue culture dish
35 x 10 mm, at a density of 800 cells/cm?. Polystyrene tissue culture (PS) dish was used as
a control and PDMS as a polymer reference. The cells were used for imaging and
characterization purposes after 72 h of culture. The washed surfaces (e.g., adhered cells)
were immediately fixed with formaldehyde and then were observed by an optical
microscopy (Olympus Co., Ltd., CKX41) to obtain the adhered cell density and aspect ratio.
To determine the cell area, approximately 50 cells were per image were analyzed using
Cellsens software. For each sample six images were analyzed to obtain an unbiased
estimate of the cell density and morphology. The results were based on three independent
experiments were performed (n=3). The aspect ratio was calculated by dividing the long
length and the short length of the cells using the Cellsens software, similarly 50 cells were
per image were analyzed. For each sample six images were used and simultaneously three
independent experiments were performed (n=3). The measurements were assessed
statistically using a one-way analysis of variance (ANOVA) test followed by the Student’s t
Test with a significance criterion of p <0.05.

3.3. Results and Discussion

3.3.1. Characterization of Zn—substituted HAp NPs

Figure 3.1 shows the (a) resultant concentrations of Zn, and (b) resultant (Ca+Zn)/P
ratio a of the Zn:HAp and Zn:CHAp NPs at Zn substituted concentrations of 0.0, 2.5, 5.0,
and 10.0 mol% of each element found in the synthesized nanoparticles by the XRF

analysis. The Ca content decreased with increasing the Zn ion amount and the maximum
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substituted Zn content is ca. 5 mol% from the initial concentration of 10 mol%, indicating
the successful Zn ion incorporation into the HAp NPs structures. Furthermore, the C
content increased with increasing the Zn ion amount, and that in the Zn:CHAp NPs was
higher than that in the Zn:HAp NPs , indicating the carbonate ion (e.g., COs>, HCO3)
inclusion in the crystal formation. The existence of carbonate ions in the initial Ca-rich
aqueous solution for the Zn:CHAp NPs effectively leads the carbonate HAp NPs formation.
Accordingly, the Zn:CHAp NPs have the lower content of phosphorous as compared with
the typical HAp NPs, assuming that the carbonate ions are replacing with the phosphate
ions in the structures. Thus, the Zn:CHAp NPs are thought to be B-type carbonate apatite, >
which is important for mimicking human bone mineral. The resultant (Zn+Ca)/P molar
ratios for 0.0-Zn:HAp and 0.0-Zn:CHAp NPs were 1.64 and 1.94 and the molar ratio
decreased with increasing the Zn ion amount. It was suggested that the carbonate ion
inclusion with the Zn ion substitution induced the negative charge decrease caused by
replacing phosphate ions to resultantly lost the positive charge (i.e., generate the Ca
defects) for compensating. Therefore, the Zn—substitution in the NP was successfully
achieved, and the weight percentage of Zn ions in the 10—Zn:HAp and 10—-Zn:CHAp NPs
contains 0.76 and 0.68 wt%, which are safety for cells in the animal body because of the
toxic threshold at 1.5-2 wt%.>®
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Figure 3.1. (a) Resultant concentrations of Zinc (Zn), and (b) resultant (Ca+Zn)/P ratio a Zn:HAp
and Zn:CHAp NPs at Zn substituted concentration of 0.0, 2.5, 5.0, and 10.0 mol%.
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DTA-MS curve of (a) 5.0-Zn: HAp and (b) 5.0—-Zn:CHAp NPs are shown in Figure
3.2. It was confirmed the occurrence of m/z:18 that corresponded to the water (H,O), and
m/z: 44 that corresponded to the carbon dioxide (CO;). Below 200 °C corresponded to the
dehydration of the adsorbed H,O at the surface. The weight loss of 580 ° C is thought to be
due to the carbon dioxide (CO,) The CO, is observed in a wide temperature range. In the
measurement results, CO, is output at x10. Although a higher amount of CO, was observed
in Zn:CHAp NPs, it was not possible to determine the quantity of CO, by DTA—MS due to
exact content of the CO, because it is generated at the same time as H,0.>* However, it is
very small compared to H,O, and the decrease in TG is considered to reflect H,O
dominantly.

In Figure 3.2, TG—DTA curves of (¢) Zn:HAp and (d) Zn:CHAp NPs substituted at
different Zn ion concentrations. The correlation with the H,O and CO, loss in mass percent
was inserted graphic in the TG—DTA curves. In all the TG curves, the weight that was loss
below 300 °C was caused by the desorption of adsorbed H,O and CO; on the surface of
Zn:HAp and Zn:CHAp NPs. The weight loss above 600 °C was attributed to is the
liberation of CO, existing as carbonate ions in the NPs. This weight loss was higher in
Zn:CHAp NPs than for Zn:HAp NPs, demonstrating the higher content of carbonate ions in
Zn:CHAp NPs >
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Figure 3.2. (a—b) DTA-MS curve of (a) 5.0-Zn: HAp and (b) 5.0-Zn:CHAp NPs. In the curve,
the total combined intensity and the two detached gases (H,O and CO,) were observed. (c—d)
TG-DTA curves of (@) Zn:HAp and (b) Zn:CHAp NPs substituted at different Zn ion
concentrations. The correlation with the H,O and CO, loss in mass percent is inserted graphic in the
TG—DTA curves.

Figure 3.3 shows the FT—IR spectra of the Zn:HAp and Zn:CHAp NPs with the
different Zn concentrations. The peak observed at around 3530 cm™ is due to the presence
of structural hydroxyl group in the HAp NPs structure. The broad band at around 3400 cm™
attributed to the surface OH groups on the nanoparticles as well as the adsorbed water
molecules was observed, which was enhanced with increasing the Zn substitution. The
bands at 1076 cm™, 1030 cm™, 957 cm™, 601 cm™, 572 cm™and 460 cm™ can be assigned
to the P—O vibrations of the phosphate ions.”®™ Although the phosphate bands of the
Zn:CHAp NPs are almost same to the Zn:HAp NPs, the double bands at around 1440 and
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1420 cm™, are attributed to the carbonate ions (e.g, HCO3 , COs%) in the structures,®®®

strongly appeared in the Zn:CHAp NPs. The carbonate ions were derived from atmospheric
carbon dioxide and dissolved into the solution.

The bands at around 1440 and 1420 cm™ are attributed to the symmetric mode with its
transition moment parallel to the C-O bond (ns) and the asymmetric mode with its
transition moment perpendicular to the same C—O bond (n,s). The variation in the relative
band intensity ratio (ns/ngs) with increasing the initial Zn ion substitution is attributed to
changes in the inclusion state of the carbonate ions in the HAp NPs structure. The band at
957 cm ™ is assigned to a no degenerated symmetric stretching mode of the P—O bond of
the phosphate group, which was clearly observed in the Zn:CHAp NPs. The double bands
at 601 cm™and 572 cm™ are assigned to a triply degenerated bending mode of the O—P—O.
The weak band at around 460 cm™ is assigned to the components of the doubly degenerated
bending mode in the phosphate ion.®?

Because the large water content present in the nanoparticles prevented determining the
amount of carbonate ions contained in the nanoparticles with the TGA-DTA-MS, whereby
the FT-IR spectrum was determined (see Figure 3.4).°® The results coincide with the
results obtained in XRF. Increasing the concentration of zinc increases the concentration of
carbonates, suggesting that zinc allows the introduction of carbonate ions into the structure
of the nanoparticles. The carbonate ion content is much higher in Zn:CHAp NPs than for
Zn:HAp NPs. The content of carbonate ions for 10—Zn:HAp NPs was 0.1 mass% and for
10—Zn:CHAp NPs was 0.18 mass %.
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Figure 3.3. FT-IR spectra of the (a) Zn:HAp and (b) Zn:CHAp NPs with the different Zn
concentrations.
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Figure 3.4. Carbonate ion content in weight percent in the (a) Zn:HAp and (b) Zn:CHAp NPs
substituted at Zn ion at the concentration of 0.0, 2.5, 5.0 and 10.0 mol %. The carbonate ion
content was calculated from the FT—IR spectra.

Figure 3.5 shows the XRD patterns of the Zn:HAp and Zn:CHAp NPs with the
different Zn concentrations. All the peaks were assigned to a HAp single phase (JCPDS No.
09-0432). With the increase in the Zn ion substitution, the peaks are slightly broadening,
which would be attributed to the decreased crystallinity by the Zn ion (radius: ca. 0.6 nm)
substitution with calcium ion (radius: ca. 0.1 nm) in the HAp NPs structure.®*®

The calculated hexagonal unit cell (a and ¢) and crystalline sizes (doo2 and dsgo) are
shown in Table 3.1. The 0.0—Zn:HAp and 0.0—Zn:CHAp NPs are a = 9.40 A and ¢ = 6.88
Aanda=9.43 A and c = 6.91 A, respectively, which are almost similar to the literature of
HAp (a=9.42 A, c =6.88 A).

The decrease in the a lattice parameter with increasing the Zn ion substation suggested
that the replacement of calcium ions with Zn ion causes the defects as well as suppress the
crystal growth along with the a-plane.®’ In the case of Zn:CHAp NPs, the decreasing in the
c lattice parameter with increasing the Zn ion substitution was more pronounced than in Zn:
HAp NPs (see Table 3.1), suggesting that the phosphate ions were replaced with carbonate
ions in the c-plane surfaces to suppress the crystal growth along with the plane. Thus, the
synthesis in the Zn:CHAp NPs can induce the higher replacement of the phosphate ions
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with carbonate ions to totally suppress both the a- and c-plane crystal growing, and the
phenomena would make the crystalline size smaller in the Zn:CHAp NPs. The crystalline
sizes (dsoo and dgoz) decreased with increasing the Zn ion substitution amount, indicating
that the Zn ion addition suppresses the HAp NP growth to form smaller NPs.®*%>® Thys,
the Zn ion substitution suppressed the NP growth by the exchange of the native calcium

and phosphate ions at the near-surfaces.
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Figure 3.5. XRD patterns of the (a) Zn:HAp and (b) Zn:CHAp NPs with the different Zn
concentrations.
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Table 3.1. Lattice parameters, crystalline sizes, Sger and zeta potential of the Zn:HAp and
Zn:CHAp NPs with the different Zn concentrations.

Samplc Lattice Parameters Crystalline Sizes Zeta potential
a(A) c(A) |dy,om)| d  (nm) (mV)

" 0.0-Zn:HAp 9.40 6.88 40 20 2224250
2.5-Zn:HAp 9.42 6.88 24 5.7 -17.4£11.5
5.0—-Zn:HAp 9.33 6.84 14 54 -19.9+15.7
10-Zn:HAp 9.28 6.83 13 5.0 —20.4+£5.5

0.0—-Zn:CHAp 9.43 6.91 34 15 -16.9+17.4
2.5-Zn:CHAp 9.29 6.91 21 6.0 -20.2+7.7
5.0-Zn:CHAp 9.27 6.84 20 5.6 —20.6+12.4
10—-Zn:CHAp 9.24 6.70 18 4.6 -20.0£4.9

The particle size and aspect ratio calculated by TEM images are shown in Figure 3.6
where the a-axis is decreasing due to the increasing the Zn amount which promoted the
incorporations of carbonate ion.®"* The increase in carbonate ions prevents growth along
the c-axis, generating a decrease in the c-axis but also in the a-axis.”® In both particles the
aspect ratio decreased however the decrease in the aspect ratio is higher in Zn:HAp NPs
than in Zn:CHAp NPs. The mechanism of decrease in the crystalline size is shown in
Figure 3.7. The a-axis is decreasing due to the increasing the Zn amount’® which promoted
the incorporations of carbonate ion. The increase in carbonate ions prevents growth along
the c-axis, generating a decrease in the c-axis. Defects caused by the replacement of
phosphate ions with carbonate ions could allow a better interaction between carbonate ions
and atmospheric water. These interactions between carbonate ions and atmospheric water

could generate more defects, which could favor the dissolution behavior of NPs.
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Figure 3.6. Particle size and aspect ratio of the Zn:HAp and Zn:CHAp NPs calculated from TEM
images distribution.
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Figure 3.7. Proposed mechanism of the Zn and carbonate ion substitution on the HAp NPs, which
explain the decrease in the particle size generated by the defects.
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The TEM images and the calculated particle size of the Zn:HAp and Zn:CHAp NPs with the

different Zn ion concentrations are shown in Figure 3.8 and Figure 3.9, respectively. All the

nanoparticles exhibit the smaller crystalline sizes less than 100 nm. The crystal sizes observed in the

TEM correspond to those calculated by the Scherrer equation, indicating the single crystal of one

nanoparticle. In the 0.0 and 2.5-Zn:HAp NPs significantly exhibits the typical HAp prism needle—

like shape morphologies, and the needle—like shapes were changed to particulate shapes and

aggregation states with increasing the Zn ion substitution. On the other hand, the Zn:CHAp NPs

exhibit the particulate shapes at the lower Zn ion concentrations, and the higher concentration of Zn

also induce the spherical shapes and aggregation states.
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Figure 3.8. TEM images with their short and long axis size distributions and the particle volume
distribution calculated from the TEM images of the Zn:HAp NPs at different Zn concentrations.
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Figure 3.9. TEM images with their short and long axis size distributions and the particle volume
distribution calculated from the TEM images of the Zn:CHAp NPs at different Zn concentrations.

The Figure 3.10 and 3.11 shows the particle size distribution and volume of the Zn:HAp
and Zn:CHAp NPs with the different Zn ion, respectively, determined by the gNano
particle analyzer. The particle size calculated from TEM and the particle obtained by the
gNano particle multianalyzer different for both, Zn:HAp and Zn:CHAp NPs. The particle
size was bigger in the gNano analyzer, suggesting that nanoparticles tend to form more
aggregates in the PBS solution. The 10.0—Zn:HAp and 10.0-Zn:CHAp NPs showed bigger
particle size, which suggest that the increase of the zinc ion content promote the

aggregation capacity of the nanoparticles.
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The zeta potentials of the samples were calculated from gNano particle multianalyzer of
the Zn:HAp and Zn:CHAp NPs are in Table 3.1.measurements. The zeta potentials in both
HAp NPs increase after calcination which can facilitate the capacity of the HAp NPs of

aggregation.
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Figure 3.10. Particle size and volume distribution of Zn:HAp NPs doped with the Zn ion
concentration of 0.0, 2.5, 5.0 and 10.0 wt %. Determined after dispersion in PBS by gNano particle
multianalyzer.
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Figure 3.11. Particle size and volume distribution of Zn:CHAp NPs doped with the Zn ion
concentration of 0.0, 2.5, 5.0 and 10.0 wt %. Determined after dispersion in PBS by gNano particle
multianalyzer.

Figure 3.12 shows the FT-IR spectra of the stretching O—H absorption band were
deconvoluted into the three principal components as the hydration layers’* adsorbed on the
Zn:HAp NPs (Figure 3.12 (a—d)) and Zn:CHAp NPs (Figure 3.12 (e—h)) with the different
Zn ion concentrations. The three components ratios that was assigned to the intermediate
and non—freezing waters, which have been totally defined as a bonding water,”” were
thought to have spectra were in Figure 3.12 (i). The component ratios of the free water for
Zn:HAp NPs at 0.0, 2.5, 5.0 and 10.0 mol% were 52 %, 53.2 %, 55.9 %, and 48.7 %, for
intermediate water 33.8 %, 32.6 % 32.6 %, and 34.8 %, and for non—freezing water 14.2 %,
14.2 %, 14.5 % and 16.5 %, respectively. In the other hand, the free water Zn:CHAp NPs at
0.0, 2.5, 5.0 and 10.0 mol% were 48.6 %, 51.4 % 50.1 %, and 45.8 %, for intermediate
water 36.4 %, 31.6 %, 27.7 %, and 23.1 %, and those of the non—freezing water were 15 %,
17 %, 22.2 % and 31.1 %, respectively.
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Figure 3.12. Curve fitting and spectral separation results of FT—IR deconvolution spectra of the
hydroxyl groups of the hydration layer at 2 hours on (a—d) Zn:HAp NPs with the Zn ion
concentration of 0.0, 2.5, 5.0 and 10.0 wt %, respectively and (e—h) Zn:CHAp NPs with the Zn ion
concentration of 0.0, 2.5, 5.0 and 10.0 wt %, respectively. The separation in 3 of the components
are based of the Gaussian-Voigt function and correspond to (1) asymmetric stretching vibration of
the (1) free water @ 320020 cm™, (2) intermediate water bending vibration @ 3400+20 cm™, (3)
stretching vibration of non—freezing water @ 3600+20 cm™, and non-stretching vibration of the
hydroxyl group in the HAp structure @ 3571+ 1 cm™. From the deconvolution spectral areas, the
component ratios of the secondary structures were represented in (i).
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In all the Zn:HAp and Zn:CHAp NPs with the different Zn ion concentrations the
non—freezing water ratio increase with the increase of the Zn amount, indicating that the
incorporation of Zn allows the formation of hydration structures in the surface of the
nanoparticles. The ratio of the bonding water was higher for the Zn:CHAp NPs than for
Zn:HAp NPs, in particular, for Zn:CHAp NPs , the non—freezing ratio increase dramatically
in the with the increase of Zn amount. The non—freezing water has a direct contact with the
material surfaces,”® thus the obtaining results suggesting a strong interaction between the
carbonate ion in the surface of Zn:CHAp NPs at different concentrations and the hydration
layer which can generate disorder in the structure and can promote the dissolution of the
nanoparticles. In order to corroborate if the cooling process during the freezing drying
process affects the hydration layer structures, it was investigated the hydration layer
structures without freeze-drying. The obtained hydration layer structures with and without
freeze-drying were almost the same, suggesting that the drying process did not affected the

hydration layer structures.

The Figure 3.13 (a—b) shows the dissolved Ca?* ratios from the total Ca®* content in the
Zn-substituted HAp NPs as a function of immersion time in PBS. The dissolution rate of
Ca’* from the total Ca** content in the Zn:HAp NPs at different Zn concentrations were less
than 3 wt% and for Zn:CHAp NPs at different Zn concentrations were less than 6 wt% the
dissolution amount increase as the Zn concentration increased. The dissolution behavior
agreed well with Korsmeyer-Peppas model (Figure 3.13 (c—d)).** Here, the low Km values
are the index of low dissolution behavior and depends on the physicochemical properties of
the materials irrespective of the dissolution behavior. A previously reported on the radial
diffusion from the cylindrical geometry, the value for pure Fickian diffusion is 0.45.”" It is
known that the value for abnormal transport is more than 0.45, and that for Case Il transport
(e.g., polymer relaxation or swelling—controlled mechanism) is 0.89.”

The Zn-substituted nanoparticles were proved to show a very higher dissolution
behavior, suggesting that the Zn ion incorporation promotes the Ca*" dissolution. In
particular, 5.0-Zn:CHAp and 10.0-Zn:CHAp NPs showed the highest dissolution behavior,
these results are in agreement with the hydration layer results, were 5.0-Zn:CHAp NPs and
10.0-Zn:CHAp NPs has higher bonding water ratio, corroborating that the incorporation of
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carbonate ions enhanced the adsorption of hydration layer and promote the dissolution. It
was observed that the structural changes of the NPs have a direct impact on the solubility of
the NPs. The incorporation of Zn and carbonate ions will promote the formations of
vacancies and will generate defects in the structure, which can allow having better diffusion
of the water from the atmosphere and also stronger interactions with the water, promoting
the formation of hydration layer structures and subsequently favoring the dissolution of the
Zn:CHAp NPs.
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Figure 3.13. (a—b) Dissolved Ca®* and Zn** ions ratios from the total Ca** content in the Zn:HAp (a,
¢) and Zn:CHAp NPs (b, d) with the Zn ion concentration of (o) 0.0, (o) 2.5, (<>) 5.0, and \)10.0
as a function of immersion time in PBS. The Korsmeyer-Peppas function (c—d) calculated from the
dissolved Ca?* and Zn*" ions ratios from the total Ca*" content in the Zn:HAp and Zn:CHAp NPs
with different Zn ion concentration is inserted on the graphs.
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3.3.2. Characterization of Surface Structures of Zn—substituted HAp NP

Films

By the EPD, the Ti-PDMS substrate was successfully covered with the nanoparticles in
Fig. 3.14 (b). The surplus the nanoparticles were removed to obtain the highly-transparent
nanoparticle film on the Ti-PDMS in Fig. 3.14 (c) and preserve their substrate flexibility.
The nanoparticles would be stabilized at the monolayer states on the Ti surface.” The Rim
values of the PDMS and Ti-coated PDMS substrates were 0.5 = 0.1 nm and 0.7 £ 0.2 nm,
respectively, as shown in Fig. 3.14 (f, g). In the EPD process, the Ti-PDMS surface at 10 V
was almost bare and the nanoparticles only remain sporadically, and the surface coverage
rates were 50—70 %. In the 50 V, the Ti-PDMS was almost covered with the nanoparticles,
and the coverage rates were 80—90 %. In the 100 V, the Ti-PDMS was completely covered
with the nanoparticles in the thickness 20—50 nm.

Thus, with increasing the applied voltage, the surface coverage rates of the
nanoparticles increased, and those at the 100 V were ca. 100 % in Table 3.2, indicating the
dense and flat surface coatings on the Ti-PDMS of Zn:HAp and Zn:CAp NPs. These results
well correspond to the previous reports on the nanoparticles deposited on metal
substrates.®®® The representative AFM topographic images of the NP 5.0-Zn:HAp and
5.0-Zn:CHAp NP films on the Ti-PDMS were shown in Fig. 3.14 (f, g). The NP
5.0-Zn:HAp and 5.0-Zn:CHAp NP films clearly exhibited the needle-like and particulate
shape morphologies, respectively. The Rms values of the NP films were 2—6 nm in Table

3.2, indicating the successful preparation of homogeneous NP film formation.
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Figure 3.14. Digital images of PDMS substrate (a) before, (b) after electrophoretic deposition of
Zn:HAp NPs, (c) after ultrasonification, and AFM topographic images (area: 1.0 x 1.0 um?) of the
PDMS substrates (d) before, and (e) after Ti-deposition and the surfaces subsequently-deposited
with (f) 5.0-zZn:HAp and (g) 5.0-Zn:CHAp NPs. The surface roughnesses were (d) 0.6 nm, (e) 1.2
nm, (f) 6.3 nmand (g) 6.5 nm.

The N, adsorption/desorption isotherms of the Zn:HAp and Zn:CHAp NP films are
shown in Figure 3.15, and the Sget and zeta potential values with the different Zn ion
concentrations are summarized in Table 3.2. The Sger value significantly increased with
increasing the Zn ion substitution, which would be attributed to the smaller nanoparticle
formation through the nucleation and NP growth process accompanied with high surface
concentration steps, kinks and vacancies. All the samples give typical type IV adsorption
isotherms with a slight H3 hysteresis loop as defined by IUPAC,®* indicating the mesopores
and aggregation form by the nanoparticles based on the adsorption on adsorbents with

strong interactions as the unrestricted monolayer-multilayer adsorption state.**® This result
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suggests the change in the nanoparticle sizes as well as the aggregation states among the
smaller-sized spherical nanoparticles.®® The hysteresis loop is gradually opening a little
more with increasing the Zn ion substitution, indicating the aggregation states to form the
mesoscale pores,®® suggesting the nanospaces confined by the nanoparticle aggregation
form. The average pore sizes determined by Dgyy were in the range between 9—10 nm. All

the samples were in the same range with almost no change with increasing the Zn ion

amount substitution.

350

Adsorbed volume / ml (S.T.P.)-g*

Figure 3.15. Nitrogen adsorption (close figures) and desorption (open figures) isotherms of the (a)
Zn:HAp and (b) Zn:CHAp NP films with the different Zn concentrations of 0.0, 2.5, 5.0 and 10.0

mol%.
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Table 3.2. Summarized results of surface coverage rates, roughness changes from the AFM
topographic images (area: 2.5 x 2.5 umz), and the Sger and Dgjy of the Zn—substituted NP films.

Surface Surface
SgeT DgiH
Sample Coverage Roughness, )
(m“/g) (nm)
(%) Rrms (NM)
0.0—Zn:HAp 95.2 26+1.2 78 3.4
2.5-Zn:HAp 95.6 6.1+0.7 82 3.3
5.0—-Zn:HAp 98.8 6.3+1 .5 85 3.1
10.0—-Zn:HAp 94.8 56+1.2 112 3.0
0.0—Zn:CHAp 96.9 43+0.6 87 3.3
2.5-Zn:CHAp 94.4 6.3+0.9 99 3.2
5.0-Zn:CHAp 97.6 6.5+2.1 100 3.1
10.0—-Zn:CHAp 94.8 58+1.3 118 3.1
Ti-PDMS 0.7+0.2

3.3.3. FT-IR Spectral Analysis for FBS Adsorption Secondary Structures

The adsorption of multiple proteins derived from fetal bovine serum (FBS) in minimum
essential medium (DMEM) was shown in Figure 3.16. The adsorption behavior depends on
the sensor surface. The adsorptive ions in the solvents and the Zn ion content on Zn:HAp
and Zn:CHAp NP films and components of the surfaces induce different adsorption
behaviors. FBS contains many proteins such as fibronectin, fibrinogen, BSA, and laminin
as acidic proteins, IgG, etc. Acidic proteins with a negative charge at neutral pH of the
buffers would preferentially adsorb onto the HAp NP surface.”™* ™ The adsorption would
be attributed to the carbonate ions. The carbonate ions adsorb strongly on the hydroxyl
group through hydrogen bonds as well as on the Ca site through electrostatic interaction on
the HAp NP surface. The bands at around 1500 and 1420 cm™' are attributed to the
symmetric mode with its transition moment parallel to the C-O bond (vs) and the

asymmetric mode with its transition moment perpendicular to the same C—O bond (vy;).
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Figure 3.16. Curve fitting and spectral separation results of FT-IR deconvolution spectra of the
amide | band of the adsorbed FBS on (a—d) Zn:HAp and (e—h) Zn:CHAp NP film doped with the
Zn ion concentration of 0.0, 2.5, 5.0 and 10.0 wt %. Their secondary structural components are (1)
B—sheet, (2) random, (3) a—helix, (4) turn, (5) B—turn, and (6) p—turn. The component ratios of the
secondary structures calculated from the deconvolution spectral areas of the amide | band were
shown in (i).

153



Chapter 3 Zinc—substituted Hydroxyapatite

The variation in the relative band ratio (vs/vas) with increasing concentration can be
attributed to changes in the bonding state of the adsorbed carbonate ions on the HAp NP
surface.” In the component ratios of the adsorbed FBS (Fig. 3.16 (i)) was observed that the
a—helix ratio was higher in the Zn—substituted HAp NP films, indicating that the Zn ion
prevents the denaturalization of the adsorbed proteins. The 5.0-Zn:CHAp NP film and 5—
Zn:HAp NP film had the higher p—sheet ratio in comparison with the others NP films,
suggesting that the substitution of 5.0 mol% of zinc is appropriate for the promoting the p—
sheet conformation. The secondary structural arrangements of the proteins will depend on
the interactions with the NPs, and in this case with the Zn. It has been noticed that the Zn
ion is more thermodynamically prone to join and promote beta-sheet conformation,
promoting the fouling of the protein.”® In the case of 5.0-Zn:CHAp NP film, it was
observed the highest beta-sheet ratio, which could be attributed to the interactions between
the proteins and the Zn ions; which can be interpreted as that 5.0-Zn:CHAp NP film

promotes adsorption of the proteins in the f—sheet conformation.

3.3.4. Antibacterial Properties
Table 3.3 shows the results of viable number of E. coli DH5a. All the Zn—substituted

NP films decreased the number of viable E. coli DH5a colonies with the increase in the Zn
substitution amount. The antibacterial activity of the Zn:CHAp NP films were better than
that of the Zn:HAp NP films, which would be attributed to the near-surface dissolving
activity of Zn ion by the existence of rich carbonate ions, even though the Ti-PDMS
suppressed the E. coli DH5a binding, which would be attributed to the hydrophobic surface
properties.

The substituted Zn ion amount in the nanoparticles was 0.76 and 0.68 wt% by the XRF
analysis for the 10.0-Zn:HAp and 10.0-Zn:CHAp NPs. These contents are non-cytotoxic
concentrations for the cells based on the threshold at 1.5 wt%,”° which were clarified by
in vitro experiments for mouse osteoblastic MC3T3-E1 growth. The eluted Zn ions in the
culture medium would affect the cell activity and these mechanisms were not investigated.
It is suggested the successful preparation of the 5.0 and 10-Zn:CHAp NP films with the
cytocompatibility as well as antibacterial activity. It is thought that the antibacterial activity
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would be derived from the dissolved Zn ion and reactive oxygen atoms at the near-surfaces
of the NPs. Indeed, the other studies showed that the membranes of E. coli DH5a can be

damaged after the contact with dissolved Zn ions,**%

causing nutrients, proteins and other
essential components of the cytoplasm within the bacteria to ‘leak out’, resulting in the
death.®>% In this study, there is a slight elution of Zn ions at the near-surfaces of the
nanoparticles, and the eluted ions are the significant concentration to affect the attached
antibacterial activity.

The Zn ion would interact with-the cytoplasm to form the bonding with the membrane
proteins of E. coli DH5a, leading to the death. When the activated oxygen is assumed, the
oxygen radical species by the Zn ions substituted in the nanoparticles would be rapidly

deactivated.

Table 3.3. Summarized results of the viable number of E. coli DH5a after the second culture at the
lower seeding concentration (first culture: 1 x 10° CFU/pL and second culture: 5 CFU/200 pL) and
at the higher seeding concentration (first culture: 1 x 10° CFU/mL and second culture: 1x10
CFU/200 pL).

Viable Number of Viable Number of
Sample E. coli DHSa at the E. coli DHSa at the

Lower Seeding Concentration Higher Seeding Concentration

0.0—-Zn:HAp 80 800
2.5-Zn:HAp 70 700
5.0-Zn:HAp 60 638
10.0-Zn:HAp 48 575
0.0-Zn:CHAp 102 1038
2.5-Zn:CHAp 83 790
5.0-Zn:CHAp 81 775
10.0-Zn:CHAp 50 463
Reference 38 375
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3.3.5. Cytocompatible Properties

Figure 3.17 shows the density and aspect ratio of the cells adhered on the Zn:HAp and
Zn:CHAp NP films and the reference Ti-PDMS. In all the Zn—substituted HAp NP films,
the density increased with increasing the culture time, whereas the Ti-PDMS inhibited the
cellular growth. In particular, the densities on the 5.0 and 10.0-Zn:CHAp NP films were
higher than those on the other surfaces, suggesting the CHAp NP films promotes the
fibroblast adhesion. As shown in Figure 3.18, the optical microscope images of the adhered
cells at the culture time of 24 h revealed the cellular growth patterns on the Zn—substituted
HAp NP films. The Zn:CHAp NP films exhibited good adhesion/spreading behaviors,
indicating that the carbonate ions play an important role in the cytocompatibility. The
larger aspect ratios of the cells adhered on the Zn:CHAp NP films (0.0 and 5.0-Zn:CHAp
NP films) is indicative of the uniaxial spreading due to the strongly binding to the surfaces.
It was observed that the fibroblast at 24 h of culture on Zn:CHAp NP films had pseudopods
formation, unlike the other Zn:HAp NP films, where cells had more round shapes.
Especially 5.0-Zn:CHAp NP films had a formation of larger pseudopods and good
spreading, indicating a preferential affinity for this film. Since the cell survival is
significantly affected by the adherent cellular shape,”’ the Zn:CHAp NP films would
provide long cell survival.”®” Based on the multiple viewpoints on the anchorage-

dependent cell adhesion/spreading and plroliferation,é1’100’101

it is suggested that the
5.0—-Zn:CHAp NP film is the best for fibroblast adhesion/spreading and could provide a

suitable environment for binding with fibroblasts.
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Figure 3.17. Aspect ratio of the fibroblasts adhered on the Zn:HAp and Zn:CHAp NP films with
the different Zn concentrations of Zn concentrations at 0.0, 2.5, 5.0 and 10.0 mol% and the
reference Ti-PDMS film at different culture time.
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Figure 3.18. Micrographs of the fibroblast adhered at the culture time of 24 hours on the (a—d)
Zn:HAp and (e—h) Zn:CHAp NP films with the different Zn concentrations at (a, e) 0.0, (b, f) 2.5,
(c, g) 5.0 and (d, h) 10.0 mol% and (i) the Ti-PDMS film as the reference.
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Figure 3.19 shows the densities of the fibroblast on Zn—substituted HAp NP films. The
lowest cell density was observed on Ti-PDMS due to the bioinert property of the reference.
Zn:CHAp NP films higher densities than Zn:HAp NP films. In particular, 5.0 and
10.0—Zn:CHAp NP films, exhibited the preferential adhesion due to the interactions of the
cells and ECM proteins with the carbonate and Zn ions, suggesting that Zn:CHAp NP films
promotes the fibroblast adhesion. The optical microscope images of the adhered fibroblasts
on Zn—substituted HAp NP films at 72 hours are shown in Figure 3.20. The cells on Zn:
HAp NP films (Fig. 3.20 (a—d)) had almost the same cellular shapes that the cells on the
reference Ti-PDMS (Fig. 3.20 (i)). In contrast, the cells on the 2.5, 5.0 and 10.0—Zn:CHAp
NP films showed good adhesion and fibrous spreading shapes. The cell survival known to
be affected by the adherent cell shapes and areas,'”'** indicating that the Zn:CHAp NP
film would provide long cell survival without cytotoxicity. Therefore, the Zn:CHAp NP
film could provide a suitable surface properties for fibroblast interactions, suggesting both
the carbonated and Zn—substituted HAp NP films promotes the fibroblast adhesion.'®’
Therefore, the optimized cytocompatible properties of the nanoparticles were successfully

suggested, which can be useful as the implant surface modification.
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Figure 3.19. Densities of the fibroblasts adhered on the Zn:HAp and Zn:CHAp NP films with the
different Zn concentrations of Zn concentrations at 0.0, 2.5, 5.0 and 10.0 mol% and the reference
Ti- PDMS film at different culture time.
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Figure 3.20. Micrographs of the fibroblasts adhered on the (a—d) Zn:HAp and (e—h) Zn:CHAp NP
films with the different Zn concentrations at (a, €) 0.0, (b, f) 2.5, (c, g) 5.0 and (d, h) 10.0 mol% and
(i) the Ti-PDMS film as the reference at the culture time of 72 h.

Based on the anchored-dependent cell adhesion/spreading and proliferation, it was
proposed that the 5.0-Zn:CHAp NP film is the best for fibroblast adhesion /spreading
because it provides a suitable environment for binding with fibroblast but also have
antibacterial activity. The proposed mechanism for cytocompatibility as well as
antibacterial activity of 5.0-Zn:CHAp NP film is illustrated in Figure 3.21. The proposed
mechanism of the cytocompatibility and antibacterial activity can be explained due to the
incorporation of both Zn and carbonate ions in the HAp. The incorporation of carbonate
ions favors the formation of defects, which could promote the diffusion of water and
therefore the interactions between carbonate ions and water, thus promoting the adsorption
of hydration layers, especially non-freezing water , this promotes the dissolution of the NP
from the film. As the ions are in solution, it is easier for them to interact with the cells. In
the case of cytocompatibility, Zn ions can bind with the proteins of the culture medium,
promoting their absorption in beta-sheet conformation, which promotes cell adhesion. Zn
ions can also bind to ECM proteins of the cells, which helping to anchor cells on the NP

film. Zinc ions can enter cells using zinc channels and inside the cells can help cells to form
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new proteins necessary for cell growth. Carbonate ions and calcium ions also help cell
anchoring, favoring their adhesion. Instead, for antibacterial activity, the zinc ions can bind
to the membrane of the bacteria because the cell membrane of the bacteria is different from
that of the cells, this union can cause disruption of the membrane. If the Zn ions permeate
in the bacteria, the Zn ions can interact with the proteins which cause their denaturation,
also can cause DNA and mitochondrial damage. It can also cause oxidative stress and lysis

of the bacteria, generating the death of the bacteria.
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Figure 3.21. Proposed Zn and carbonate ion mechanism of the cytocompatible and antibacterial
activity properties of 5.0—Zn:CHAp NP film.
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3.4. Conclusion
The Zn—substituted HAp NPs were successfully synthesized at the initial molar ratios of

(Cat+zn)/P at 1.67 and 2.00, providing the stoichiometric Zn:HAp and carbonate Zn:CHAp
NPs and the maximum Zn ion substitution in the structure is ca. 5 mol% by the XRF
analysis. The 10.0-Zn:HAp and 10.0-Zn:CHAp NPs contain 0.76 and 0.68 wt% of Zn at
the maxima, respectively, which is safety for cells in the animal body. The increase in the
Zn ion concentration significantly induced the carbonate ion including. The crystalline size
decreased with the increasing Zn ion substitution, indicating the suppression of the crystal
growth by the Zn ion addition to resultantly increase the specific surface area. TEM
observation clearly indicated that the needle—like shape nanoparticles were changed to the
particulate shapes with increasing the Zn ion substitution to form aggregation form with the
mesostructures. Thus, the morphological control by the Zn—substitution in stoichiometric
and carbonate HAp NPs was successfully achieved. The Zn:HAp and Zn:CHAp NPs were
deposited on the Ti-PDMS by an EPD technique obtaining an uniform and transparent
Zn:HAp and Zn:CHAp NPs.

The fibroblasts on the Zn—substituted HAp NP films exhibited good adhesion/spreading.
In particular, the Zn:CHAp NP films are very cytocompatible. By the antibacterial test, the
viable E. coli DH5a reduction was significantly observed in the films with the higher Zn
amounts. Resultantly, the 5.0 and 10—Zn:CHAp NP films. Furthermore, all the nanoparticle
films electrically plated on a Ti-PDMS substrate give no cytotoxicity, and the Zn:CHAp
NP films significantly provided the bioactive properties for fibroblast ingrowth, suggesting
the effect of Zn and carbonate ions on the cytocompatibility. Summarizing, The Zn:HAp
and Zn:CHAp NP films with the optimized cytocompatible and antibacterial properties

were successfully prepared as the Ti-PDMS surface modification technique.
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Summary

In the area of biomedicine, a wide variety of medical devices had developed with the
help of diagnosis and recovery of the patient's health. The most commonly used materials
for the manufacture of these medical devices are biometals such as gold (Au), and titanium
(Ti) and polymers such as polydimethylsiloxane (PDMS). Au has been used in creams and
masks in the consumables, has also been used as an implant, as a drug delivery system
(DDS), as a bactericide, and more recently cardiac patches have been designed to repair the
myocardium of the infarcted heart. Ti has been used in many implants. However, it has
been reported that these biometals can cause contact dermatitis and inflammation of the
surrounding soft tissues, and long-term chronic cytotoxicity has reported. In the case of
PDMS, its uses include blood containers, breast prostheses, contact lenses, DDS, cardiac
pacemaker, facial prosthetics, artificial skin, finger joins, and percutaneous devices as
catheters. However, the lack of binding to surrounding soft tissues can lead to
inflammation, fibrous encapsulation, and tunnel infection. So that these materials, known as
bio-inert, increase their cytocompatibility, it is necessary to develop a coating technique
with a bioactive material such as hydroxyapatite.

Hydroxyapatite nanoparticles (Cajo(PO4)3(OH)2, HAp NPs) due to their similarity
with the inorganic component of the hard tissues, have the ability to effectively bind with
the cells, for that reason, the HAp NPs have been widely used in several biomedical
applications, however, the interactive mechanism is not precise. Therefore, this study not
only seeks to develop a composite material (bioinert-bioactive) with improved
cytocompatibility but also to understand the interfacial phenomenon that occurs when this
material is implanted.

In Chapter 1: “General Introduction,” several studies have been tried to develop a
material capable of regenerate bone. HAp NPs have been extensively researched in bone
tissue engineering due to its compositional similarity to the mineral bone and their excellent
cytocompatibility. However, HAp NPs has low mechanical strength, which limits its
applications. Therefore, HAp NPs has been deposited on cytocompatible polymer matrix,

obtaining a composite with enhanced mechanical, thermal and rheological properties and

169



Chapter 4 Summary

also with and higher cytocompatibility and bioactivity. This chapter reviews some of the
most common coating techniques for obtaining HAp NPs/polymer fusion interfaces as well
as the in vitro studies of the interfacial interactions between the HAp NPs/polymer fusion
interfaces and the cells, demonstrating better cytocompatibility. Studies above the
interfacial interactions between the hydration layers, proteins, cells, and HAp NPs and how
these interactions can be affected by the specific protein pre-adsorption are also mentioned.

In Chapter 2: “Study on Preparation of Elliptical Hydroxyapatite Nanoparticle Films
and Their Protein Mediation Ability for Cell Adhesion”, elliptical HAp NPs were
synthesized by a wet chemical method using a Poly(oxyethylene) cholesteryl ether [ChEOnN
(n=15)] as a template, obtaining the elliptical hydroxyapatite (E-HAp) NPs, without
ChEOn was received the needle-like HAp (N-HAp) NPs, E-HAp and N-HAp NPs were
electrophoretically deposited on gold (Au) substrate. A comparative study of the hydration
layer on Au, N-HAp, E-HAp NP films was achieved to investigate the interfacial effect of
the hydration layers on the conformation of the adsorbed fibrinogen (Fgn) and fibroblast
adhesion properties. As a result, the ratios of three types of hydration layer states analyzed
by a Fourier transform infrared (FTIR) spectral deconvolution of the O-H stretching
absorption band were 3%, 53% and 60% as free water, 0%, 27% and 30% as intermediate
water, and 97%, 20% and 10% as non—freezing water. The ratio of bonding water state (i.e.,
intermediate and non-freezing waters) is almost same between two HAp NP films, the E—
HAp NP film with the elliptical shape and smaller particle size exhibited the lowest ratio of
non—freezing water, which can suppress the denaturation of the adsorbed protein. The
Fibrinogen (Fgn) adsorption mechanism, interfacial interactions and conformational
information on the E-HAp NP film surfaces were investigated using surface plasmon
resonance (SPR) and Fourier transform infrared spectroscopy (FTIR). The FT-IR and SPR
results demonstrated the higher affinity of Fgn for the HAp NP film. The physicochemical
properties of the E-HAp NP film affected the protein conformation and orientation upon the
adsorption through the surface-protein interactions, leading to the sufficient bioactivity for
the cell binding. Subsequently, the FTIR spectral deconvolution results of the amide | band
of the adsorbed Fgn on the E-HAp NP film indicated the higher content of o—helix and p—
sheet structures as compared with those on the Au and N-HAp NP films, suggesting that

the smaller amount of non—freezing waters would play an essential role in the stereoscopic
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Fgn conformation. In the fibroblast culture in the films, the adhered cells started spreading
with pseudopods formation in all the films. The cells had a more elongated appearance and
had more pseudopod parts on E-HAp NP film than those on the Au and N-HAp NP films.
The FT-IR spectra the adhered cells on the E-HAp NP, N-HAp NP and Au films exhibited
the different absorbance intensities in the amide A, I, I, and Ill bands, suggesting the
unusual amount of collagen-producing states by the cells interacted with the underground
films, which were also supported by an immunostaining results of the collagen type I.
Therefore, the different hydration structures on the films clearly influenced the
conformation of the adsorbed protein, and the preferential formation was found at the
interfaces between the fibroblasts and the underground E-HAp NP films.

The chain length () of the ChEOn with n= 15 used in the HAp NPs synthesis allows
controlling the formation of the HAp NPs based on the organic/inorganic hybrids, leading
to being the elliptical E-HAp NPs. The added amount of ChEO;5 during the synthesis plays
a vital role in the shape, porosity, and surface specific area of the E-HAp NPs, which had a
direct impact on the Fgn—surface interactions and the conformation of the adsorbed Fgn.
The SPR was used to study the Fgn—surface interactions in a comparative study between
the Au, N-HAp and E- HAp NP films. A comparative study of the hydration layer on Au,
N-HAp and E-HAp NP films was achieved to investigate the interfacial effect of the
hydration layers on the conformation of the adsorbed Fgn and fibroblast adhesion
properties. It was demonstrated that the wettability of the Au substrate after a UV-ozone
treatment was useful for the EPD deposition of the HAp NPs. The Fibrinogen (Fgn)
adsorption mechanism, interfacial interactions and conformational information on the Au,
N-HAp and E-HAp NP film surfaces were investigated using surface plasmon resonance
(SPR) and Fourier transform infrared spectroscopy (FTIR). The FT-IR and SPR results
demonstrated the higher affinity of Fgn for the HAp NP film. The physicochemical
properties of the E-HAp NP film affected the protein conformation and orientation upon the
adsorption through the surface-protein interactions, leading to the sufficient bioactivity for
the cell binding. The deposition of the HAp NPs on the Au substrate was corroborated by
the AFM images, where was observed as the different morphologies of the E-HAp and N—
HAp NPs. The ratios of three types of hydration layer states analyzed by a Fourier

transform infrared (FTIR) spectral deconvolution of the O—H stretching absorption band
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were 3%, 53% and 60% as free water, 0%, 27% and 30% as intermediate water, and 97%,
20% and 10% as non—freezing water. Although the ratio of bonding water state (i.e.,
intermediate and non-freezing waters) is almost same between two HAp NP films, the E—
HAp NP film with the elliptical shape and smaller particle size exhibited the lowest ratio of
non—freezing water, which can suppress the denaturation of the adsorbed protein.
Subsequently, the FTIR spectral deconvolution results of the amide | band of the adsorbed
Fgn on the E-HAp NP film indicated the higher content of a—helix and p—secondary sheet
structures as compared with those on the Au and N-HAp NP films, suggesting that the
smaller amount of non—freezing waters would play an essential role in the stereoscopic Fgn
conformation.

Furthermore, the higher content of free water molecules on the E-HAp NP film would
promote the perpendicular end-on orientation of the adsorbed Fgn. In contrast, the Au and
N-HAp NP films with the lower content of non—freezing water would promote the loss of
a—helix and p-sheet structures, due to the side-on orientation, which causes the
denaturation based on the loss of stereoscopic conformation. In the fibroblast culture in the
films, the adhered cells started spreading with pseudopods formation in all the films. The
cells had a more elongated appearance and had more pseudopod parts on E-HAp NP film
than those on the Au and N-HAp NP films. The FT-IR spectra the adhered cells on the Au,
N-HAp, and E-HAp NP films exhibited the different absorbance intensities in the amide
A, 1, 11, and 11l bands, suggesting the unusual amount of collagen-producing states by the
cells interacted with the underground films, which were also supported by an
immunostaining results of the collagen type 1. Therefore, the different hydration structures
on the films clearly influenced the conformation of the adsorbed protein, and the
preferential conformation was found at the interfaces between the fibroblasts and the
underground E-HAp NP films by promoting the different ECM protein production and
subsequent preferential binding.

In Chapter 3: “Preparation and Biological Evaluation of Nanoparticle Zinc-substituted
Hydroxyapatite Films,” Zn:HAp NPs were synthesized by a wet chemical method with a
dopant concentration of Zn/(Ca+Zn) = 0.0, 2.5, 5.0 and 10 mol%. An electrophoretic
deposition at the optimized voltage of 100 V was used for the surface modification of

biomedical polymers. As a result, the nanocrystalline Zn:HAp NP films on the surfaces was
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successfully achieved. The nanocrystalline Zn-substituted HAp NP films were
characterized using thin-film-XRD and FTIR. The XRD and FTIR spectra are similar
between both nanocrystals. The nanocrystalline Zn-substituted HAp NP films with the
initial HAp (Ca+Zn)/P ratio of 2.00 corresponding to the peak carbonate ions is more
pronounced than for the nanocrystalline Zn-substituted HAp NP films with the initial HAp
(Ca+zn)/P ratio of 1.67. Also, the deposited Zn:HAp NPs on three different catheters were
successfully achieved. Due to the medical catheters is a complex component, the surface of
the catheter is conductive for preventing static electricity, and occur the EPD of the
Zn:HAp NPs on the surfaces of the catheters. Because it is desired to use this material as a
covering material for biomedical applications, the dissolution test is essential. 5.0—
Zn:CHAp and 10.0-Zn:CHAp NPs showed the highest dissolution behavior, these results
are in agreement with the hydration layer results, were 5.0-Zn:CHAp NPs and 10.0-
Zn:CHAp NPs has higher bonding water ratio, corroborating that the incorporation of
carbonate ions enhanced the adsorption of hydration layer and promote the dissolution.
Nanocrystalline Zn-substituted HAp NP films were evaluated by in vitro assays with
NIH3T3 fibroblast cells. In the fibroblast compatibility test, all the nanocrystalline Zn-
substituted HAp NP films presented higher bio- and cytocompatibility as compared with
only the polymer substrate using the reference PDMS, nevertheless the nanocrystalline Zn-
substituted HAp NP films with the initial HAp (Zn+Ca)/P ratio=2.00 showed better
possibility of usage for tissue engineering scaffold because the nanocrystalline Zn-
substituted HAp NP films with the initial HAp (Zn+Ca)/P ratio=2.00 presented the higher
bio- and cytocompatibility, more cell density and aspect ratio than the nanocrystalline Zn-
substituted HAp NP films with the initial HAp (Zn+Ca)/P ratio=1.67. The nanocrystalline
Zn-substituted HAp NP film with the initial HAp (Zn+Ca)/P ratio=2.00 and, in particular,
Zn concentration of 5.0 mol% was the more cytocompatible sample with the highest cell
density amount. These results indicated that the properties of the Zn:HAp NPs deposited in
the conductive polymer films affected the adhesion and spreading of the fibroblast cells,
and the best conditions were Zn:HAp NPs with the initial HAp Ca/P =2.00 and
Zn/(Ca+Zn)=5 mol%. For the antibacterial activity, E. coli DH5a was used in the
experimental procedure of the exposure and culture (fist culture) on the sample films, and

the cultured bacteria were extracted from the sample films after 17 hours and the
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subsequent viable bacterial growth culture (second culture) and finally counting the viable
E. coli DH5a colonies after 24 h were conducted. In general, viable E. coli DH5a colonies
could still observed for all the nanocrystalline Zn-substituted HAp NP films. In the
nanocrystalline Zn-substituted HAp NP films with the initial (Zn+Ca)/P of 1.67 and 2.00
with increasing concentration of Zn, the number of viable bacteria decreased. The lowest
amount of viable bacteria was at the concentration of 10 mol%, indicating the anti-bacterial
properties. However, the nanocrystalline Zn-substituted HAp NP films with the initial HAp
NPs (Zn+Ca)/P ratio of 2.00 exhibits less number of viable E. coli DH5a colonies at the
concentration of 10 mol% than the nanocrystalline Zn-substituted HAp NP films with the
initial (Zn+Ca)/P ratio of 1,67 at the same concentration. The lowest amount of viable E.
coli DH5a colonies was with the nanocrystalline Zn-substituted HAp NP films with initial
(Zn+Ca)/P ratio of 2.00 containing 10.0 mol% of Zn ion. It was successfully demonstrated
the antibacterial properties.

The chemically precipitated Zn-substituted HAp NPs (initial (Zn+Ca)/P ratio of 1.67
and initial (Zn+Ca)/ratio of 2.0 and containing 0, 2.5, 5.0 and 10.0 mol%) were
electrophoretically deposited on a conductive polymer substrate as a continuous coating
without cracks. The Zn:HAp NPs coatings provide a bioactive surface as compared with
only the medical polymer substrate for fibroblast growth. The Zn-substituted HAp NP films
showed viable cell reduction of E. coli DH5a colonies. The reduction assay suggested that
the n Zn-substituted HAp NP films were capable of inhibiting bacteria growth;
nevertheless, for ultimately prevent bacterial infections it is necessary to provide more
amount of Zn in practical applications. Therefore, the Zn-substituted HAp NP films on
biomedical polymer surfaces were summarized to provide excellent cytocompatibility as
well as antibacterial properties, suggesting useful catheter surface modification techniques
of these materials.

Understanding the interfacial interactions between the HAp NPs-hydration layer-
protein adsorption for cells adhesion, allows designing and developing more
cytocompatible biomedical devices using a mild coating technique to minimize the patient's

immune reactions.
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