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Abstract

Titanium (Ti) has been used since 1964 in manufacturing of Ti implants because of
its optimal mechanical properties and good biocompatibility. Nevertheless, this
biomaterial can have failures due to poor osseointegration caused by the spontaneous
formation of a passive layer of titanium dioxide (TiO;) when exposed to air. This
amorphous TiO, layer does not promote very well the development of hydroxyapatite
(HA) nor the new growing of bone onto the Ti surface implant. The above in conjunction
with biological microorganisms lead to malfunction and many times to removal of
orthopedic and dental implants based on Ti. Therefore, the compromised patient will be
affected in different ways: financially, socially, and psychologically.

The work presented describes some processes that can be used to functionalize
TiO,/Ti surfaces aimed at to promoting its bioactivity when developing an HA layer on
the functionalized Ti surface. The functionalization of Ti surface has been verified by
using the Micro Raman Spectroscopy, which provides relevant spectroscopic
information that can be used to infer possible intermolecular interactions between
adsorbate (biological molecule) and substrate (Ti surface or functionalized Ti surface)
leading to bonding.

In order to achieve a very good functionalization of Ti surface four target molecules
(biomolecules) were used: lysine (Lys), aspartic acid (Asp), ascorbic acid (Vit-C) and
cholecalciferol (Vit-D3). They were chosen based on their chemical, physical, and
physiological properties conferring to Ti surface the capacity of “in vitro” formation of an

HA layer onto it, improving in such way its biocompatibility and durability. Likewise, it will



impact directly the bioengineering field because Ti based implants could be
manufactured with a better osseointegration and a lower cost than right now, and the
patients will be improved their finances regarding the above issue.

In summary, the functionalization of Ti surfaces with bioactive molecules and hence
biocompatible coatings is a technique that will incidence the clinical success associate
to bone-anchored Ti implants, due to the interface stability between Ti implant and bone

will be improved.



Resumen

El titanio (Ti) se ha utilizado desde 1964 en la fabricacion de implantes de Ti debido a
sus oOptimas propiedades mecanicas y buena biocompatibilidad. Sin embargo, este
biomaterial puede tener fallas debido a una mala oseointegracion causada por la
formacion espontanea de una capa pasiva de dioxido de titanio (TiO2) cuando se
expone al aire. Esta capa de TiO, amorfo no promueve muy bien el desarrollo de
hidroxiapatita (HA) ni el nuevo crecimiento de hueso en la superficie del implante de Ti.
Lo anterior, aunado a los microorganismos bioldgicos, conduce a un mal
funcionamiento y muchas veces a la extraccion de los implantes ortopédicos y dentales
fabricados a base de Ti. Por lo tanto, el paciente comprometido se vera afectado

econdmica, social y psicolégicamente.

La investigacion doctoral realizada ha permitido funcionalizar la superficie de TiO, / Ti a
fin de promover su bioactividad al desarrollar una capa de HA sobre la superficie de Ti
funcionalizada. La funcionalizacion de la superficie de Ti se ha verificado utilizando la
espectroscopia Micro Raman, la cual proporciona informacion espectroscoépica
relevante Util para poder inferir las interacciones intermoleculares entre el adsorbato
(molécula bioldgica) y el sustrato (superficie de Ti o superficie de Ti funcionalizada).
Para lograr una muy buena funcionalizacion de la superficie de Ti, se usaron cuatro
moléculas biolégicas a saber: lisina, acido aspartico, acido ascoérbico y colecalciferol.

Las anteriores fueron elegidas debido a sus buenas propiedades quimicas, fisicas y



biologicas que le confieren a la superficie de Ti la capacidad "in vitro" de formar una
capa de HA sobre ella, mejorando de esta manera su biocompatibilidad y durabilidad.
Del mismo modo, esto afectara directamente al campo de la bioingenieria porque los
implantes a base de Ti se podran fabricar con una mejor oseointegracion y menores
costos de produccion con relacion a los que se producen en este momento. De tal

manera, que los pacientes afectados mejoraran sus finanzas en ese aspecto.

Para finalizar, la funcionalizacién de las superficies de Ti con moléculas bioactivas v,
por lo tanto, con recubrimientos biocompatibles es una técnica que incidira en el éxito
clinico asociado a los implantes de Ti anclados en los huesos, debido a la estabilidad

de la interfaz entre el implante de Ti y el hueso.
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Chapter 1

Introduction

1.1 Overview

The element titanium was discovered independently in 1791 by William Gregor, and
in 1795 by Martin Heinrich Klaproth. It was found confined in a rutile ore. In Greek
mythology, the giant Titan, son of Uranus (Father Heaven) and Gaia (Mother Earth) was
confined in the underground dark world because he lost the wars against the Olympic
Gods. This served as inspiration to Klaproth to name the new element titanium (Ti).

Ti is the fourth most abundant metal (0.6%), preceded by aluminum, iron, and
magnesium, and the ninth among all elements in the earth’s crust. It has atomic number
22, and atomic weight of 47.88 g mol™. Ti has five naturally occurring isotopes: “°Ti,
*'Ti, *®Ti (most abundant, 73.72%), “°Ti and °°Ti. It is a lustrous metal with high melting
point (1667 °C). Pure Ti crystallizes at low temperatures in a hexagonal close packed
structure (HCP) identified as a-titanium. At high temperatures, the stable body-centered
cubic structure (BCC) called B-titanium, predominates.

There is a wide spectrum for applications of Ti and its alloys, mainly in the
aerospace industry. However, they have also been adapted and widely employed as
implantable medical devices in dentistry and restorative surgery. The main reasons for
this is that Ti has good biocompatibility due to its lightness, excellent mechanical
properties, lack of toxicity, extremely low corrosion rate, and spontaneously oxidation of
titanium surface yielding a passivating titanium dioxide (TiO>) layer of 5-6 nm. [1-11]

Titanium(IV) oxide (TiO,) is referred to as titania. It is extracted from ilmenite, rutile
and anatase minerals. Titanium dioxide has three main crystal structures: rutile,
anatase, and brookite, which is the least stable common crystal structure. TiO; is
relatively inert, both chemically and physiologically. This was first demonstrated by
Heaton in 1929, when he ate TiO, dust sweetened with glucose. Heaton eliminated it in

24 h without any adverse or collateral reactions. These facts are very important
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because they provide information for TiO, naturally occurring layer on titanium surfaces
used in biomedical devices without health risks. Besides, Ti has a tetragonal rutile
crystal structure TiO, as an oxidation product resulting of air exposure. Notwithstanding
Tiis chemically labile, the thin TiO; film protects the metal (passivating it) and promotes
a good resistance to corrosion as long as its integrity can be maintained. However, it is
useful consider the type of chemistry which might be involved in the biological system of
human body. For the most part, the body is a reducing environment, and under these
conditions it is likely it contributes to decrease the protective nature of the oxide film,
causing problems of osseointegration and fixation of Ti implants into the body. [12-14]

The main medical applications of Ti and its alloys are as follows: screws, plates, hip
and knee joints, vascular endoprosthetics, heart valves, dental implants, and so forth. At
present, the most used compositions are commercial elemental Ti, a+p and B; and Ti-
6Al-4V alloys. Nevertheless, there are issues with vanadium (V), due to the fact that V
can be toxic in a long term exposure. [15]

The goal in physiological applications is to design and develop implants based on Ti
that work for a long time, without the need of surgical interventions directed to fix
problems due to failures or lack of compatibility issues. Normally, the service period is
about 15 to 20 y for older patients, and over 20 y for younger patients. [16]

Consequently, the main concern of using Ti implants has been the inmunoresistance
and bio-inertness of Ti based prosthesis. That is, prosthesis should not yield toxic
substances nor tissue interactions. Notwithstanding, recent studies reveled that Ti
based prosthesis have considerable limitations as biomaterials because of there was no
direct chemical bond with the host bone after implantation and its performance was
reduced, while the mobilization of the titanium prostheses was increased. In fact, in
some cases the Ti based prostheses had to be removed, resulting in additional health
and financial costs for the patients. [16,17]

Research in the field allowed to design and develop new biomaterials to overcome
the above-mentioned problem. Because of the interface between host bone and
synthetic devices has a remarkable influence on the clinical efficacy of implant,

protocols directed to improve implant materials with coating have been developed to
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promote the osseointegration of the titanium prostheses with the living bone tissue and
form new harder tissue. [17,18]

For a material be successfully biocompatible there must be an improvement on the
chemical and physical surface properties of the implanted devices, since the surfaces
that will be in contact with the biological system in body implants must foster tissue-
implant bonding. Current coated Ti surfaces are based on TiO, to improve
biocompatibility and corrosion resistance. Nevertheless, these can be degraded by
some physiological conditions such as bacterial contamination and corrosion, resulting
in device failure. [19, 20] To address these problems an innovative functionalization of
Ti surfaces with lysine, aspartic acid, vitamins C and D3, and a subsequent micro
Raman study of intermolecular interactions promoted were performed. As is known,
implanted materials in the human body have interactions with blood and tissues, and
they must possess a high wear resistance in this corrosive biological environment. If the
wear resistance is low a wear debris in the surrounding tissue can be formed promoting
inflammatory reactions carrying to osteolysis. Finally, implant loosening due to biological
system starts to digest the wear debris and the bonds implant-bone are destroyed. [21]

As regards to the above, the exposed Ti surface was coated with lysine, aspartic
acid, vitamin C, and vitamin Dj3;. These compounds constitute a versatile class of
substances, due to their excellent biological, chemical and physical properties, make

them biocompatible.

1.2 Amino acids

The amino acids (AAs) are the fundamental building blocks for vast quantity of
biomolecules. Likewise, their chemical structures and functional groups determine the
physical and chemical properties needed for surface interactions with Ti and specifically
with TiO, (Figure 1.1). Regarding the presence of functional groups, such as basic
amine and acidic carboxyl groups, it is therefore expected to be an interaction via

formation of covalent bonds and/or hydrogen bonds with TiO,. Besides, their



zwitterionic or ampholytic character is crucial for enhancing and promoting the

adsorption process on the Ti/TiO; surface. [22]
O

H,MN
OH

R

Figure 1.1. Chemical structure of amino acids

Biomineralization is a term related to the process followed by living organisms to
produce biominerals that have exceptional properties such as high mechanical
properties, among others. These properties are directly controlled by biomolecules.
Formation of bone tissue involves one of the most complex examples of
biomineralization, since an organic-inorganic hybrid material is produced based on
collagen, non-collagenous proteins (NCPs) and carbonated hydroxyapatite (CHA)
crystals. CHA nucleates and grows in extracellular matrix (ECM) provided by collagen
fibers. ECM determines the ultimate structure and orientation of CHA. However, CHA is
not able to initiate HA mineralization, although body fluids are supersaturated in HA. A
set of negatively charged phosphorylated NCPs associated with the ECM initiate HA
nucleation. NCPs attract Ca®* and PO4* ions using their AAs domains in order to create
an increment of the local super saturation to produce nuclei with a critical size and
promote formation of HA crystals. [23-26] AAs and peptides have been investigated to
know their effect on HA mineralization. Both, positively and negatively charged AAs are
present in the hole zone of collagen responsible for HA nucleation. This appears to be
important in order to carry out the required interactions with both Ca** and PO, ions to
induce HA precipitation. [25, 26]

In a similar way studies carried out in vitro, have shown that charged AAs induce HA
mineralization modifying the morphology and crystalline structure of HA, due to their
carboxylate and phosphate groups. When AAs are compared with proteins and
peptides, it can be seen that AAs do not have long molecular chains and their three-

dimensional conformations are simpler; besides, AAs are much smaller (about 7 nm).
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These steric properties give advantages to AAs over proteins and peptides since a
single AA can interact with only one HA facet. [27-36] In vivo studies aimed at
elucidating the effect of AAs on HA precipitation under similar conditions to the
physiological ones were performed, taking into account factors such as collagen,

mineralization inhibitors, and cells that markedly impact HA precipitation. [37, 38]

1.3 Vitamin C

Ascorbic acid or vitamin C known has a lactone structure which is a cyclic ester of
hydro carboxylic acids. In fact, it does not belong directly to the family of carboxylic
acids. Hence, its acidity is due to ionization of hydroxyl group present on C-3, yielding
an anion stabilized by resonance (Figure 1.2). It has many uses, mainly in
pharmaceutical, cosmetic, food and chemical industries, where it has been widely
employed because of its antioxidant properties. It is very important for the biosynthesis
of collagen due to its role as antioxidant that prevents oxidative damage caused by
reactive oxidative species. In vitro studies suggest that local application of vitamin C in
periodontal health enhances the production of collagen. [39] It is a biological compound
that has been investigated in dental implants due to its properties related to accelerate
bone regeneration, substantially improve implant-bone response in osteoporotic and
healthy conditions, and augment implant osseointegration. Besides, there is evidence
about vitamin C speeding up the precipitation of HA due to its agglomeration, under
physiological conditions. [40] Ascorbic acid is characterized by its hydroxyl functional
group that confers it a good molecular site to chemically bond to TiO,, mediated by

hydrogen bond, and therefore to promote formation of HA over Ti/TiO, surfaces. [39-45]

Figure 1.2. Chemical structure of ascorbic acid



Also, vitamin C has been used as a surface modifier in material science. [46]
Notwithstanding, vitamin C has been rarely reported as an agent to control the

morphology of material surfaces.

1.4 Vitamin D

Vitamin D is necessary to support normal levels of phosphate and calcium needed to
carry out bone mineralization, nerve conduction, muscle contraction and control general
cellular function into the human body. Vitamin D, refers to a group of fat-soluble
vitamins. It exists in five diverse forms; however, the principal two forms are vitamin D>
(ergocalciferol) and vitamin D3 (cholecalciferol) illustrated in Figure 1.3. Structural
differences between ergocalciferol and cholecalciferol are as follows: the side chain of
ergocalciferol contains a double bond between carbons located in position 22 and 23,

and a methyl group on carbon 24.

I-Q
-

Ergocalciferol Cholecalciferol

Figure 1.3. Chemical structure of ergocalciferol and cholecalciferol.

Plants produce vitamin D, while vitamin D3 is produced by the skin of animals after
exposition to sunlight. Calcitriol, the active form of vitamin D that it is synthesized from
vitamin D3, binds and activates vitamin D receptors located in the nuclei of target cells.

Vitamin D3 has been studied as a bone-resorbing agent. In vitro experiments
6



demonstrate that vitamin Dj inhibits bone resorption regulating intestinal calcium
absorption. Production of alkaline phosphatase and type | collagen, needed for bone
growth, in osteoblastic cells are stimulated by vitamin Ds. [47, 48] In fact, vitamin D3 has
been used in treatments of osteoporosis. Also, research has suggested that vitamin D3
participates in acceleration of bone regeneration, in such manner that its deficiency
exerts negative effects on implant osseointegration. [49-59] In this regard, vitamin D
deficiency is common in chronic kidney disease (CKD) which is a highly prevalent
disease affecting diverse systems such as cardiovascular, osseous and renal. [60] In
CKD patients bone regeneration and fracture healing are negatively affected by vitamin
D deficiency, due it is required in bone metabolism. [61] Research carried out by
investigators have proven that vitamin D insufficiency is not favorable for
osseointegration of Ti implants in male Sprague-Dawley rats. [62] However, researchers
have found that vitamin D supplementation is relevant to obtain a meaningful survival
advantage in patients suffering CKD, and improvement in the process of fracture
healing. [60]

The above suggests that vitamin D supplementation is an effective approach that
can be used to improve implant-bone integration and fixation of Ti implants. It is worth
considering that the chemical structure of vitamin D has a hydroxyl group that can be
interact with TiO, to chemically form a hydrogen bond in order to promote growing of HA
onto Ti surfaces, and so functionalized it.

AAs, and vitamins C and D3 are promising bioactive molecular candidates that can
promote osseointegration due to their osteogenic potential. The properties of these
compounds can provide Ti with good biocompatibility, resulting in better molecular
interactions with biological system to form HA coating on Ti surfaces and
osseointegration needed to fix the Ti prostheses in the body and prevent its failure and

future removal.



1.5 Intermolecular interactions of AAs, vitamins C and D; with Ti
and TiO,

Research on interactions of AAs, vitamins C and D3 molecules with Ti and TiO; can
give an essential comprehension of the Ti based implants. Nonetheless, experimental
techniques able to measure the affinity of single AAs or vitamin to a given surface are
still few. In this regards, the research was focused on spectral measurements based on
Raman Scattering (RS) spectroscopy since the techniqgue has many advantages over
others, such as: non-destructive, non-invasive, label free, highly specificity, very small
sample quantity needed (about few pL), and compatible with physiological
measurements (weak interferences from water). Moreover, RS can be used to identify
specific chemical bonds that are present on Ti surfaces, as well as structural information
of the surfaces layers. RS also, supplies simple and specific data about biological and
chemical composition of samples, and required practically no sample preparation.
Furthermore, the data obtained requires very little preprocessing, and the results can be
obtained immediately (in near real time) allowing to make decisions and act according
to the situation. Each RS spectrum is unique, due to this technique is chemically-
specific and sensitive to variations in molecular composition and structure. If the
substance under study changes in chemical/physiological environment because of
some chemical and/or physical situations, it can be anticipated that this will be reflected
in the RS spectrum.

The spectroscopic phenomenon known as Raman scattering was postulated in 1923
by Smekal. Nevertheless, the recognition and Nobel prize was awarded to C.V. Raman
and K.S. Krishnan for the discovery, spreading and explanation of the technique. In
order to understand the Raman effect, it is necessary to establish that scattering is a
two-photon process: one incoming into the molecular system and another outgoing from
it. Rayleigh scattering and the related Raman scattering are related to the molecular
polarizability, which is a measure of the susceptibility of electrons in atoms or molecules
to be distorted by an externally applied electric field. In Rayleigh scattering the photons
are elastically scattered: a molecule absorbs a photon and simultaneously emits a

photon of the same energy, frequency, and wavelength in any direction. In Raman
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scattering the photons are inelastically scattered: the molecules are changing their
polarizabilities (for example, the molecule may be vibrating, inducing a change in
polarizability), so a photon can be absorbed and then simultaneously emitted, but the
energy, frequency and wavelength of the outgoing photon are different from those of the
incoming photon. Generally, the incoming photon loses energy, so the outgoing photon
has less energy. This process occurs for about one photon in a 10 million photons. [63]
Raman microspectroscopy uses a microscope operating in confocal mode to collect
all the light scattered by the sample and filters out any photons that are at the original
frequency (Rayleigh scattering), leaving only those with shifted frequencies. A
spectrometer is used to analyze the shifted frequency photons, and then their exact
frequency shift is determined. As the frequency shift is directly related to the induced
rotational and vibrational motions of the molecule, the structure of any compounds can

be investigated.

1.6 Benefits

According to the above, this dissertation research proposal offers benefits related to
a better comprehension of HA mineralization mediated by AAs, vitamins C and Ds. This
knowledge will improve the current background information on bone formation onto Ti
implants. Moreover, AAs, vitamins C and D3 are inexpensive and stable, making them
better cost-effective candidates for fast development and design of coating onto the Ti
surface, solving difficulties associated to high-tech, high-cost equipment. The above

displays an economical potential in bioengineering.



Chapter 2

Hypothesis and Research Objectives

2.1 Hypothesis

Ti surfaces can be functionalized with biological molecules to produce HA on them,
and intermolecular interactions adsorbate—surface. The information required to confirm
this can be acquired by a vibrational spectroscopic technique with high sensitivity and

specificity: Raman spectroscopy.

2.2 Research Objectives
This research deals mainly with the micro Raman study of intermolecular

interactions that occur on functionalized Ti surfaces. Concomitant to the mentioned in
the previous section to carry out the research the main objective was as follows:

To functionalize Ti/TiO, surfaces using coatings based on AAs, and vitamin C and
D3 with specific physical and chemical properties that meet requirements, such as: good
adsorption, promote intermolecular interactions, non-volatility, trigger development of a
layer of HA, and so forth. To perform micro RS studies to characterize the
intermolecular interactions resulting from coated Ti with AAs, and vitamin C and D3, and
evidence development of layer of HA on the substrate after its exposition to simulated
body fluid (SBF).
To attain the proposed objective several sub-aspects were investigated:

1. Reviewing and use of adequate techniques of coating on Ti/TiO>

2. Confirmation of AAs, and vitamins C and D3 based Ti/TiO, coating

3. Study the effects of specific AAs, and vitamin C and D3 in triggering development

of layer of HA on the Ti/TiO; surfaces in SBF
4. Elucidate intermolecular interactions resulting from coated Ti/TiO, surfaces with

AAs, and vitamin C and Dx.
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Chapter 3

Methodology

3.1 Functionalization of TiO, / Ti surfaces

Functionalization of the Ti surfaces involved the following methodology:

3.1.1 Ti surfaces cleaning
Ti surfaces were abraded progressively using SiC grinding paper. After that, they were
cleaned with acetone, alcohol, and distilled water consecutively about 15 min. Then, the

cleaned surfaces were dried by exposing them to air.

3.1.2 Ti surfaces modification
Ti surfaces were modified to yield a TiO, layer using HNO3; to etch the surfaces, and
subsequently H,O,—oxidation were performed. [64] The general procedure was as

follows:

3.1.2.1 Etching of Ti surfaces
After being dried in air, the cleaned Ti surfaces were etched for 2 min each one, using a
mixture composed of 30 mL of nitric acid (HNOs3, 40 wt.%) and 70 mL of DI water.

3.1.2.2 Oxidation of Ti surfaces
Oxidation of etched Ti surfaces were performed by immersing and soaking the samples

in 30% mass solution H,O, for 24 h.

3.1.3 Adsorption of AAs, and vitamins C and D3 onto Ti surfaces

AAs, and vitamins C and D3 were adsorbed on Ti surfaces according to incubation
techniques described in the literature. [65] The general procedure was as follows: the
samples were prepared by incubating oxidized Ti surfaces in solutions of biological
compounds for time needed to produce adsorption at room temperature. After
incubation Ti samples were rinsed with water and ethanol to eliminate any

interferences. Then, they were immersed again for another incubation at room

11



temperature. Finally, Ti samples were dried exposing them to air, to produce a film that

coats the modified oxidized Ti surface.

3.1.4 HA formation on functionalized Ti surfaces

To evaluate the bioactivity of functionalized Ti surfaces with AAs, and vitamins C and
D3, samples were immersed in SBF, a solution that was developed by Kokubo and
coworkers for testing the bone bonding capability of materials, that is, to form HA on
bioactive materials in vitro. [66]

The preparation of SBF solutions were carried out according to methodology described
therein. Afterward, the functionalized Ti surfaces were immersed in SBF for determined
periods of time in order to induce the development of an HA layer onto them, and
therefore, an HA composite coating on Ti substrates.

3.2 Coating characterization and study of intermolecular
Interactions by RS

Functional coating of a Ti surface was a very important step required to enhance the
formation and adsorption of target molecules such as biological molecules, and HA onto
it. Functionalization involved the intermolecular interactions of adsorbates (biological
molecules) with Ti surface, and with HA. High speed analysis and chemical selectivity
are both feasible if rapid spectroscopic methods are used, such as RS, which provides
direct chemical information about the coating on Ti surface.

The information that can be derived from a Raman spectrum is influenced by the
frequency location of a Raman band, which is affected by the masses of the atoms in a
molecule or crystal. Besides, their spatial arrangement, and displacements that occur
during a vibration and the bond force constants exert an effect on observed and
predicted characteristic frequencies. Another important aspect has to do with the
intensity, which depends on change in polarizability during the vibration.

Intermolecular interactions can be influenced by the above, because some changes in
the equilibrium conformation, the atomic masses, or the force constants can change
both the frequency and intensity of a band. Also, it is important to mention that in a

molecule different parts of it can be strongly coupled, and a single atom can produce
12



perturbations in its vibrational modes. Therefore, subtle variations in molecular structure
can impact the intermolecular interactions, which can be reflected in the RS spectrum
due to its sensitivity to chemical and physical structure.

As regards to the aforementioned, Micro RS were used to identify and characterize the
specific chemical bonds and intermolecular interactions present at the functionalized Ti
surfaces with AAs. Therefore, the impact of functionalization of Ti surfaces with AAs,
and vitamin C and D3 on development of HA were studied based on spectroscopic

measurements. [67-69]
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Chapter 4

Functionalization of Titanium Surfaces with Lysine: a Micro
Raman Study of the Intermolecular Interactions of Lysine-

TiO,

Abstract

Raman scattering (RS) was used as a powerful, efficient, and sensitive technique for
studying intermolecular interactions between an organic ligand adsorbate and a metallic
substrate. Functionalization of titanium (TiO,/Ti) surfaces was performed using lysine
(Lys) as adsorbate and later developing a hydroxyapatite (HA) layer onto this
functionalized surface. The functionalization process was performed at different pH
values of the interacting chemical species. Chemisorption onto the TiO2/Ti substrates
through the Lys carboxylic group was demonstrated spectroscopically. Analysis of
vibrational spectra showed that the CH side chain of Lys was relatively distant from the
(TiO2/Ti) surface, preventing direct contact with the surface. Additionally, the signals
corresponding to the unbound y-NH, group indicate that it is available for additional
complexation. In vitro bioactivity of the Lys—TiO,/Ti surface was achieved, developing
an HA layer onto already functionalized TiO,/Ti surfaces at various pH values.
Spectroscopic data using the spectral markers of HA and Lys provided a decisive role in
establishing the necessary baseline data for evidencing the intermolecular bonding. The

functionalized TiO/Ti surface reactivity is linked to the specific intermolecular
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interactions of —COO" (pH 7.0) with Ca** ions, as well as the —COOH (pH 2.0 and 12.0)

groups of Lys, with the —OH groups of PO4 belonging to HA.

Keywords
Titanium (Ti) functionalization, titanium dioxide, lysine (Lys), hydroxyapatite (HA),

Raman spectroscopy (RS), intermolecular interactions

4.1 Introduction
Titanium (Ti) is the 9™ most abundant element in the Earth’s crust. Commercially pure Ti
has many applications in modern society and is extensively used in bone implants due
to its properties. Ti produces a spontaneous thin layer of titanium dioxide (TiO2) of
approximately 5 to 6 nm that confers unique characteristics, such as nontoxicity,
bioinertness, resistance to corrosion, and biocompatibility (via osseointegration). The
above properties position Ti as a “gold standard” for orthopedic and dental prostheses.
[1-3] Formation of TiO, can be explained based on the electronic structure of Ti:
[*®Ar]3d?4s?. Electrons in the 3d? and 4s? shells are relatively loose and therefore highly
reactive, thereby leading to the formation of TiO, when the conditions are favorable,
such as in the presence of water (or humidity) and air. Nonetheless, there is a risk of
negative effects on the formation of biological tissues in the event of an increased
formation of the TiO, layer. Normally, Ti implants are packed in vacuo, sustaining
contact with oxygen only when the practicing physician carries out the surgical
procedure to insert the Ti implant into a patient’s body. [4]

Although biological inertness makes Ti appropriate for use in bone implants, some

issues related to inefficient direct chemical bonding with the host bone after implantation
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(osseointegration) exist; therefore, immobilization of Ti prostheses is reduced, resulting
in additional health and financial costs to the patients. [5, 6] To contribute to improving
the efficacy of osseointegration of Ti surfaces, a new generation of biocoatings are
customized to promote bioactivity and improve the performance in the healing process,
since the Ti surface is in direct contact with the surrounding tissues. In this study, lysine
(Lys) was chosen as a functionalization agent and tested for “in vitro” formation of
hydroxyapatite (HA) onto TiO,/Ti surfaces due to its high adsorption on the surface. [7,
8]

Adsorption of a biocompatible organic ligand at the TiO,/Ti surface possesses
relevance, given that it could interact at the molecular level with TiO,, thereby
contributing to the important function of promoting the formation of HA on the TiO/Ti
surface. Therefore, the functionalization and biocompatibility of TiO,/Ti for use as
medical implants and prosthetic materials could be mediated by an organic ligand. This
work focused on the identification of such an organic ligand adsorbate (Lys) which could
play an important role in the osseointegration process of Ti-based implants via its
structure and the type of interaction that occurs between it and the substrate (TiO,/Ti
surface). Confocal Raman scattering (RS) was employed as the sensing tool required
for elucidating the intermolecular interactions between Lys and the TiO»/Ti surface in
order to understand the adsorption process, which can take place when a TiO,/Ti

surface is immersed in an aqueous Lys solution.

4.2 Materials and methods
Chemically or physically untreated Ti plates (99.99%, Thermo-Fisher Scientific,

Waltham, MA, USA) with dimensions of 10 mm x 10 mm x 2 mm were used as
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substrates for functionalization. The Ti surfaces were roughened using silicon carbide
(SiC) grinding paper. The plates were then consecutively bathed with acetone, absolute
ethanol, and deionized (DI) water in an ultrasonic bath for 15 min each. Once the Ti
surfaces were cleaned, they were dried in a desiccator overnight before modification
and functionalization. A mixture of 30 mL nitric acid (HNOs, 40 wt.%) and 70 mL DI
water was used for etching the Ti surfaces. The dried Ti substrates were etched for 2
min. Etched Ti surfaces were oxidized by immersing and soaking them in a hydrogen
peroxide solution (H202, 30% wt.) for 24 h.

The functionalization process of Ti surfaces proceeded as follows: the oxidized Ti
substrates were incubated in 10.0 mM Lys solution, adjusting the pH to the values of
2.0, 7.0, and 12.0 by adding small aliquots of dilute HCI and NaOH solutions at room
temperature when required. The incubation proceeded for 72 h. Then, TiO»/Ti samples
were rinsed with DI water and ethanol to eliminate any chemical interference. Then, the
TiO,/Ti plates were immersed again for another incubation period of 72 h at room
temperature. Finally, the plates were dried again.

To assess the in vitro bioactivity of the Lys—TiO,/Ti plates to develop a
hydroxyapatite (HA) coating, a simulated body fluid (SBF) was prepared according to
the methodology described by Kokubo and coworkers. [9] According to their procedure,
Na', K*, Mg?, Ca?, CI, HCOs, HPO4% and SO,* ions were used, and their ion
concentrations were nearly equal to those of human blood plasma. In addition, the SBF
solution was buffered at pH 7.4 with tris(hydroxymethyl)aminomethane and HCI.
Afterward, Lys—TiO,/Ti plates were immersed and soaked in SBF for 28 days, and the

precipitation of HA from SBF was observed and controlled.
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RS spectra were acquired to analyze the following samples: nontreated Ti
substrates, oxidized Ti substrates, Lys, Lys—TiO,/Ti plates, and the developed HA layer
on functionalized Lys—TiO,/Ti plates. The two principal polymorphs of TiO, (anatase and
rutile) were used as references for determining the oxide phase formed on the Ti
substrates. Confocal micro RS spectra were acquired by employing an InVia Raman
microspectrometer (Renishaw, LLC, West Dundee, IL, USA). The spectrometer was
interfaced to a Leica DM2500 microscope, and a Leica 50x objective was used to focus
the laser beam onto the sample surface for collecting the scattered light. Each
acquisition consisted of 10 averaged accumulations with an acquisition time of 10 s
each. A 532 nm diode pumped laser (Cobolt AB, Solna, Sweden) was used as the
excitation source. The spectrometer was calibrated before each set of measurements
using the 520.65 cm™ Raman shift peak of silicon (110). Characteristic RS signatures
were marked, and a baseline correction was applied to all spectra. The laser power at

the samples was controlled to avoid sample degradation upon laser irradiation.

4.3 Results and discussion

4.3.1 Functionalization of TiO,/Ti surface with Lys

Results from RS measurements were used to identify band shifts, changes in
relative intensities, new bands, and the disappearance of bands that would provide
evidence for the formation/breakage of specific chemical bonds resulting from
intermolecular interactions between the TiO,/Ti surface and adsorbate. Spectroscopic
analyses enabled acquisition of structural information regarding Ti surface layers. The
reference RS spectra of room temperature stable polymorphs of TiO, are shown in

Figures 4.1a and 4.1b for anatase and rutile, respectively. The Raman shifts of the
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major five Raman bands for the crystalline anatase phase were observed at 136, 188,
398, 509, and 631 cm™, and they can be tentatively assigned to the five active modes of
the anatase polymorph with symmetries of Eg, Eg, B1g, A1g, and Big, respectively (Figure
4.1a). [12] There is also a weak and broad peak centered at approximately 825 cm™.
The anatase polymorph of TiO, shows an intense vibrational marker (Eg) at
approximately 136 cm™ that differentiates it from the crystalline rutile phase. This band
corresponds to the lattice vibrational mode of the anatase structure and indicates the
presence of the crystalline phase with a well-developed crystal structure. Figure 4.1b
shows the main Raman shift bands of the rutile polymorph of TiO, located at 142, 239,
449, 610, and 830 cm™. The bands have been tentatively ascribed to Bi4 two-phonon
scattering, Eg, A1, and By modes, respectively, for the first 4 Raman shift signals. The
peak at 830 cm™ is broad and of low intensity. [13] The situation here is contrary to that
observed for anatase. The strongest peaks characteristic of rutile are located at 449 and
610 cm™. These spectroscopic features are used to indicate the presence of anatase or

rutile on modified Ti surfaces. [14]
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Figure 4.1. RS spectrum of crystalline TiO,: (a) anatase phase; (b) rutile phase
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RS spectra were obtained at numerous locations of several washed and dried plates
to confirm the possible presence of a layer of crystalline TiO, phase on the surface of
the untreated Ti plates. The results are shown in Figure 4.2a. The plates were kept in
desiccators at low relative humidity. The crystallinity or the degree of structural order of
this naturally oxidized Ti layer can be determined by the RS spectrum, since the
scattering of the laser light is sensitive to the degree of crystallinity of the sample.
Normally, a crystalline compound produces a Raman spectrum with very sharp and
intense Raman bands, while an amorphous substance exhibits broader and less intense
Raman peaks. In addition, the Raman spectra of amorphous compounds are relatively
featureless. According to the above, the broad band centered at approximately 800 cm™
indicates that a highly amorphous native form of TiO, is present on the untreated Ti
plates in the form of a thin film, evidencing the spontaneous oxidation of the neat Ti
surfaces at room temperature. The amorphous phase is due to the high solubility of
oxygen in Ti that produces the rapid formation of a passivation layer onto the metallic
surface within seconds of exposure to air. [10, 11] Figure 4.2b shows the Raman
spectrum of a chemically oxidized Ti plate. As can be observed, there are five bands
centered at approximately 148, 252, 442, 612, and 804 cm™. When the observed peaks
of the RS spectra of the laboratory oxidized Ti plates were compared with those belong
to rutile, it was inferred that the layer on the Ti surface corresponds to rutile. This
procedure is illustrated in Figures 4.2c-d. The above finding confirms that the Ti surface
was modified and that it primarily contains one crystalline TiO, phase: rutile with some
degree of noncrystallinity (amorphous phase), as can be deduced from the relatively

high intensity of the broad peak near 804 cm™. [14]
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Lys, the organic ligand used in this study, is a basic, polar amino acid (Figure 4.3a).
The RS spectrum of Lys in the region from 100 to 3800 cm™ is shown in Figure 4.4a.
Table 1 contains the Raman shifts with their tentative assignments. Strong bands
corresponding to the C-H stretching mode can be observed within the 2800-3000 cm™
region. The peaks at 2985, 2950, 2905, and 2878 cm™ have been tentatively assigned
to aliphatic hydrocarbon stretching bands. Additionally, there are medium intensity
peaks related to N-H stretching vibrational modes in the range of 3200 to 3400 cm™.
The vibrations corresponding to methylene groups (CH;) in the lateral chain
predominate on the RS spectrum. Tentative band assignments are based on published
data on related compounds and characteristic group frequencies. [15-19]

Figure 4.4b shows the Raman spectrum of Lys in the region of 100-2000 cm™. The
antisymmetric stretching group vibrations of COO™ were observed at 1580 and 620 cm™.
The symmetric stretching vibration mode of COO™ was located at 1405 cm™. The group
of bands from 1420 to 1480 cm™ with a maximum at 1439 cm™ is tentatively assigned to
deformations of the NH3s" group. Bands observed in the region of 1306-1360 cm™ are
related to NH, and CH; bending modes coupled to CH; twisting vibrations. The
antisymmetric rocking vibrations of NHs" were observed at 1139 and 1178 cm™. The
aliphatic skeletal stretching vibrational modes of C-C and C-N are observed in the
region of 860-1100 cm™. The vibrational C-COO™ mode was located at approximately
936 cm™. Bands at 663, 559 and 473 cm™ were tentatively assigned to deformation

modes of the COO" group. [20]

29



Figure 4.3. Chemical structures of (a) lysine (Lys); (b) HA
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Table 4. 1. Raman shift observed and tentative assignment frequencies for Lys

Raman Shift (cm™)

Proposed Assignment

3200-3400(m)

N-H stretching

2800-3000(s)

C-H stretching mode

1620(w) and 1580(w)

asymmetric stretching of COO"

1405(m) symmetric stretching of COO"
1420-1480 deformations of NHs" group
1306-1360 NH, and CH; bending coupled to CH,, twisting

1139(w) and 1178(vw) antisymmetric rocking of NH3"

860-1100 aliphatic skeletal stretching of C-C and C-N

936(w) vibrational C-COO™ mode

663(m)4,9%5(r9n()m) and deformation of the COO" group

(vs) = very strong, (s) = strong, (m) = medium, (w) = weak, (vw) = very weak

The RS spectra offer insight into the molecular structure of the Lys layer upon the
TiO,/Ti surface and evidence the structural changes that occur when the modified Ti
substrate interacts with Lys. To test the effect of the pH of the medium on the interaction
between Lys and TiO,/Ti substrates, the pH was modified from its nominal value
(pH=9.5 for aqueous solutions of Lys) to acidic, neutral, and basic. Then, RS spectra
were acquired as a function of time for fixed pH values of the interacting system. Figure
4.5 shows typical RS spectra obtained displayed in a stacked form that allows easier
comparison of the spectra.

Figures 4.5b-d show the RS spectra of the Lys—TiO,/Ti substrate at pH values of 2.0,
7.0, and 12.0, respectively. The RS spectrum of the Lys in its solid state is also shown

as a reference in the bottom trace (Fig. 4.5a). The spectrum shown in Figure 4.5b
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(pH=2.0) shows some bands that are characteristic for Lys. The weak intensity band at
320 cm™ can be assigned to the skeletal deformation of the Lys molecule, while the
medium intensity signals at 417 and 587 cm™, and the weak band at 540 cm™,
correspond to the wagging deformation modes of the COO™ group. [21] A very weak
band at 724 cm™ is assigned to the CH, rocking vibration in the aliphatic chain of Lys.
Two new bands appeared at 827 (shoulder) and 880 (mid) cm™, and they can be
assigned to the aliphatic skeletal stretching vibrational modes of C-C and C-N in the
Lys—TiO,/Ti complex. The medium intensity peak at 981 cm™ and the strong band at
1039 cm™ are associated with the C-COO’ vibration modes, and they are assigned to
the bridged Ti-O-R species. [22] The bands in the region from 1100 to 1400 cm™ are
assigned to vibrations which are characteristic of CH, and NH, groups of the Lys
molecule, as explained above. Comparing the spectra, aside from the bands of the
carboxylic group, the spectrum is dominated by vibrational modes that correspond to
methylene groups in the lateral chain of Lys. The peaks in the 1300-1500 cm™ range
are all relatively in the same position as in the normal RS spectrum of neat Lys,
although their intensities vary to some extent. The above evidence suggests that no
direct interaction occurs between the CH; groups and the TiO,/Ti substrate. The peak at
1446 cm™ corresponds to deformations of the NHs* group. The shoulder at 1505 cm™
and a weak band at 1599 cm™ correspond to symmetric and asymmetric NH3"
deformation vibrations, respectively. The presence of a medium intensity band at 1737
cm™ indicates the presence of the "NH3-R-COOH cation. When comparing the spectra
of Figures 4.5a and 4.5b, it can be inferred that no Raman band is found near 1737 cm™

in the free amino acid. However, when the *NH3;-R-COOH cation was formed, the
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presence of the corresponding band was evident. The above can be corroborated by
analyzing the RS spectra of Figures 4.5¢ and 4.5d, in which the band at 1737 cm™ does
not appear, since the high pH condition prevents the formation of the "NH3-R-COOH
cation.

Comparing the Raman spectra shown in Figures 4.5b-d of the modified substrate
and the spectrum for the neat Lys ligand (Fig. 4.5a) suggests that the surface layer is
now composed of Ti oxide, with the modifying Lys ligand forming bridged complexes
with the surfaces via the carboxylic group to accomplish the complexation. The
neighboring ammonium group of Lys is protonated at pH=2.0 (Figure 4.5b). The new
peaks at 827 and 880 cm™ are associated with C-H stretching vibrations. Frequencies
in the region from 1100 to 1400 cm™, assignable to amino groups, indicate that the y-
NH> is not bound to the TiO, and is available for further coordination. Analyzing the RS
of Figures 4.5b-d, a broadening of the 1599 cm™ band, which arises from COO", can be
observed. Generally, band broadening can occur as a consequence of adsorption and
the range of different chemical environments that the adsorbate occupies: that is,
changes result from the hydration sphere of the molecule and interaction with the Ti
surface. [23] This finding further suggests that the carboxylic group is interacting with

the modified TiO,/Ti surface when Lys is adsorbed onto it.
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Based on the above information, it is proposed that the coating of the Ti surface can
exist as a bridged surface complex of Lys—TiO,, where the Lys ligand is bound to the
TiO through the carboxylic group (Figure 4.6). As seen, further coordination with TiO,
could be possible through the neighboring ammonium group of the amino acid. In
addition, the orientation of the aliphatic chain of Lys can be parallel or tilted relative to
the TiO, surface. Signals corresponding to the unbound y-NH, group indicate that it is

available for additional complexation.
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Figure 4.6. Proposed orientation of Lys on the TiO,/Ti surface
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4.3.2 “In vitro” bioactivity of Lys—TiO,/Ti surfaces

The RS spectra of HA on the Lys—TiO,/Ti surfaces were acquired under pH conditions
of 2.0, 7.0, and 12.0. As in Figure 4.5, the reference spectrum of HA is shown in Figure
4.7a. At pH 2.0 (Figure 4.7b), the RS spectrum of HA-Lys-TiO, is characterized by a
very strong peak at 1007 cm™ corresponding to the symmetric stretching vibrational
mode (vi) of P-O in PO,>. The band at 1044 cm™ is assigned to the asymmetric
stretching mode (vs) of the PO4*> group (P-O bond). The peaks at 599 and 619 cm™
correspond to vibrational bending modes of the O-P-O bond in the phosphate group.
Similarly, a medium intensity peak at 415 cm™ is attributed to the bending mode (v2) of
the PO,> group (O-P-0O). [24-29] The bond-stretching mode associated with —OH
groups was observed at 3494 cm™, corresponding to a sharp medium intensity peak.
Vibrational modes of the —OH group at 630 cm™ belonging to water molecules are
absent. However, the RS spectrum of HA at pH 2.0 displays another sharp band of
medium intensity at 3398 cm™ for which no report has been found in the literature. It can
be related to the O-H---O stretching mode of water molecules. Additionally, the relatively
larger width of RS spectrum peaks upon increasing from pH 2.0 to 12.0 indicates that
there are structurally disordered phosphate groups. [30] Raman bands below 320 cm™
can be associated with vibrational modes involving translational motion of the Ca** and
PO, sublattices, as well as vibrational modes of the PO,* ion. [31-33] The proposed

chemical structure of HA—Lys on the functionalized Ti surface is shown in Figure 4.8.
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Figure 4.8. Proposed chemical structure of HA-Lys on the TiO,/Ti surface
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RS confirms the adsorption and interaction of HA with Lys. It provides information
related to —COOH and —NH, groups upon the Lys—TiO,/Ti surface; therefore,
explanations regarding the bonding of HA with Lys can be suggested. The presence of
characteristic bands at 1720 cm™ in the Raman spectra at pH 2.0 and 12.0 indicates the
existence of the —COO" group. A possible interpretation for this is that the fixation of HA
onto the Lys-TiO,/Ti surface is due to H-bonds between the —COOH of lysine and
oxygen atoms of the PO4> group.

Conversely, the features of the Raman spectrum acquired at pH 7.0 are similar to those
of the spectrum at pH 2.0. Hence, the adsorption of HA is primarily due to the
electrostatic interaction between the —COO™ groups of Lys and Ca®" ions of the HA. It is
important to mention that the fixation of HA on Lys—TiO,/Ti can be due to two factors:
the simultaneous presence of —COO7/Ca®* electrostatic interactions and H-bonds

between NH3 protons and oxygen atoms of the PO,> group belonging to HA. [34—36]

4.4 Conclusions

Neat, chemically/physically untreated Ti plates were used as substrates for
functionalization experiments, in which the essential amino acid Lys was used as an
organic ligand adsorbate. As the first step, the Ti substrates were characterized using
Raman microspectroscopy: a spontaneously formed layer of TiO, was detected, and its
amorphous nature was confirmed by comparison with room temperature stable phases
of the oxide (rutile and anatase). After that step, the Ti substrates were chemically

oxidized to obtain a consistent TiO, layer. The results obtained provided information
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regarding the TiO, phase formed, showing that it was spectroscopically consistent with
the rutile phase.

The TiO,/Ti surfaces were then modified with Lys. RS allowed identification of the
chemical bonds between Lys and TiO/Ti, obtaining structural and chemical information
about the intermolecular interactions between the adsorbate and the host TiO2/Ti
substrate. By comparing the Raman spectra of the modified substrate with the organic
ligand adsorbate at different pH values, it was confirmed that Lys used its carboxylic
group to form a complex with the TiO,/Ti surface, forming a bridged structure. RS
vibrational spectra indicate that further complexation with TiO»/Ti and the neighboring
ammonium group belonging to Lys is still possible. Further analysis leads to the
conclusion that the aliphatic chain of Lys can be oriented in a parallel position or tilted
relative to the TiO,/Ti surface.

To establish the in vitro bioactivity of the Lys—TiO,/Ti surface, an HA layer was
developed onto it. RS measurements confirmed that the adsorption of HA on Lys—
TiO,/Ti surfaces is influenced by the pH value of the medium. Vibrational spectra
suggest that H-bonds or electrostatic forces involving calcium ions are responsible for
adhesion of the important mineralization HA layer on the Lys—TiO,/Ti surfaces.

In conclusion, micro RS was employed to investigate the intermolecular interactions of
Lys with the TiO,/Ti surface. Raman signals from exterior layers could be detected, and
analysis and comparisons of the Raman bands from the organic ligand and modified
coated Ti surface enables tentative assignments in order to infer the behaviors of

substrate-adsorbate at the molecular level. Moreover, the Raman spectral information of
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Lys—TiO>/Ti with HA at various pH values was utilized to extract valuable information

regarding the type of intermolecular interactions of Lys and HA.
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Chapter 5

Functionalization of Titanium Surfaces with Aspartic Acid:

Intermolecular Interactions Assisting Osseointegration

Abstract

Aspartic acid (Asp) was used to functionalize modified titanium dioxide/titanium (Ti)
substrates. In vitro bioactivity was performed by developing a hydroxyapatite (HA) layer
on the functionalized Ti surface. It was found that the chemisorption of Asp was carried
out through the carboxylic group with NH3" oriented out of the modified Ti surface, in
such way that the possibility exists that the carbon skeleton is oriented parallel to the Ti
surface, and —COOH groups are not parallel nor perpendicular to the modified Ti
surface. Therefore, the Asp molecules are oriented at an angle with respect to the
modified Ti surface, forming Ti-O-R species. Analyzing the spectral features of HA and
Asp, it was observed that the Ti surface reactivity depends on the specific
intermolecular interactions of —COOH of HA and TiO, layer. Furthermore, the —OH
groups of PO4> play a very important role in the developing of HA onto functionalized Ti

surface.

Keywords

Aspartic acid (Asp), titanium (Ti) substrates, hydroxyapatite, Raman spectroscopy,

osseointegration
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5.1 Introduction

Titanium (Ti) is a bio-inert element that has been used in implant materials due to its
spontaneous capability to form a passivating TiO, layer on its surface, which after
implantation is linked to the surrounding bone tissue (osseointegration). [1] Although the
TiO, layer is important to bone implants, a series of problems can arise from an
ineffective immobilization of Ti implants due to diverse factors such as the formation of a
weak chemical bond with the bone host, and others. [2,3] To enhance the
biocompatibility of Ti implants with its physiological environment in a person, covering
the Ti surface with bioactive layers, such as amino acids, that can exert an improved
effect on the fixation of implants by promoting the development of a hydroxyapatite (HA)
layer on the implant surface. This, in turn, can result in improving the interaction
between the implant and the host bone tissue.

L-Aspartic acid or (S)-(+)-aminosuccinic acid or (S)-aminobutanedioic acid (Asp;
Figure 5.1) is an alpha-amino acid whose amino group is protonated forming —NHs"
form under physiological conditions (pH = 7.4), while its a-carboxylic acid group is
deprotonated —COO". This property confers it an essential role in matrix proteins to
nucleate calcium phosphate growth to stimulate biomineralization. [4] Intermolecular
interactions between Asp and TiO,/Ti surfaces are critical in the functionality of Ti
implant-bone prostheses. Amino acids can self-organize on surfaces such as TiO,/Ti;
therefore, they can functionalize implants, leading to specific properties characteristic

such as assisting in osseointegration. [5, 6] Binding of Asp to modified TiO,/Ti surfaces
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is fundamental to the design of templates that can be useful to bind additional
molecules in special arrangements, for instance, HA. Raman scattering (RS) coupled to
an optical microscope is very useful to obtain a better understanding about the potential
binding of Asp to the modified TiO, /Ti surfaces, and it can be used to study the
intermolecular interactions among chemical species in detail, resulting in a better

comprehension of the behavior adsorbate-substrate.

Figure 5. 1. Chemical structure of Asp
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5.2 Materials and methods

Neat Ti plates (10 mm x 10 mm x 2 mm) used as substrates in functionalization were
acquired from Thermo-Fisher Scientific Ti plates (99.99%, Waltham, MA, USA). Silicon
carbide grinding paper was used to erode the Ti surfaces. Once the Ti surfaces were
roughened. they were washed with acetone, absolute ethanol, and deionized (DI) water
sequentially, in an ultrasonic bath for 15 min each time. Cleaned surfaces were dried in
a desiccator overnight, to use them after to modification and functionalization. A
mixture of 30 mL nitric acid (HNOs3, 40 wt.%) and 70 mL DI water was used for etching
the Ti surfaces. Dried substrates were etched for 2 min. Etched surfaces were oxidized
by immersing and soaking them in hydrogen peroxide solution (H>.O2, 30% wt.) for 24 h.

To functionalize the Ti surfaces, the oxidized surfaces were incubated in 10.0 mM
Asp solution, keeping the pH constant at 2.0 by adding small portions of a dilute HCI
solution at room temperature. The total incubation process lasted 6 days. However, at
the end of 3 day, Ti samples were rinsed with water and ethanol to eliminate any
chemical interferences produced. Finally, functionalized Asp-TiO, surfaces were left to
dry overnight in a desiccator. A simulated body fluid (SBF) was prepared according to
the methodology described by Kokubo and coworkers. [7] Samples were immersed and
soaked in SBF for 28 d, monitoring the precipitation of HA from SBF. The above
procedure was aimed at evaluating the bioactivity in vitro of Asp-TiO, to form HA on
them.

Raman scattering (RS) microspectroscopy was used to analyze the Asp-TiO;
substrates. The reference samples were the two crystalline phases of TiO, (anatase

and rutile). Their RS analysis was described in a previous contribution. [8] RS spectra
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were acquired employing an InVia Raman microspectrometer (Renishaw, LLC., West
Dundee, IL, USA). The spectrometer was interfaced to a Leica DM2500 microscope,
and a 50x Leica objective was used to focus the laser beam on the sample surface to
excite the RS and for collecting the scattered light. Ten accumulations were averaged
with an exposure time of 10 s. A 532 nm diode pumped laser (Cobolt AB, Solna,
Sweden) was used as the excitation source.

The spectrometer was calibrated before each set of measurements using the 520.65
cm™ Raman shift peak of silicon (110). Characteristic RS signatures were marked, and
a baseline correction was applied to all spectra. The laser power at the samples was

controlled to avoid sample degradation upon laser irradiation.

5.3 Results and discussion

5.3.1 Raman spectroscopic features of Asp

RS of Asp is shown in Figure 5.2. The observed frequencies with their relative
intensities and assignments are listed in Table 1. To discuss in detail the tentative
assignments of the observed vibrational bands, three regions were considered: a high-
frequency (CH, NH, OH) region (3800-2500 cm™), a medium-frequency or fingerprint

region (1800-500 cm™), and a low-frequency region (below 500 cm™).
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Table 5. 1. Raman shift observed and tentative assignment frequencies for Asp

Ejn"_‘f;‘” Sl Proposed Assignment
3080 symmetric NH;" stretching
3012 CH, asymmetric stretching
2995 CH asymmetric stretching
2954 CH, symmetric stretching
1690 (m) asymmetric stretching vibration of COO
1639 (w) asymmetric in-plane bending vibration of NH;* moiety
1614 (w) asymmetric stretching vibration of COO
1553 symmetric in-plane bending of NH3"
1407 (s) symmetric COO" stretching
1359 and 1334 vibrational bending modes of C-H group
1249 bending vibrations of methylene
1261 coupling of th_e C-O stretching \_/ibrat_ion \{vith the hydroxyl
in-plane deformation vibration
1144 rocking vibration modes of NH3"
950-1100 C-C and C-N skeletal stretching
937 (vs) hydroxyl out-of-plane bending of the carboxylic group
870 rocking vibration mode of CH,
777 and 599 carboxylate bending vibrations modes
661 and 550 in-plane bending vibrations of COOH moiety
500-200 skeletal_ bending and skeletal torsional vibrations;
includes C-C-C and C-C-N modes
467 torsional vibration of NH3*
187 torsional vibration of carboxylate (COO")

(vs) = very strong; (s) = strong, (m) = medium; (w) = weak; (vw)= very weak
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Figure 5.2. Raman spectrum of Asp: (a) full range; (b) fingerprint region; (c) low

frequency range.
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5.3.1.1 High-frequency region (3800-2500 cm™)

N-H, C-H, and OH stretching vibrations characterize this region, where bands
corresponding to v(NHs"), v(CH), and v(OH) modes, both symmetric and fundamental
asymmetric vibrations can be located. The highest intensity bands related to va(CHy),
v(CH), and vs(CH,) appear at 3012, 2995, and 2954 cm™, respectively. The weak band

observed at 3080 cm™ has been assigned to symmetrical NH3" stretching vibrations. [9]

5.3.1.2 Medium-frequency region (1800-500 cm™)

Three bands were observed between 1700 and 1600 cm™ in the RS spectrum of,
specifically at 1690, 1639, and 1614 cm™ with medium intensity the first and weak
intensities the other two bands. The peak at 1639 cm™ is assigned to asymmetric in-
plane bending vibration of the NHz" moiety. [10,11] The v(C=0) vibrations were
observed at 1690 and 1614 cm™. They correspond to the asymmetric stretching
vibration of the carboxylate group, COO". [10,12] It is important to mention that the
broadening of the above bands belonging to C=0 and NH3" groups, respectively, can
be due to couplings of vibrations of —COOH with vibrations of the neighboring NHs"
group. [13,14]

Symmetric in-plane bending of NHs" was observed at 1553 cm™. A strong band was
observed at 1407 cm™, and it was assigned to symmetric COO™ stretching vibration
characteristic of some amino acids such as Asp. [10,15] Furthermore, the bands at
1407 and 1261 cm™ are assigned to the coupling of the C-O stretching vibration with the

hydroxyl in-plane deformation vibration. [16,17]. Bending vibrations of methylene appear
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at 1249 cm™. Two bending vibrational modes of the C-H group were observed at 1359
and 1334 cm™. Rocking vibration modes of NHs;" appeared at 1144 and 1119 cm™ in a
similar way to other amino acids reported. [12,15] Finally, bands assigned to C-C and
C-N skeletal stretching vibrations are observed between 950 and 1100 cm™. At 937 cm’
1 a relatively strong band corresponding to hydroxyl out-of-plane bending vibration of
the carboxylic group was observed, similar to that reported for glutamic acid. [12] A
rocking vibration mode of CH, was observed at 870 cm™ The carboxylate bending
vibrations modes were observed at 777 and 599 cm® and they are related to
intermolecular associations. Based on previous studies about correlations on carboxylic
acids, bands at 661 and 550 cm™ were assigned to in-plane bending vibrations of

COOH moiety. [16]

5.3.1.3 Low-frequency region (below 500 cm™)

This region is characterized by the existence of remaining bending and torsional
vibrations of Asp. The band at 467 cm™ indicates a torsional vibration of NHs*. Between
500 and 200 cm™, there are four skeletal bending and three skeletal torsional vibrations
that involved mainly C-C-C and C-C-N modes. Finally, a carboxylate torsional vibration
of COO™ was observed at 187 cm™, according to previous frequencies reported for

amino acids such as glutamic and alanine. [10,12]

5.3.2 Functionalization of Ti surface with Asp

RS measurements were instrumental in identifying and interpreting specific chemical

bonds arising between intermolecular interactions of modified Ti surface with Asp.
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Structural information about the Asp layer on the modified Ti surface was obtained
according to the above. The RS spectrum of Asp-TiO,/Ti is dominated by two strong
peaks at 1047 and 2948 cm™, assigned to CH bending vibration and stretching vibration
of CH,, respectively. In the same way in the 3050 — 3300 cm™ region exists a band
corresponding to symmetric stretching of NHs*. Another broad band in 3350 — 3600 cm™
is present, and it could be correlated to O-H:--O stretching mode of water molecules.
[18,19] In the 2550 — 2750 cm™ region exists a broad band corresponds to —NH3"
symmetric stretching, which can be corroborated observing another broad band in 2050
—2110cm™.[9]

Figure 5.3b shows the Raman spectrum of Asp-TiO,/Ti in the region of 100 — 1800
cm™. At 1737 cm™ there is a medium vibration band that can be assigned to the —C=0
stretching mode of —COOH group. This spectrum helps to corroborate that Asp
molecules are adsorbed onto the modified Ti surface using the carboxylic group since
this band does not appear in the RS spectrum of Asp (Figure 5.3a). Furthermore, it
indicates the existence of the "NH3-R-COOH cation, having in mind that this band is not
characteristic of the —COO" ion. A broad band centered at about 1601 cm™ and a sharp
peak at 1406 cm™ are related to asymmetric NHs" deformation and -COO™ symmetrical
stretching vibration mode, respectively. Interestingly, when comparing the Asp spectrum
(Figure 5.3a) with Asp-TiO/Ti spectrum (Figure 5.3b), the band at 1334 cm™ associated
to CH bending vibration has drastically decreased in intensity, and it has been displaced
to lower wavenumber (1324 cm™) this could be due to atomic interactions of
neighboring —-COOH and NHz" groups with —CH> since, it is in the middle of them. The

low-intensity band at 1361 cm™ supports the inferred regarding band at 1324 cm™.
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Besides, the high-intensity band at 1407 cm™, belonging to Asp, has strongly decreased
its intensity in the Asp-TiO,/Ti spectrum, and now it is a broader band displaced one
lower wavenumber, due possibly to the interaction between TiO, and —COOH group of
Asp on the modified Ti surface. Analyzing the 1300 — 1130 cm™ region there are two
broad weak bands, indicating that the NHs" group is far away from the modified Ti
surface, in comparison to —COOH groups and side chain which are near the Ti surface.
It is worth mentioning the emergence of two new bands at 981 and 1047 cm™ with
medium and high intensities, respectively. They are associated with C-COQO" vibration
modes and correspond to bridged Ti-O-R species. [20] It can be noted the absence of a
band at 937 cm™ assigned to —OH belonging to COOH group, which can be correlated
to the sharp medium band at 926 cm™ corresponding to the interaction of —OH with TiO,
of modified Ti surface. Interestingly, two new strong, sharp bands are located at 817
and 887 cm™, which are related to aliphatic skeletal stretching vibration modes of C-C
and C-N in the complex formed between TiO, of Ti surface and Asp. [20] The strong
band at 780 cm™ of Asp is now a weak band at 777 cm™ and displaced a lower
wavenumber due to the interaction of —-COOH with TiO,/Ti surface. The medium broad
band at 589 cm™ corresponding to wagging deformation mode of —COO™ group, it
indicates the interaction of another carboxylic group with TiO,/Ti surface. The skeletal
deformation vibration mode of Asp molecule and wagging deformation mode of —-COO"
can be observed at 430 and 381 cm™, respectively. [20] As mentioned above, at 2948
cm™ the broad, strong peak corresponds to C-H stretching vibration mode, but it also

indicates the proximity of —CH group to the modified Ti surface.
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Figure 5. 3. RS spectra of functionalized Ti surface with Asp (region 100-1800 cm™): (a)
RS of Asp; (b) RS of Asp-TiO,/Ti.
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Comparing both RS spectra of modified Ti substrate and organic ligand adsorbate, it
can be evidenced that TiO; layer on the Ti surface is interacting chemically with Asp
through its —COOH groups, developing bridged surface complexes. Furthermore, the
broad weak bands in the 1300 — 1130 cm™ region provide indications of that ammonium
group of Asp is protonated, and it is far from the TiO,/Ti surface. In the same way, the
strong, sharp band at 817 cm™ indicates the possibility of carbon skeletal has a parallel
orientation relative to Ti surface, which is corroborated with the new band at 887 cm™.
According to the frequency of the two new bands at 981 and 1047 cm™ and their
intensities in the RS spectrum of Asp-TiO/Ti, it can be inferred that the —COOH
functional groups are not parallel nor perpendicular relative to Ti surface, reinforcing the
fact of NH3" is distant from TiO./Ti surface, and it does not take direct part in the
bonding with the TiO,/Ti surface. Therefore, the Asp molecules are oriented at an angle
with respect to TiO,/Ti surfaces, forming Ti-O-R species. The broadening of the band at
1601 cm™ suggests confirmation of the mentioned above, indicating that carboxylic
group is directly interacting with the TiO/Ti surface. Therefore, Asp seems to be
adsorbed onto the modified TiO,/Ti surface. Also, the —OH out-of-plane bending
vibration corresponding to the strong band at 937 cm™ is absent in the RS spectrum of
Asp-TiO,/Ti, evidencing that all hydroxyl groups of carboxyl group have reacted with the
TiO,/Ti surface, confirming again the interchange reactions of ligands between modified
TiO,/Ti surface and Asp.

RS analysis enables to deduce that Asp reacts through its carboxylic acid functional
groups. Finally, based on the above discussion, all spectroscopic evidence points to the

coating in the functionalized TiO,/Ti surface is a bridged surface complex of Asp-
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TiO,/Ti, where the chemical bonding is carried out using carboxylic group, taking into
account that the spatial orientation of aliphatic chain relative to the TiO,/Ti surface is
parallel. Consequently, the most probable chemical structure for the adsorption of Asp
onto modified Ti surface is indicated in Figure 5.4, where it can be noted the interaction

between the two carboxylic groups of Asp and Ti ions of the modified TiO,/Ti surface.

Figure 5.4. Proposed orientation of Asp onto the TiO,/Ti surface
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5.3.3 Bioactivity “in vitro” of Asp-Ti surface

Figure 5.5 shows the RS spectrum of the HA layer formed on the Asp-TiO,/Ti surface.
The RS measurements were useful when elucidating the chemical bonds and
intermolecular interactions of Asp with developed HA onto functionalized TiO2/Ti
surface. The sharp, strong peak at 1007 cm™ (the most intense signal) and a shoulder
at 980 cm™ correspond to symmetric stretching vibration mode of P-O of the phosphate
ion. At this point, it is worth to mention that fine structure and intensities of bands
belonging to PO, are representative of a good crystallinity of developed HA coating.
[21-25] The weak band located at 618 cm™ corresponds to bending vibrational mode of
PO,> group (O-P-O bond). Similarly, the medium peak centered at 413 cm™ is also
assigned to bending mode of PO,%. [26-31] The bands located at 493 and 670 cm™ are
assigned as corresponding to out-of-plane CO deformation vibration. [9] The weak and
very weak bands at 817 and 927 cm™, respectively, are related to aliphatic skeletal
vibration mode of C-C and C-N in the complex formed between TiO, of TiO,/Ti surface
and Asp, and the interaction of —OH of carboxylic group of Asp with TiO,/Ti surface. [20]
The weak peak at 1134 cm™ can be associated with NH3" rocking vibration. [9] Another
very weak band related to the interaction between TiO, and —COOH group of Asp on
the modified TiO2/Ti surface, is located at 1402 cm™. At 1726 cm™ exists a weak broad
band associated to —C=0 stretching mode of carboxylic group complexed to TiO./Ti
surface. The medium broad peak located at 2950 cm™ is related to stretching vibration
of CH,. The strong band at 3403 and the medium peak at 3491 cm™ correspond to the

bond-stretching mode associated to —OH of HA. The broadening and overlapping of
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them indicate the existence of disordered structural phosphate groups. [32] The
vibrational modes involving translational motion of Ca** and PO,* sublattices, and
librational modes of the PO, are associated with the very weak band at 313 cm™. [33-

35]
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Figure 5. 5. RS spectrum of developed HA layer on Asp functionalized TiO,/Ti surface:
(a) Asp; (b) Asp-TiO2/Ti; (c) HA-Asp-TIiO,/Ti.
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Finally, based on RS and observing the decreasing of intensities and shifting of
bands to lower wavenumbers for carboxylic group (1402 and 1726 cm™), and
broadening of bands at 3403 and 3491 cm™ it can be suggested that fixation of HA onto
Asp-TiO,/Ti surface is carried out through Hydrogen bond between —COOH group of

Asp and oxygen atoms belonging to PO,* (Figure 5.6). [36-38]
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Figure 5.6. Proposed chemical structure of HA-Asp on the functionalized TiO,/Ti

surface.

66



5.4 Conclusions

Neat pure Ti plate was chemically oxidized to produce a TiO, / Ti surface.
Functionalization of TiO, / Ti surface was carried out by adsorbing Asp on it. RS
spectroscopy was employed to elucidate the specific chemical bonds present and the
intermolecular interactions that there are between Asp and TiO, / Ti surface, in order to
get structural information about adsorbate-substrate layers. To accomplish the above,
ASP was spectroscopically analyzed using RS spectroscopy in order to obtain its
Raman spectroscopic features in the three vibrational regions: high-frequency, medium-
frequency (fingerprint region) and low-frequency. RS spectra of neat Asp and Asp-
TiO/Ti were compared to extract important information related to the chemical
environment between the organic ligand adsorbate and the functionalized substrate. At
this point it is worthwhile to mention that there is a chemical interaction between TiO,
layer on the Ti surface and Asp through its -COOH groups forming bridged surface
complexes. Besides, the ammonium group belonging to Asp is protonated and it is
found far away from the TiO, / Ti surface. In the same way, exists a possibility that the
orientation of aliphatic chain of Asp relative to TiO,/ Ti surface be parallel. Based on the
mentioned above it can be deduced that the -COOH functional groups are not parallel
nor perpendicular relative to TiO, / Ti surface, and NHs" is distant from it avoiding any
chemical bonding. Thence, the Asp molecule has an angular orientation with respect to
TiO,/ Ti surface.

The bioactivity of Asp-TiO,/ Ti surface was evaluated “in vitro” by developing a HA

layer onto it. Observing and analyzing the RS measurements it was possible to suggest
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that the adsorption of HA on TiO, / Ti surface was due to formation of hydrogen bonds
between —COOH group of Asp and oxygen atoms belonging to PO,

Finally, it is very important to take into account the spectroscopic evidence and
molecular structure of each compound to provide clarity about specific chemical bond
and the intermolecular interactions in order to suggest and make tentative assignments

to understand the behavior of complex substrate-adsorbate at molecular level.
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Chapter 6

Adsorption of Vitamin C to TiO, / Ti Surfaces: Experimental

Evidence of Intermolecular Interactions using Raman

Scattering Spectroscopy: Implications for Osseointegration

Abstract

Neat Ti surfaces were modified and subsequently functionalized to develop
hydroxyapatite (HA) layer onto it. Raman scattering (RS) spectroscopy coupled to an
optical microscope was used to carry out the elucidation of intermolecular interactions
between L-ascorbic acid or vitamin C (Vit-C) and modified Ti surfaces. An HA layer was
formed on functionalized Ti surface. In the interaction of Ti surfaces modified with Vit-C,
evidence of the formation of a bond between oxygen atoms of 2,3-enediole was
observed. This was confirmed by analyzing the bands at 1652, 1666 and 1749 cm™
belonging to C=C and C=0. The formation of hydrogen bond between HA and Vit-C
could occur through hydrogen atom of the -OH group of Vit-C with oxygen atoms of

phosphate ion of HA, and oxygen atoms of C-O group of Vit-C with the hydrogen of "OH

with HA.
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6.1 Introduction

L-Ascorbic acid also known as vitamin-C (Vit-C) is a cyclic lactone containing an
enediol group (Figure 6.1). Its acidic character is due to electron delocalization in the
ring system, and therefore it is a potent reducing agent that prevents oxidation of
physiological components (an antioxidant) by destructing the reactive oxygen species
and hence offering protection to tissues from damage free radicals. It is present in redox
biochemical and physiological reactions in the human body, and it can be found
naturally in fruits and vegetables. [1-9] It has good water solubility and plays a relevant
role in human nutrition and other mammals. [10] Neurons use Vit-C in chemical and
enzymatic reaction and can also act as a neuromodulator. [11]

Vit-C can be used as a preservative in food and beverages, and it protects the
human skin from the danger of exposure to UV light. [1-9] Research has demonstrated
that Vit-C can act as a cytotoxic agent against some types of cancer cells such as
melanoma, human leukemia, neuroblastoma, and tumor ascites cells. [12,13] The
powerful and versatile chemical can help to increase the power of the immune system
of HIV-positive patients by killing the HIV-positive cells. [14]

Medical implants based on titanium (Ti) are used in dental and orthopedic
reconstructive surgery, where surface science is impacting biomaterials research

searching for a good osseointegration material with excellent long-term clinical outcome
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for bone implants. In this regards, functionalization of Ti surfaces with Vit-C could be
very important to improve and optimize the positive response of human bodies to Ti
implants, allowing to form a hydroxyapatite (HA) layer onto Ti surfaces and getting
better recognition from the immune system, and enhancing the fixation of Ti implants.

In this research work, the interaction between the TiO, layer of modified Ti surfaces
(TiO,/Ti) and Vit-C, in the functionalized Ti surface, was studied using Raman scattering
(RS) spectroscopy. Vit-C was chosen as a coating agent to functionalize the Ti surfaces
because it has two significant functional groups: carbonyl and hydroxyl, which can be
hydrogen bonded to the TiO; layer that exists on the oxidized Ti surface. On the other
hand, the formation of HA on the functionalized Ti surfaces and characterization by RS

was used to elucidate intermolecular interactions between Vit-C and HA.
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Figure 6. 1. Chemical structure of L-ascorbic acid or vitamin-C (Vit-C)

6.2 Materials and methods

Substrates employed in functionalization were all neat Ti plates with dimensions of 10
mm x 10 mm x 2 mm. They were acquired from Fisher Scientific (99.99%, Thermo-
Fisher Scientific, Waltham, MA, USA). Roughened using silicon carbide (SiC) grinding
paper. The plates were then consecutively bathed with acetone, absolute ethanol, and
deionized (DI) water in an ultrasonic bath for 15 min each. Once the Ti surfaces were

cleaned, they were dried in a desiccator overnight before modification and
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functionalization. Etching was carried out for 2 min. A mixture of 30 mL nitric acid
(HNOs3, 40 wt.%) and 70 mL DI water was prepared. A 30% mass solution H>,O, was
used to oxidize the etched Ti surfaces. They were immersed and soaked for 24 h.

Functionalization of oxidized Ti surfaces implied incubated them in 10.0 mM Vit-C
solution at room temperature. The complete incubation process lasted 6 days,
eliminating any interferences after the 3" day of incubation, by rinsing with water and
ethanol. After that, functionalized Vit-C-TiO,/Ti surfaces were left to dry overnight.

The in vitro bioactivity of Vit-C-TiO,/Ti to develop an HA layer onto it was carried out
using a Simulated Body Fluid (SBF) which was prepared according to the methodology
described by Kokubo and coworkers. [15] Vit-C-TiO,/Ti samples were immersed and
soaked in SBF for 28 days monitoring the precipitation of HA from SBF.

Samples were studied by micro RS. The reference samples were the two room
temperature stable crystalline phases of TiO, (anatase and rutile). Spectroscopic
analysis of these phases has been described previously. [16] Confocal micro RS
spectra were acquired by employing an InVia Raman microspectrometer (Renishaw,
LLC, West Dundee, IL, USA). The spectrometer was interfaced to a Leica DM2500
microscope, and a Leica 50x objective was used to focus the laser beam onto the
sample surface for collecting the scattered light. Ten (10) accumulations were averaged
with an exposure time of 10 s each. A 532 nm diode pumped laser (Cobolt AB, Solna,
Sweden) was used as the excitation source. The spectrometer was calibrated before
each set of measurements using the 520.65 cm-1 Raman shift peak of silicon (110).

Characteristic RS signatures were marked, and a baseline correction was applied to all
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spectra. The laser power at the samples was controlled to avoid sample degradation

upon laser irradiation.

6.3 Results and discussion

6.3.1 Raman spectroscopic features of Vit-C

RS spectrum of Vit-C is shown in Figure 6.2. Band assignments are listed in Table 6.1.
The three weak bands in the 3300-3600 cm™ correspond to stretching modes of O-H
bond in the hydroxyl group. [17] The different C-H stretching modes yield four bands
located at 2863, 2916, 2978 and 3002 cm™ each one.

The very intense doublet at 1653 and 1666 cm™ indicates the stretching vibration of
C=C in the Vit-C molecule. Likewise, the weak band at 1749 cm™ is related to the
stretching mode of the C=0O group. [17-19] The band observed in the 1500-1200 cm™
region is corresponding to scissors, twisting and wagging of CH, group, especially
bands at 1497 and 1320 cm™ (scissors vibration mode), and the C-H deformation
modes. The C-O-C stretching mode can be correlated to the band at 1128 cm™, which
gives information about ring deformation. It can be corroborated with a weak peak at

1064 cm™.
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Figure 6. 2. RS spectrum of Vit-C.
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Table 6. 1. Raman frequencies of Vit-C

Raman Shift (cm™)

Proposed Assignment

3300-3600
2863, 2916, 2978, 3002

1653, 1666
1749 (w)
1500-1200
1450 (vw)
1256 (m)
1128, 1064
1198, 989
1295, 1225
1112
1064 (W)
1024 (w)
870 (ms)
587, 694, 820
870 (ws)
448 (w)
362 and 344
257 (W)
222

stretching modes of O-H bond in the hydroxyl
C-H stretching modes
stretching vibration of C=C
stretching mode of C=0 group
scissors, twisting and wagging of CH, group
-C-OH in-plane bending
C-O-H bending vibrational mode
C-O-C stretching mode
CH> torsional and rocking vibration modes
CH deformation bond
stretch of C-O-C bond
C-0O-C stretching and C-OH bending modes
ring O-H bend
C-C ring stretching mode
planar ring deformation
C-C ring stretching mode
O-H wagging
-OH wagging mode
-C-C-OH in-plane bending
C-OH bonding mode
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A very weak band at 1571 cm™ corresponds to CH, wagging mode. [17-19] In the
same way, bands at 1198 and 989 cm™ are related to CH; torsional and rocking
vibration modes, respectively. The wavenumbers at 1295 and 1225 cm™ have been
assigned to CH deformation bond. Regarding lactone ring, it can be observed seven
bands as a follows: one shoulder at 1112 cm™ corresponding to stretch of C-O-C bond.
[17,18] a weak band at 1024 cm™ related to ring O-H bend, another medium sharp peak
at 870 cm™ corresponds to C-C ring stretching mode, three weak bands at 587, 694 and
820 cm™ related to planar ring deformation, and a weak sharp band at 870 cm™
assigned to C-C ring stretching mode. [17,18] As regards to four —OH groups the RS
spectrum of Vit-C presents four weak bands located in the 3200-3600 cm™ as
mentioned above. Besides, the following peaks can be observed: a very weak band at
1450 cm™ associated to -C-OH in-plane bending, a medium peak at 1256 cm™
corresponding to C-O-H bending vibrational mode, another weak band at 1064
associated to C-O-C stretching mode and C-OH bending modes, one weak peak
located at 448 cm™ corresponds to O-H wagging, one weak band at 257 cm™ related to
-C-C-OH in-plane bending, and two weak bands at 362 and 344 cm™ related both to -
OH wagging mode. The band at 222 cm™ corresponds to C-OH bonding mode. Bands

located under 222 cm™ are related to the crystal lattice. [17-19]

6.3.2 Functionalization of TiO,/Ti surface with Vit-C
Figure 6.3a shows the RS spectrum of Vit-C and Figure 6.3b shows the RS spectrum of

Vit-C-TiO./Ti in the 200-3600 cm™ region. Figure 6.4a shows the RS spectrum of Vit-C
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and Figure 6.4b shows the RS spectrum of Vit-C-TiO,/Ti at 2700-3600 cm™ region. As
can be seen after functionalizing of the modified surface, two broad bands appear as a
follows: a weak broad band is located from 3250-3450 cm™ corresponding to the four
weak peaks observed. However, the bands are overlapping among them indicating the
possibility of formation of complexes between hydroxyl groups of Vit-C and the hydrated
TiO, of modified Ti surface. The band centered at 2916 cm™ remained unshifted but
broader possibly due interactions between -C-O of the ring lactone with TiO,/Ti surface.
This can be attributed to the fact that the bond order reduced the decrease in the

electronic density about the C=C and C=0 bonds by delocalization.
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Figure 6. 3. Raman spectra of RS spectrum of a) Vit-C and b) Vit-C-TiO/Ti.
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This can be corroborated by analyzing Figure 6.5b where it can be appreciated that
weak band corresponding to stretching vibration of C=0O group at 1749 cm™ is now
practically overlapped by the stronger band of C=C of the ring lactone upon adsorption
on the substrate. Furthermore, the intensity and location of the bands at 1653 and 1666
cm™ are the same. However, a broadening of the base of the doublet overlapping other
bands can be observed, which is consistent above discussion. A new band in the form
of a shoulder is located at 1554 cm™. This band corresponds to the partial double bond
between C-C, which is not unsaturated and supports the proposed delocalized electron
cloud in the 2,3-enediole bond of the furan ring of Vit-C. [20] The broadening,
decreasing of intensities and shifting to lower frequencies for bands at 1497 and 1450
cm™ indicate the important role played by the ortho-substituted hydroxyl groups of furan
ring of Vit-C in the bond formation to Ti in TiO, of the modified surface. [21-23] The
bands associated to CH, wagging, CH deformation, CH, torsion, ring vibrations modes
and C-C ring stretching are found at lower wavenumber concerning their location in the
parent molecule (Vit-C), supporting the idea of formation of a complex between Vit-C
and Ti species of TiO,. Moreover, the intensity of the band at 819 cm™ associated with
C-C ring stretching is lessened when compared with the corresponding band of the RS
spectrum of Vit-C. Overlapping and broadening of bands in the following regions: 400-

680 cm™, 950-1080 cm™ and 1230-1400 cm™ was also observed.
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Figure 6.5. Region of 750-1800 cm™ of the RS spectrum of a) Vit-C and b) Vit-C-TiO./Ti.
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Regarding the bands associated with -C-OH, it can be noted that some decrease in
intensities and the majority were shifted to lower frequencies. The disappearance of the
band at 1112 cm™ associated with stretching of C-O-C bond is noticeable. Similarly, four
new bands are found in the RS spectrum of Vit-C-TiO,/Ti. They are as follows: a
shoulder at 1095 cm™ that is associated to C-O-Ti, a very weak band at 893 cm™,
associated to symmetric C-O-C stretching, a weak band at 377 cm™ related to torsion of
C-OH group [20, 24], and another weak band at 518 cm™ associated to -OH wagging
[24] in the complex formed between Vit-C and TiO, using the -OH groups in 2 and 3
position of enediol bond. Figure 6.6a and 6.6b shows the RS spectra of Vit-C and Vit-C-
TiO/Ti, corresponding to low frequencies in the 150-750 cm™ region. Table 6.2 shows

the above Raman assignments.

87



/\

150 225 300 375 450 525 600 675 750
Raman Shift (cm™)

Figure 6. 6. Region of 150-750 cm™ of the RS spectrum of a) Vit-C and b) Vit-C-TiO/Ti.
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Table 6. 2. Raman frequencies of Vit-C-TiO,/Ti

Raman Shift (cm™) Proposed Assignment
1095 (s) Stretch of C-O-Ti bond
893 (vw) Symmetric C-O-C stretching
518 (w) W agging of-OH group
377 (w) Torsion of C-OH group

(vs)=very strong, (s)=strong, (m)=medium, (w)=weak, (vw)= very weak, (ms)=medium sharp

The formation of the complex between the organic ligand and the substrate was
demonstrated by comparing the RS spectra of Vit-C (Figure 6.2) and Vit-C-TiO,/Ti
(Figures 6.3 to 6.6). Based on the spectroscopic data the decrease of intensities and
the shape of -OH groups belonging to 2,3-enediol have drastically decreased in such
manner that it is difficult to distinguish their location in the 3250-3450 cm™ region. The
above suggests that the mentioned -OH groups are not pure now, but they are
complexed with Ti species of TiO,. [22-26] Similarly, the overlapping, broadening and
shifting to lower frequencies (specifically at 447, 564, 626, 819, 869, 1063, 1125, 1196,
1255, 1316, 1369 and 1496 cm™) for the majority of band confirm the hypothesis of
bidentate complex formation. [23] To infer the structure and bonding of adsorption of
Vit-C on the substrate, it has into account the appearance of four new bands in definite
positions (at 1095, 893, 518 and 377 cm™) evidencing the formation of new C-O-Ti
bond. [22,27] Based on the above evidence a bidentate binding of Vit-C by using the

two oxygen atoms belonging to 2,3-enediol can be suggested. In the five-membered
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ring or chelate (Figure 6.7), the anionic oxygen is the electron donor. It has the angle
configuration more favorable for the Ti atoms on the surface, with little distortion of
angles and interatomic distances. Besides, this geometry stabilizes ring structure due to
delocalization of the electron cloud in the 2,3-enediole bond, using the oxygen atom of
C=0 group and those bonding the Ti atom, and the C atoms in positions 1, 2 and 3 in

the lactone ring. [23,28]
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Figure 6.7. Proposed orientation of Vit-C on the functionalized TiO,/Ti surface.
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6.3.3 Bioactivity “in vitro” of Vit-C-TiO,/Ti surface

Raman vibrational bands from HA layer developed on the Vit-C-TiO,/Ti surface are
shown in Figure 6.8c. Figures 6.8a and 6.8b correspond to RS spectra of Vit-C and HA,
respectively. The characteristic peak of HA with the highest intensity can be appreciated
in 961 cm™, which corresponds to the symmetric stretching vibrational mode of P-O

bond in the PO, ion. This band practically dominates the spectrum of HA.
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Figure 6. 8. RS spectrum of a) Vit-C, b) HA, and c) HA layer formed on Vit-C-TiO,/Ti

surface.
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The other weak bands belonging to HA which normally appear in 415, 599 and 619 cm™
are not observed in this case, due to possibly to the overlapping of bands that occurs in

the 400-490 and 550-610 cm™ regions (Figure 6.9¢).
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Figure 6. 9. RS spectrum. a) Vit-C, b) HA and c) HA layer formed on Vit-C-TiO/Ti

surface in the low frequency region.
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This indicates intermolecular interactions between HA and Vit-C of the derivatized
surface, probably due to the formation of hydrogen bonds between the oxygen of
phosphate group of HA and the —OH group of Vit-C. The same situation is expected in
the case of 'OH of HA with the oxygen of Vit-C. Therefore, propitiating the broadening of
bands in the above regions. Additionally, the sharp medium intensity band at 3570 cm™
corroborates the bond stretching mode associated to —OH of HA. Likewise, the
decreasing of a signal at 626 cm™ corresponding to C=0O group suggests that it could be
exist a C-OH bond.

The sharpness and intensity of the above peaks suggest that phosphate groups are
ordered structurally. [29-34] Another interesting feature of RS spectrum of HA on Vit-C-
TiO2/Ti has to do with a broad band in the 3200-3500 cm™ region (Figure 6.10),
indicating the interaction between oxygen atoms of 2,3-enediole bond with Ti ion of TiO,

of modified surface yielding a coordination complex.
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Furthermore, the absence of doublet in 1652 and 1666 cm™ suggests that there is
no C=C bond. Therefore, there is no delocalized electron density, but the single bond
between C-2 and C-3 with oxygen atoms of TiO,. This is supported by the existence of
a band at 1094 cm™ associated with C-O-Ti bond (Figure 6.11). [17-19] Another absent
band is the corresponding to 1749 cm™ related to C=0 bond, [17,18] indicating a new

hydrogen bond between the oxygen of AA and ‘'OH of HA as mentioned above. [17-19]
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This is confirmed by the absence of the band at 626 cm™ associated with C=0 in-
plane deformation. [20] The ring structure is confirmed by analyzing the presence of
weak bands at 378, 578, 591, 894 and 999 cm™. [17,18,20] Besides, the C-O-C bond
inside the ring is evidenced analyzing the weak bands at 1094 and 1123 cm™ [17,18,20]
The weak bands are associated to -C-OH in-plane deformation (at 430 and 448 cm™),
C-OH bending modes (at 1046 cm™), and -C-OH in-plane bond (at 1478 cm™). [17-19]

The CH bond and CH; group can be associated to a strong band centered at 2892
cm™ (C-H stretching mode), and to the very weak bands at 1336, 1381 and 1413 cm™
related to scissors vibration mode for CH, group, wagging CH deformation and CH in-
plane rocking, respectively. [20]

The absence of the prominent bands at 1652 and 1666 cm™ enables to clarify the
disappearance of C=C bond, as well as the lack of a band at 1749 cm™ related to C=0
group. On the other hand, it has been corroborated the ring structure and the C-O-C
bond through their correspond bands at 1094 and 894 cm™, respectively. Equally, the
new hydrogen bonds have been elucidated analyzing the bands related to it (mainly at
1046 and 448 cm™). One possible interpretation to the above has to do with the
adsorption of HA onto functionalized Ti surface is done through Vit-C using hydrogen
bond between -C-OH group of Vit-C and the oxygen atoms of the PO, group, the -C-O
group of Vit-C, and the hydrogen of "'OH of HA, with the Vit-C molecule anchored to
TiO,/Ti surface through -C-O-Ti bonds of 2,3-enediole. Lastly, based on the expressed
above, and on the results of the micro RS studies it can be suggested the chemical
structure depicted in the Figure 6.12, where it can be seen in more detail the above

intermolecular interactions.
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Figure 6. 12. Proposed chemical structure of HA-Vit-C-TiO/Ti
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6.4 Conclusions

A TiO./Ti layer was developed on previously unmodified neat Ti plates. Vit-C was
chemically adsorbed on this surface. RS spectroscopy was employed to obtain
information regarding chemical bonds formed between adsorbate and substrate as well
as the intermolecular interactions. The vibrational information: wavenumber locations,
intensities, and band profiles for the organic ligand adsorbate were analyzed. An a very
intense doublet at 1653 and 1666 cm™, corresponding to C=C bond.

Complexation of Vit-C with TiO,/Ti surface was evidenced by decreasing in Raman
intensities and shape of -OH groups of 2,3-enediol. Besides, the overlapping,
broadening, and shifting to lower frequencies for the majority of the bands appear to be
characteristic of the changes in the ring structure found in Vit-C when interacting with
TiO,/Ti surface directly to form a bidentate complex. Also, the appearance of four new
bands supports the statement about the formation of the new C-O-Ti bond, where the

two oxygen atoms of 2,3-enediol are the electron donors to form a bidentate binding
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with Ti belonging to TiO,/Ti surface. The new ring is stabilized because of delocalization
of electron cloud in the 2,3-enediol bond facilitated by the oxygen atom of the C=0
group.

HA layer developed on the Vit-C-TiO,/Ti surface exhibited Raman vibrational bands
confirming the adsorption and intermolecular interactions of HA the surface. The strong
doublet at 1749 cm™ is absent suggesting a hydrogen bond between -C-OH group of
Vit-C and the oxygen atoms of PO, group, the -C-O group of Vit-C, and the hydrogen
of 'OH of HA. Furthermore, Raman bands located at 1094 and 894 cm™ corroborated

the ring structure and the C-O-C bond.
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Chapter 7

Spectroscopic Investigation of Cholecalciferol (VITAMIN-D) Adsorbed
on TiO,/Ti Surfaces: Biocompatibility and Osseointegration of

Titanium

Abstract

The modification, oxidation, and subsequent functionalization of Ti surfaces was carried
out with cholecalciferol (Vit-D). The functionalized Ti surfaces were then coated with
hydroxyapatite (HA) to investigate possible intermolecular interactions between the
adsorbed chemical species and the substrate. Analysis of Raman scattering (RS)
measurements allowed to characterize the chemical structure and spatial orientation of
complexes formed between Vit-D and the TiO,/Ti surfaces as well as potential binding
between HA and the functionalized Ti surfaces. The emergence of a band at 1095 cm™
was attributed to the formation of a C-O-Ti bond. On the other end, the disappearance
of bands at 1261, 1073 and 479 cm™ corresponding to the —OH group in the spectra of
Vit-D-TiO/Ti indicated that probably the TiO; is interacting with the —OH group of Vit-D.

Furthermore, the dominant band of Vit-D spectrum at 1647 cm™ assigned to C=C
stretching vibration mode band decreased significantly in intensity and shifted to lower
wavenumber (1640 cm™), indicating a possible interaction of C=C with TiO,/Ti surfaces,

and therefore, yielding a new bond. Concerning the functionalized Ti surface coated
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with HA, the bands at 961 and 3571 cm™ indicate the formation of HA onto it. Besides,
the mentioned bands were instrumental when elucidating the intermolecular interactions
between HA and Vit-D of functionalized Ti surface, in such way that it is suggested that
the formation of hydrogen bond between the —OH group of Vit-D and the oxygen atoms

of the phosphate group of HA.

Keywords

Functionalization, cholecalciferol, titanium surfaces, hydroxyapatite, titanium coating,

Raman spectroscopy, osseointegration

7.1 Introduction

Cholecalciferol or vitamin D3 (Vit-D; Figure 7.1), is classified as fat a soluble steroid
hormone, and it is an essential nutrient. This group of biochemical exist in diverse forms
such as ergocalciferol (vitamin D) and Vit-D. It was discovered by McCollum in 1922.
[1,2] Biosynthesis of Vit-D is carried out when the skin (containing cholesterol) is
exposed to sunlight. The 7-dehydrocholesterol (7-DHC) is photoactivated by UV from
sunlight to produce VIT-D. VIT-D is hydroxylated in the liver and kidney to form the
active metabolite: 1,25-dihydroxycholecalciferol (1,25-[OH].D3), called calcitriol. [3]

Vit-D plays a significant role in homeostasis of calcium, that is, in the absorption and
use of calcium in the intestine and kidney. [4-6] Besides, it enhances the bone
reabsorption and decreases calcium and phosphate excretion, increasing blood plasma
concentration. Vit-D has been used in the prevention and treatment of osteoporosis. [7-

13]
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Figure 7. 1. Chemical structure of Vit-D.
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At old age in humans, the biosynthesis rate of 7-DHC decreases. Therefore, its
conversion to VIT-D is diminished, producing excessive bone resorption and a
deficiency for new bone tissue formation. [14-16] All age groups belonging to different
populations worldwide have a high prevalence of Vit-D deficiency, due to inadequate
dietary intake, together with insufficient sunlight exposure. [17-20]

Thus, an investigation of the effects of Vit-D in the osseointegration process of
titanium (Ti) implants is imperative. [21-23] Vit-D treatment can be a feasible approach
focusing on functionalizing bioactive Ti surfaces to enhance osseointegration and
fixation of implants in compromised patients. Ti is the most commonly used material to
bone-implant, due to its excellent physical and biological properties (density, high
mechanical strength, and excellent corrosion resistance). [21] Modification of Ti
surfaces by using Vit-D can improve the quality and quantity of bone around Ti implant
resulting in benefits such as: improving osseointegration, reducing treatment times and
financial costs, and resulting in an improved lifetime quality.

The primary purpose of this research was to functionalize the oxidized Ti surfaces
with Vit-D to elucidate potential intermolecular interactions between the modified Ti
surfaces and Vit-D. Likewise, hydroxyapatite (HA) layer was developed on the
functionalized Ti surfaces to analyze its chemical bonding with the bioactive coating. To
accomplish the pursued goal, Raman scattering (RS) microspectroscopy was used as a

highly sensitive, efficient, and robust analytical spectroscopic technique.
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7.2 Materials and methods

Neat Ti plates (99.99%, Thermo-Fisher Scientific, Waltham, MA, USA) with
dimensions of 10 mm x 10 mm x 2 mm were used as substrates for functionalization.
The Ti surfaces were roughened using silicon carbide (SiC) grinding paper. The plates
were then consecutively bathed with acetone, absolute ethanol, and deionized (DI)
water in an ultrasonic bath for 15 min each. Once the Ti surfaces were cleaned, they
were dried in a desiccator overnight before modification and functionalization. A
mixture of 30 mL nitric acid (HNOs3, 40 wt.%) and 70 mL DI water was used for etching
the Ti surfaces. The dried Ti substrates were etched for 2 min. Etched Ti surfaces were
oxidized by immersing and soaking them in a hydrogen peroxide solution (H202, 30%
wt.) for 24 h.

A 10.0 mM cholecalciferol solution was used to incubate and functionalize the
TiO,/Ti surfaces at room temperature. Total incubation process lasted 6 days. At the
end of 3“ day, samples were rinsed with water and ethanol to eliminate any
interferences. Functionalized Vit-D-Ti surfaces (Vit-D-TiO,/Ti) were left in the air
overnight to dry them.

The methodology described by Kokubo and coworkers to prepare Simulated Body
Fluid (SBF) were implemented. [24] Vit-D-TiO2/Ti samples were immersed and soaked
in SBF for 28 days monitoring the precipitation of HA from SBF. The above procedure
was used to evaluate the in vitro bioactivity of Vit-D-TiO,/Ti to form an HA layer on the

substrates.
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RS was used to spectroscopically analyze the oxidized Ti surfaces, the organic
ligand (Vit-D), and the functionalized plates. The reference samples were the two room
temperature stable crystalline phases of TiO, (anatase and rutile). RS spectra were
acquired by an InVia™ Raman spectrometers (Renishaw, LLC., West Dundee, IL). The
spectrometers were interfaced to Leica DM2500 microscopes, and 50x Leica objectives
were used to focus the laser beam on the sample surfaces for collecting the scattered
light. Ten (10) accumulations were averaged with an exposure time of 10 s each. Two
excitation sources were used: 532 nm and 785 nm diode pumped lasers (Cobolt AB,
Solna, Sweden).

The Raman spectrometers were calibrated before each set of measurements based
on 520.65 cm™ Raman shift peak of polycrystalline silicon (Si). Characteristic Raman
signatures were marked, and a baseline correction was applied to all spectra. Laser

power at the samples was controlled to avoid sample degradation upon irradiation.

7.3 Results and discussion

7.3.1 Raman spectroscopic features of Vit-D

The full RS spectrum of Vit-D is shown in Figure 7.2. Figures 7.3 and 7.4 show the
RS spectrum of Vit-D at low frequencies and C-H, O-H region, respectively. Table 7.1
shows the Raman shifts observed with their respective tentative assignments. The
2700-3100 cm™ is composed for two strong bands that are overlapping among them,
and they correspond to the C-H stretching vibration mode, where the band at 2866 cm™

is associated to symmetric stretching of CH, group, and band at 2934 cm™ is related to
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chain-end CH3; symmetric stretching mode. [25-29] The Raman spectrum is dominated
by a prominent peak at 1647 cm™, which originates from C=C stretching vibration.
[27,29,30] The band at 1436 cm™ corresponds to CH; scissoring mode and deformation
of CH3 group. Similarly, a low-intensity band at 1323 cm™ was observed, corresponding
to CH, group and =CH bending. [31] The observed band at 1158 cm™ is associated with
the stretching vibration of single C-C bonds. [32,33] A considerable number of bands
resulting from C-C backbone vibrations are observed in the 800-1000 cm™ region. The
bands in the 500-800 cm™ region correspond to characteristic ring stretching. [27,34]
With regards to —OH group, it can be distinguished two strong bands at 1073 and 1261
cm™ associated to —-C—OH bonding. Weak bands at 441 and 479 cm™ are assigned to —

OH wagging. [31]
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Figure 7.2. RS spectrum of Vit-D, full spectrum
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Table 7. 1. Raman frequencies of Vit-D

RarPCanq_lS)hlft Proposed Assignment
2866 (s) symmetric stretching of the CH, group
2934 (s) chain-end CH3; symmetric stretching mode
1647 (vs) C=C stretching vibration
1436 (s) CHj> scissoring mode and to deformation of the CHs
1323 (m) CH> group and =CH bending
1158 (m) stretching vibration of single C-C bond
1073 (s) and 1261 (s) —C-OH bonding
800-1000 C-C backbone vibrations
500-800 ring stretching
441 (w) and 479 (w) OH wagging

(vs) = very strong, (s) = strong, (m) = medium, (w) = weak, (vw) = very weak
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7.3.2 Functionalization of Ti surface with Vit-D

Figure 7.5 and 7.6 show the full RS spectrum of TiO,/Ti substrates functionalized
with Vit-D and the 2700-3600 cm™ region, respectively. It can be noted that the main
bands at 2866 and 2934 cm™ are on a broad peak centered about 2896 cm™
corresponding to C-H stretching vibration mode. A possible explanation for the
broadening and overlapping in this region has to do with the proximity of -CH group to
the modified Ti surface and interactions with TiO, of modified Ti surface. About the
above, the very broad band in the 3200-3550 cm™ suggests, possibly, the formation of a
coordination complex between C=C belonging to Vit-D and TiO, of TiO,/Ti surface.
When analyzing the spectrum in 200-2000 cm™ (Figure 7.7) it can be seen that the
dominant band in the Raman spectrum of Vit-D (Figure 7.2) attributed to C=C stretching
vibration mode at 1647 cm™ is now a low-intensity band and shifted to lower
wavenumber (1640 cm™) [27,29,30] possibly due to the interaction of C=C with the
TiO,/Ti surface [35,36] resulting in a new bond, and therefore in a delocalization of the
double bond, because of decreasing the electron density in the C=C bond. The above
can be corroborated by analyzing the Figure 7.7, where it can be appreciated that the
band located at 1323 cm™ related to =CH bending has disappeared because there is an
overlapping of bands in the 1200-1500 cm™ region. Similarly, a new band at 1095 cm™
has been found in the RS spectrum of Vit-D-TiO,/Ti, and it can be suggested that it is
associated with C-O-Ti bond. [35,36] Also, two new bands corresponding to -C-O
torsion and C-C-O appear at 378, and 250 cm™ were formed. Bands in the 1100-1400
cm™ are assigned to characteristic vibrations of CH in the Vit-D molecule. Likewise, the

bands in the 800-1000 cm™ correspond to the ring, corroborating its stability.
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When comparing the Raman spectra of organic ligand Vit-D (Figure 7.2) with Vit-D-
TiO,/Ti (Figures 7.5 to 7.7) a decrease in the number of bands as well as their
overlapping and broadening. On the other hand, the characteristic of Vit-D-TiO,/Ti
Raman spectrum consists of the shift of bands corresponding to CH, wagging, CH
deformation, CH, torsion, ring vibration modes and C-C ring stretching to lower
wavenumbers. This supports the idea of formation of a complex between Vit-D and Ti

ion of TiO..
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The above mentioned about broadening, overlapping and shift of bands in
conjunction with the finding of new bands give clues about complexation of TiO2/Ti with
C=C bonds in the Vit-D molecule to form C-O-Ti bond. [35,36,37] Finally, based on the
above arguments it can be suggested that the coating of modified Ti surface can be
represented as a VIT-D-TiO, complex where the chemical bond and hence the
intermolecular interactions are made through C-O-Ti bond regarding C=C bond.
Consequently, the most probable suggested structure for adsorption of Vit-D on
modified Ti surface is indicated in Figure 7.8, where it can be observed the

intermolecular interactions of the above groups and Ti ion of modified Ti surface.
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Figure 7.8. The proposed orientation of Vit-D on the functionalized TiO,/Ti surface.

124



7.3.3 Bioactivity “in vitro” of Vit-D-Ti surface

The RS spectrum of the HA layer developed on the Vit-D-TiO2/Ti surfaces is shown
in Figures 7.9, 7.10 and 7.11. The strong peak at 961 cm™ dominates the full region
spectrum. In the same way the characteristic bands of RS spectrum of HA at 415, 599

and 619 cm™ were observed.
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Figure 7. 9. RS spectrum of formed HA on functionalized VIT-D-TiO,/Ti surface: full

spectrum.
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The band at 3571 cm™ confirms the presence of -OH group of HA. The presence of
water is discarded when verifying the absence of its characteristic band at 630 cm™.
Also, it can be verified the structural order of phosphate groups observing the
sharpness and intensity of peaks at 961 and 3571 cm™. [38-43] The above can be
corroborated by observing that at 1647 cm™ there is a very weak band associated to the
C=C bond in Vit-D, and it can be inferred that single bond between C atoms belonging
to the double bond and the oxygen atoms of TiO, are formed. Likewise, the band at
1095 cm™* confirms the C-O-Ti bond. [35,36]

Other bands absent at 1261, 1073 and 479 cm™ relative to —OH group normally
appearing in the RS spectrum of Vit-D, suggest the formation of hydrogen bond
between —OH and oxygen atoms of PO,*. The stability of rings in the Vit-D molecule
can be confirmed with the presence of weak bands at 378, 578, 591, 896 and 994 cm™.
[27,31,34] The weak bands at 434 and 457 cm™ are associated with -C-OH in-plane
deformation. Similarly, in the region 1100-1400 cm™ there are some bands overlapping
among them, and they correspond to -CH vibration modes in the Vit-D molecule. [31]
When analyzing the 2800-3100 cm™ region, a strong, broad band with overlapped
peaks associated with C-H stretching vibration mode was found. Its broadening is
possibly due to the proximity of -CH group with TiO,/Ti surface.

Finally, RS measurements helped to clarify the adsorption and intermolecular
interactions of HA with Vit-D on modified TiO,/Ti surface. The absence of a strong band
at 1647 cm™ suggests that Vit-D is complexed with TiO,/Ti surface, which is supported
by the strong band at 1095 cm™ corresponding to C-O-Ti bond, keeping the ring

structure. Furthermore, the fixation of HA onto Vit-D-TiO,/Ti surface can be related to
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the hydrogen bond between the —-OH group of Vit-D and oxygen atoms of the
phosphate group of HA. Based on the discussion the suggested chemical structure for

the complex is shown in Figure 7.12.
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Figure 7. 12. Proposed chemical structure of HA-VIT-D onto the functionalized Ti

surface.

131



7.4 Conclusions

Vit-D was used to coat and functionalize the TiO2/Ti surfaces, which were obtained from
modified neat Ti plate. RS spectroscopy was used to identify the types of intermolecular
interactions between the organic ligand adsorbate and the substrates. Vibrational data
obtained showed a very strong peak at 1647 cm™, originating from C=C stretching
vibration, which dominates the RS spectrum of Vit-D. The ring structure part in the Vit-D
molecule was verified by the bands in the 500-800 cm™ region. Two bands at 1073 and
1261 cm™ were associated with the existence of —OH group.

The most characteristic features of RS spectrum of Vit-D-TiO,/Ti surfaces have to do
with the decrease in the number of vibrational bands as well as profuse overlapping and
broadening. The appearance of new bands and shifting of peaks to lower
wavenumbers, related to aliphatic chain and C-C ring, supports the hypothesis about
the formation of a complex between Vit-D and Ti species belonging to TiO,/Ti surface,
where intermolecular interactions are controlled by the C=C bond involved in the
creation of C-O-Ti bond. The strong band at 1647 cm™ corresponding to C=C vibration
which is absented and the new strong peak at 1095 cm™ support the complexation of
Vit-D with TiO,/Ti surface.

The adsorption and intermolecular interactions of HA with Vit-D-TiO, /Ti surface
were analyzed using RS measurements. The characteristic bands of RS spectrum of
HA at 415, 599 and 619 cm™ were observed. Intermolecular interactions, possibly

through hydrogen bonds between the oxygen of PO4* of HA and -OH group of Vit-D,
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favoring enhancement of bands and consequently their overlap can be related to

fixation of HA.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

Functionalization of Ti surfaces with biological molecules was successfully
achieved. The subsequent “in vitro” development of a HA layer on each of the
derivatized TiO»/Ti substrates, which was the main objective of this work, which was
also effectively accomplished as per the spectroscopic interpretation of the RS data for
all the stages of the established protocol

First, characterization of important intermolecular interactions between adsorbates
(Lys, Asp, Vit-C, Vit-D3, and HA) and the functionalized Ti surface was done using
micro Raman spectroscopy. Second, based on the spectroscopic evidence, the most
probable spatial orientation of the adsorbates interacting with the surface were
suggested, and therefore the chemical structure of the biological species coating the
TiO,/Ti surface. Third and probably most important, the spectroscopic evidence points
to the direction that the target molecules chosen as adsorbate ligands are very good
candidates to functionalize the modified Ti surface, hence promoting the “in vitro”

formation of a HA layer on the TiO,/Ti surface.

Regarding TiO,/Ti surfaces functionalized with Lys, structural and chemical

information about the intermolecular interactions between it and the host TiO»/Ti
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substrate was obtained by means of RS. RS data of the interaction at different pH
values could suggests that Lys formed with TiO./Ti surface via its carboxylic group
forming a a bridged structure complex. Further complexation is possible with the
neighboring ammonium group. An HA layer was developed onto Lys-TiO,/Ti surface, as
evidence by spectroscopic data. Interaction with the host substrate can be attributed to
formation of H-bonds or to longer range electrostatic binding involving calcium ions.
These weak interactions are probably responsible for adhesion of the important

mineralization HA layer on the Lys—TiO,/Ti surfaces.

In relation to Asp adsorbed on the TiO2/Ti surfaces, it was inferred that —-COOH
groups of Asp formed bridged surface complexes with the host substrate. Based on the
Raman data, it appears that the ammonium group remained oriented far from the
TiO,/Ti surfaces. The above suggests that Asp molecule is at angle with respect to
TiO,/Ti surfaces. Also RS data was used to verify that HA coating developed on Asp-
TiO,/Ti surfaces. The adsorption of HA onto TiO,/Ti surfaces was probably mediated by

hydrogen bonds between —COOH groups of Asp and oxygen atoms belonging to PO,>".

Formation of bidentate complex TiO2/Ti surface with Vit-C was also evidenced. This
was deduced from the change of the band shape of —OH groups of 2,3-enediol in
conjunction with new bands and changes in the ring structure evidenced the above. Vit-
C-TiO,/Ti surface allowed the formation of an HA layer, as confirmed by RS based on
specific spectroscopic bands corresponding to interactions between —C-OH group of

Vit-C and the oxygen atoms of of PO, group and C-O group of Vit-C and "OH of HA.

139



Vit-D was the other biological molecule used to functionalized TiO,/Ti surface. Here,
the appearance of new bands and shifting of peaks to lower wavenumbers in the
Raman Shift scale of the aliphatic chain and C-C ring supports the hypothesis of the
formation of complex between Vit-D and TiO2/Ti surface together with the formation of a
C-O-Ti bond. RS measurements suggested that there are intermolecular interactions

between HA and Vit-D-TiO» /Ti surface.

8.2 Future work

In order to absolutely assign the observed vibration bands for each one of the
adsorbates on the Ti surface and therefore to understand better why some signals
appear and other do not in the obtained spectra, it is highly recommended to carry out
isotopic labelling of the target biomolecules that have been postulated as good
candidates for functionalizing the TiO,/Ti surfaces. These experiments could be
accompanied by ab initio calculations and by molecular mechanics modeling of the
systems studied.

Even though the “in vitro” results of functionalized Ti surface have been very good,
it is advisable to perform “in vivo” research in order to confirm their efficiency and roles
in cellular systems. The protocols described should be modified to improve bioactivity of
the coated Ti surface to enhance the “in vivo” osseointegration.

It is very important to point out that the evaluation of functionalized Ti surfaces is
important to medical and health sciences but that other science and engineering fields,

such as bioengineering and molecular biology can contribute significantly to expand the
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knowledge about this important applied field and help to interpret the results of the “in

vivo” experiments. Biostatistics will probably also play an important role also..
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