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O principal objectivo do presente trabalho consiste em estudar o
comportamento de adsorcdo de uma proteina especifica - Albumina de Soro
Bovino (BSA) - sobre a superficie de trés materiais (hidroxiapatita comercial,
um biovidro V7 e acido poli-L-lactico) que podem ser utilizados em aplicacdes
biomédicas para fins de implantacao.

O estudo comparativo foi baseado em medicdo do zeta potencial e na
determinacdo da quantidade de proteina BSA adsorvida sobre a superficie dos
biomateriais em estudo sob diferentes condi¢des (pH, concentracio de BSA e
tempo de incubacio).



keywords

abstract

surface charge, hydrxyapatite, bioglass V-7, PLLA, zeta potential, albumin,
albumin adsorption

The main purpose of the present work is to study and compare the adsorption
behaviour of a specific protein — Bovine Serum Albumin (BSA) - onto the
surface of three materials (commercial hydroxyapatite, a bioglass V7 and poly-
L-lactide acid) that can be used in biomedical applications for implant purposes.
The comparative study was based on zeta potential measurements and on the
determination of the amount of BSA protein adsorbed on the surface of the
biosubstrates under different conditions of pH, BSA concentration and time of
incubation.
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1. Introduction

The bone regeneration process, the interaction between implant and human
plasma begins from the adsorption of proteins to the surface of the material.

The main objective of this work is to study the interaction of various surfaces
of biomaterials with a protein (in this case albumin). To accomplish this study three
materials were selected: hydroxyapatite (HA), a bioglass produced in our
laboratory, designated by V7, and poly-L-lactide acid (PLLA). All these materials
have a great biological interest: HA is a bone constituent, bioglass V7 is a glass
that exhibited in vitro bioactivity in accellular immersion tests and PLLA is an
implantable material extensively used in Medicine. The determination of surface
charge by measuring the zeta potential under different conditions (pH, added
protein concentration and time of immersion) and protein adsorption onto the
surface of materials were essential points to assess during this work.

The surface charge of biomaterials plays a great role in the process of bone
remodeling and regeneration, so understanding this phenomenon can help to
create the adequate conditions for bone regeneration.

The environment of a healthy tissue has pH of 7.4 and inflammatory tissue
has pH of 4.5. These were the two conditions studied for a better understanding of
the significance of the interactions of the surface charge of the material and
albumin.

Bovine serum albumin (BSA) was the chosen protein to conduct the
experimental work that consists in the study of the protein adsorption on the
surface of the material (HA, bioglassV7, and PLLA) due to its relatively low cost,
availability, solubility in agueous medium, homogeneity and to the fact of being the
most abundant protein in the human plasma (concentration of 38-50 g.L™).

2. Theoretical background

In this section the structure and process of bone regeneration and the basic
factors that influence the protein adsorption processes will be presented. Further
the definition of the protein, its structure and functions will be described.
Emphases will be given to the explanation of the basic concepts of zeta potential,
contact angle and particle size.



2.1. Bone composition

Bone is defined as a metabolically active tissue that suffers a lot of chemical
and physical processes [1].

Bone is made of two types of tissues: trabecular and cortical [2]. The
trabecular bone consists of medulla and blood vessels. The medulla is the medium
for cells and differentiated cells, while the blood vessels allow metabolic changes
and traffic signals to keep good bone physiology.

The cortical bone is constituted by an inorganic phase (60-70% dry weight),
an organic phase (~ 35%) and water (5-8%). The inorganic phase corresponds to
nanocrystals of hydroxyapatite (HA), and the organic phase consists of nanofibers
of collagen type | (90%), non-collagenous protein (10%) and the bone cells [3].
The extracellular matrix is formed by such bone cells as the osteoblasts,
osteocytes and osteoclasts that are responsible for the formation, maintenance
and resorption of the bone, respectively. HA crystals are included in the fibrils
collagen (Figure 1.1).

Figure 1.1: Organization of compact bone (adapted from [3]).

The bone tissue has several functions [3]:

- mechanical, as it serves as a support for muscles, ligaments and
tendons and allows the movement of skeleton;

- protection of organs and tissues;
- hematopoietic as it assumes the formation of the blood,;

- and metabolic function that provides a reservoir for mineral homeostasis
of Ca and POu.

Bone is a regenerable tissue, so old cells can be replaced by new ones as
schematically represented in Figure 1.2. This process is defined as bone

remodeling cycle [4]. In the bone regeneration process local regions of the bone
3



are destroyed by osteoclasts as a result of fracture, microdamage or normal aging
process and then rebuilt by osteoblasts [5].
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Figure 1.2: Bone remodeling cycle [6].

Every year, approximately one million people need bone grafts to repair bone
defects that occur as a result of illness or accidents. The implantation has
important socio-economic consequences like increase of life expectancy and
quality.

Whenever possible autologous and homologous grafts are the preferred
strategies in clinical implantation.

In the autologous grafts bone is taken from the patient that is at the same
time the recipient [7]. It is considered the best treatment because the removed
bone contains osteogenic cells and osteoinductor factors like growth factors. The
main drawback of this strategy is related to the fact that the amount of bone that
can be taken from donor side is limited [8].

In the homologous grafts the bone is taken from a donor that is not the
recipient. This form of graft has the disadvantage of a high probability of immune
reaction from the recipient side [9].

Metal and ceramic materials are the most used synthetic bone implants,
instead of autologous and homologous grafts, some of them due to the
biocompatibility, others due to the mechanical properties [10, 11].



2.2. The relevance of surface charge in the bone regeneration
process

Wolff [12] has developed the hypothesis that the bone, as a dynamic body, is
adaptative to mechanical environment. The “Wolff’'s Law” reflects the ability of the
bone to adapt to mechanical stresses and in this way explains certain phenomena
such as the decrease in bone density during a long mission of astronauts or the
increase of sportsmen’s bone density in response to their training. The study
made by Pontzer [13] also concluded that the bone adapts to compressive forces
as Wolff law indicates.

Another factor that influences the bone regeneration process is the condition
of the blood vessels due to the metabolic rate of regeneration cells [14].

Osteocytes and osteoblasts cells are responsible for bone’s adaptability, but
till now there is no answer with respect to the driving force of this behavior. One of
the possible explanations for this phenomenon was found in 1960 and is based on
the piezoelectric (use of local stresses) properties of collagen due to which
osteocytes can detect areas of greater stress [12]. Also it was concluded that the
characteristics of collagen fibrils are important in the identification of the area that
requires the regeneration [15]. The basic concept of this theory explains that the
use of local stresses along the fibers of collagen can provide increase of bone
cells that regenerate bone tissue. [16].

Adhesion is one of the parameters that can influence the cell capacity to
proliferate or differentiate the bone regeneration cells [17]. This process
determines the failure or success of the implant in service. This knowledge was
applied to produce ceramic implants with electrically charged surface to attract
higher amounts of bone regeneration cells [18].

There is a great number of studies on the influence of the implant’s surface
electrical charge on the bone regeneration process. According to Lu et al. [19] the
presence of negative charges on the surface of materials in vifro contributes to the
formation of apatite layer, while in vivo, it increases the proliferation of osteoblasts
and bone growth.

A study in vivo made by Brendel et al. [20] revealed the formation of bone
bind after the insertion of the negatively charged polymeric implants to the rats.

Dekhtyar et al. [21] performed another study and verified the formation of
bone around the electrically charged implants, while the implants without charge
didn’t exhibit this effect.

The surface charge of ceramics affects tissues and cells. On the negatively
charged surface it was noted that the number of osteoblasts increased. They
organized themselves and the bone growth occurred rapidly after 1 week
implantation. With positively charged surface, the amount of bone formed was the
same and it was noted that the cells didn"t show the same arrangement and were
disordered [22].
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2.3. Adsorption of proteins

The first biomaterials were developed in 1940 and were used for implants,
hip joint, dental replacements, eye lens and blood contacting devices [23, 24].
During these discoveries some researchers began studying the surface properties
of materials, surface modifications and their interactions. Surface modifications
can alter the protein adsorption quantity as well as cell adhesion. There are
different methods that permit to modify the material surface. Among them one can
mention the application of a surface chemical gradient, self-assembled films,
surface-active bulk additive, surface chemical reaction or techniques of material
preparation [25].

Surface concepts have been applied in medical and biological technology.
Some examples of surface technology applied to biological problems are implant
biomaterials, surface diagnostics, laser applications and biosensors. Surface
technology is important because it controls biological reactions [26-29].

The adsorption of proteins onto the biomaterial surface or biological tissue is
the first process that occurs during the contact between the material and biological
fluids (blood or lymph). This process predetermines subsequent body responses
[30].

The concept of the tissue engineering resumes to the regeneration or
repairing of the tissues [31]. For tissue engineering the adsorption process of
proteins is a very important one [32]. During the adsorption process interactions
between adsorbed proteins and cells play a key role. Biomaterial substrates can
adsorb protein as well as cells, so the competition to be adsorbed does not end
[23, 33].

It is important to notice that, together with the surface characteristics of
material, the medium also plays a significant role in the adsorption process [34,
35]. Chemical, structural and biological surface properties, their transference into
the biological environment, as well as responses, are not sufficiently studied and
need further research.

A biological medium includes several types of proteins that can compete for
the adsorption process by a specific substrate.

The process of variation of the adsorbed protein layer is shown in Figure 1.3.
Different types of proteins according to the bonding force are distinguished in the
figure with different colors: red, green or blue [23]. Initially the surface is covered
with the layer of red and green adsorbed proteins. The amount and type of
adsorbed proteins on the film changes with the time. For example, at t=1 the red
and green proteins are the ones preferentially adsorbed, but as time evolves
almost all proteins are substituted by blue ones. The substitution is probably
associated with the type of bonding protein/material.
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Figure 1.3: The variation of the adsorbed protein layer [23].

Absorbed protein on the surface of a substrate is not stable. Dynamic steps
such as desorption, readsorption, conformation or orientation changes are present
during the process of adsorption (see Figure 1.4) [34].

Factors such as time and concentration of protein may or not change the
conformation or structure of adsorbed protein. Also the type of surface and
topography strongly influence the quantity or strength of the adsorbed protein
bonding [23].
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Figure 1.4: The conformation and orientation of adsorbed proteins. The top
schematic shows a protein denaturing with increasing adsorption time. The bottom
schematic shows a protein adsorbing to the surface in different orientations [23].

2.3.1. Factors that influence protein adsorption

The process of adsorption as a whole is influenced by the rate of protein
adsorption, the rate of transport and the rate of unfolding [36, 37].

There are three main types of interactions that are involved in protein
adsorption process: hydrophobic, hydrogen-bond and electrostatic [38, 39]. There
are different opinions about the type of interaction that mostly affects this process
[40]. Some authors defend that hydrophobicity is the dominant in the adsorption
process, while others stand for hydrogen-bonding interaction.

According to Ying et al. [41] the preferential adsorption of protein occurs on
the hydrophobic surfaces (hydrophobic interaction). On the less hydrophobic
surfaces the process of protein adsorption is made through the hydrogen bond or
electrostatic interaction.

Recently it was discovered that the electrostatic contribution also has an
important role among these interactions [41]. Yoon et al. [40] has found that an
increase of electrostatic groups causes the increase of the amount of adsorbed
protein.

The process of protein adsorption is very complex. The main difficulty of
understanding this process consists in the fact that most proteins are hydrophilic
and hydrophobic at the same time. This can produce different conformations of the
adsorbed proteins and also structural changes due to the large contact area of the
protein [42].

As mentioned before, other factors may also influence the dynamic process
of adsorption such as temperature, pH, time of adsorption and also wettability [43].



Wetting phenomenon is defined by the ability of a liquid substance to form
the interaction with a solid surface [44]. Characteristics such as surface chemistry,
surface topography and surface thermodynamics can influence the parameters of
the surface [45]. The nature of adsorption of proteins onto the surface of materials
is also dependent on these parameters.

The formation of the protein layer, size, type of the protein and its ability of
adsorption onto the surface of the material can change the chemical, physical and
sometimes mechanical properties of the substrate [46, 47]. Surface charge of the
biosubstrate, pH, fluid phase composition, chemical composition, temperature and
time of contact with protein are factors that influence the composition of the
adsorbed protein layer [34]. Table 1 represents the factors that influence the
protein adsorption and the respective aspects that are influenced by the factors.

Table 1: Resume of the factors and their influence in the protein adsorption
process.

Factors Aspects
Surface charge
a.) Substrate and protein increase of the quantity of the protein adsorbed
charges are of the opposite
sign
b.) Substrate and protein decrease of the quantity of the protein adsorbed

charges have the same sign

stability of the colloidal suspension and surface

pH charge
stability of the colloidal suspension, pH and surface
Fluid phase charge
stability of the colloidal suspension and surface
Chemical composition charge
Temperature solubility of the colloid
Time of imersion gyantity o adsorbed protein

Several works [48, 49] report studies on the relationship between protein
adsorption and factors such as hydrophobicity, surface tension and surface charge
of materials.

2.3.2. Albumin

Albumin (Fig 1.5) is the most abundant protein in the human plasma
(concentration of 38-50 g.L™") with the next chemical formula CaessHas24N7850889S 41
[50], exerting 75 to 80% of the normal colloid osmotic pressure. This protein has a
weight of about 66-kDa. The average particle size of albumin (D) is 4.52 nm [51].



Albumin has specific biological function revealed in antioxidant and anti-
inflammatory properties [52].

Figure 1.5: Alboumin monomer [53]

Albumin can regulate the fluid distribution, binding and transporting of ligands
including steroids, fatty acids, bile pigments, metal ions, nitric oxide and drugs.
Albumin has a great role in modulating some ligands in blood and phospholipids
produced by tumor cells [54].

The charge of albumin is not uniform. Peters et al. [55] did experimental work
at neutral pH for bovine serum albumin and representation of surface charge
distribution is illustrated in Figure 1.6.
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Figure 1.6: The model of serum albumin molecule with basic residues colored in
blue, acidic residues in red and neutral ones in yellow. (A) Front view, (B) back view, (C)
left side, and (D) right side [55, 56].

In laboratory practice it is important to preserve conservation conditions of
BSA. Specific criteria of transport by air should be accounted for. A lot of
modifications and dysfunctions may be provoked by the contact with metabolites,
toxins or drugs [57].

BSA was chosen to conduct the experimental work further described in
section 4 due to its relatively low cost, availability, solubility in aqueous medium
and homogeneity. This protein will be used during a series of repeated
experiments aimed to compare its adsorption behavior onto different materials
under different conditions.

2.4. Surface Charge and Zeta Potential

It is well accepted the importance of the surface properties of materials and
its relation with biological responses when implanted [58]. Among these properties
one can mention the surface chemistry, charge and the surface topography [59].
The surface chemical compositions of substrates also have a strong effect on the
protein adsorption process.
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Zeta potential is used to determine the stability of colloidal suspensions,
where the solid is suspended in a liquid. It is known that colloids with high zeta
potential (negative or positive) are electrically stable while colloids with low zeta
potentials tend to coagulate or flocculate as presented in Table 2 [60].

Table 2: Stability behavior of colloids related with value of zeta potential [60].

Zeta potential (mV) Stability behavior of the colloid
from 0 to 15 Rapid coagulation or flocculation
from 10 to +30 Incipient instability
from +30 to 40 Moderate stability
from +40 to £60 Good stability
more than 161 Excellent stability

2.4.1. Zeta potential fundamental concepts

The double layer model is forward to explain the distribution of ions around
the particle. Counter ions that attach to a charged surface form the Stern layer.
lons that concentration decreases by increasing the distance from the surface of
substrate form the Diffuse layer. The result of a zeta-potential measurement is the
potential at the boundary between the Stern layer and the Diffuse layer (Figure
1.7). It is based on the charge displacement in the electric double layer that is
caused by the potential difference between the liquid and the solid phases [58].

¢

Surface

Diffuse layer

Shear plane (Stern layer)

Figure 1.7: Schematic diagram of the electric double layer in zeta-potential
measurement [58].
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Figure 1.7 shows that the concentration of ions decreases from the Stern
layer to the Diffuse layer [61, 62]. The isoelectric point (IEP) is an important
parameter that demonstrates the exact pH value at which the surface of the
particle obtains zero charge [63].

There are different methods used to measure the zeta-potential. The most
widely used is electrophoresis and it is based on the theory of Smoluchowski that
proposed that the velocity of particles motion in the electric field is proportional to
the zeta potential [62]. This theory of electrophoresis can be interpreted by the
equation 1 [64].

L = Er&a
€ i eq. 1

where ¢, stands for the dielectric constant of the dispersion medium, &g for the
permittivity of free space (C2 N™' m™), n for the dynamic viscosity of the dispersion
medium (Pa.s), and ¢ for the zeta potential.

In some applications zeta potential is measured to determine the magnitude
of the potential of the particles [65]. For example it is used to obtain the charge of
the particles in aggregation behavior, flow, sedimentation, and filtration.

Variation of pH can be obtained by the addition of acids or bases, such as
HCI or KOH, respectively. Tassel et al. [66] found a relationship between the
quantity of reagents (HC| and KOH used to establish the desired pH) and zeta
potential (Figure 1.8). The addition of KOH reagent provokes the decrease of the
zeta potential value from positive to negative one. This phenomenon is not
occurring after addition of HCI reagent, the zeta potential doesn’'t decrease to
negative values.
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Figure 1.8: Zeta potential as a function of molarity of KOH and HCI respectively in
ethanol/water solution [66].

The zeta potential is affected by the particle size of the substrate [63, 67].
Concerning biomaterials particles there is not a systematic study of the variables
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that affect the zeta potencial, but these relationships have been studied for other
materials.

Figure 1.9 represents the relationship between zeta potential and the particle
size at a given pH [63] for kaolin.
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Figure 1.9: Comparison of zeta potential and particle size of kaolin at pH 4, 6, 7,5
and 9 [63].

It is observed that the decrease of particle size is accompanied by an,
increase of the zeta potential.

24.2. In vivo zeta potential phenomenon

In contact with aqueous medium in vivo bone creates surface charge. The
difference in charge between the solid phase of bone and the liquid one creates a
potential difference between these two phases associated with the concept of zeta
potential ({), which determines the nature of the surface charge [61, 62].

Both the organic and the mineral part of the bone can create a zeta potential
but the determinant one is the organic part — the collagen. This fact was studied by
Otter et al. [68], in 1988. The experimental work has shown that the zeta potential
of hydroxyapatite (mineral component of bone) is much smaller than the one of the
collagen. One of the possible reasons that could explain this phenomenon is that
the HA surface contains HPO4* and H.PO. ions that turn this surface more
negative than of the collagen. It was concluded that the organic part is a major
contributor to the zeta potential, and variation of the piezoelectricity of the bone
[12].
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Factors such as the chemical composition, the inflammatory situation, the
composition of the surrounding solution and the pH value influence the electrical
charge of the material surface [61]. The relationship between the surface
chemistry, electric charge on a surface and protein adsorption is very important for
the understanding of the complexity of biological processes related with tissues.
This knowledge can be used to the improvement of the quality of the implants and
biomedical devices.

3. The selected materials

In the present work three different materials were selected for the adsorption
studies with BSA: hydroxyapatite, a glass with in vitro bioactivity developed in our
laboratory (V7) and poly-L- lactide acid (PLLA). The three are briefly presented in
the next sections.

3.1. Hydroxyapatite

Hydroxyapatite (Cas (PO4)s (OH)) is the major inorganic constituent of bone
(~70%). In a synthetic form it is largely used for bones and teeth implants as well
as for a lot of other medical and biomedical applications. This popularity can be
explained by the high biocompatibility and bioactivity of hydroxyapatite (HA) and
the possibility that it has to form a strong bond with hard tissues [69].

A factor that gives to hydroxyapatite a good stability and a great number of
applications is its good biocompatibility and a molar Ca/P ratio near 1.67. Huang et
al. [70] found that hydroxyapatite can be composed by nanometer-sized crystals,
poor crystallinity and ionic (cationic and anionic) substitutions. lons have an effect
on such factors as crystal size and crystallinity that in their turn affect the stability
and solubility of HA, influencing pH of the suspension and the surface charge of
the substrate.

It is known that HA is one of the constituents of tooth. The natural formation
of enamel is based on a process of proteins adsorption onto tooth surface [71].
This pellicle is very important for the adsorption process of microorganisms.
Problems of caries have led to more detailed studies of proteins. It is reported that
proteins are the inhibitors of enamel and dentine demineralization and are located
between tooth and dental plaque [71].

The process of adsorption of BSA onto HA surface is a complex one that
consists in electrostatic attraction between the COOH group of BSA or in ion
exchange. Among ions of HA, calcium and phosphate, only the last one is
released when acidic proteins are adsorbed [72].
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Formation of apatite brings some changes to HA namely in the surface
structure, and in the interactions between HA surface and calcium and phosphate
ions from Phosphate buffered saline (PBS). Figure 1.10 represents the
mechanism of apatite formation on HA when immersed in PBS buffer solution.
There are three processes involved in the apatite formation: adsorption of calcium
ions (Ca-rich ACP), phosphate ions (Ca-poor ACP) and both the calcium and
phosphate ions [73].
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Figure 1.10: Schematic representation of the origin of the negative charge on the HA
surface and the process of bone-like apatite formation thereon in PBS (adapted from [74]).

Studies have shown that the increase of the PO~ decrease the amount of
adsorbed BSA. To separate the adsorbed biological molecules from surfaces
these ions can be used [74].

The amount of adsorbed albumin depends on the molar ratio between
cations and phosphorus of the used materials [75]. A factor that can influence the
adsorbed amount of protein to hydroxyapatite is the material texture and the kind
of crystal face exposed at the particle surface, though, there was not found any
systematic study on this subject in the literature.

3.2. Bioactive glasses

A bioactive material can form a chemical bond with bone in vivo [76]. This
ability can be found in materials such as glasses, glass ceramics and calcium
phosphates.

Bioactive glasses were first used in 1969 for the bonding of the implant to the
host tissues [77]. Grafts for bone repair and regeneration should exhibit several
capabilities such as osteogenicity, osteoinductivity and osteoconduction [76]. Bone
implants from glasses and glass-ceramics are based on the SiO—CaO- P,0s
system and have a great number of applications in medicine.

The Bioglass ® discovered by Hench et al. [3] is one of the most accessible
bioactive materials. Several compositions were developed within the Na,O-CaO-
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P,0s-Si0O, system with a constant percentage of P,Os (6% weight). Different
bioactivity behaviors were found, depending on the composition and system [3].

An apatite layer responsible for bioactivity is formed on the surface of
bioglasses when they are immersed into solutions that mimick the human blood
plasma. Hench [3] proposed a mechanism of apatite formation on the surface of
bioglass that consists of five stages, three of which correspond to chemical
corrosion that happens to any alkali or alkaline earth glass when immersed in an
aqueous solution [78]:

Stage 1: Rapid exchange between alkali ions of the glass and H*
ions from solution as represented by the chemical equation:

Si—- O Na +H"+OH —Si- OH" + Na™ + OH™

Stage 2: Dissolution of the glass network resulting in the
breaking of Si-O-Si and formation of Si-OH groups on the glass-
solution interface, as represented by the chemical equation:

Si—0-85i+H->0— Si—OH +0OH - Si

Stage 3: Condensation of Si-OH groups and formation of a layer
rich in silica gel on the glass surface devoid of alkali ions and alkaline-
earth, as represented by the chemical equation:

o O o 0

| | | |
O0—-Si—OH+HO—-Si-0—->0—-Si—-0-S8i-0O+H>O

| | | |

O O 0 O

Stage 4: Migration of ions Ca** and PO4> onto the surface layer
of silica gel forming an amorphous film rich in CaO-P,0s (Ca-P)

Stage 5: Crystallization of the amorphous film by incorporation of
OH and CO3* anions from the solution

According to Lu et al. [78] there is a relationship between surface charge of a
bioglass and its biological response. These authors studied the relationship
between the variation of the surface charge of bioglasses by measuring the zeta
potential, the variation of the concentration of phosphate ions in the buffer solution
and the formation of Ca-P layer on its surface when immersed in a physiological
fluid. It was observed that the zeta potential of bioglass varied continuously with
changes in surface charge of bioglass and depended on the state of the surface
composition, structure and morphology. Within the range of pH in the human body
it was found that the surface charge is negative, which is in agreement with one of
the criteria defined by Li et al. [3] for a bioactive biomaterial.
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3.3. Poly-L-lactide acid

Poly(L-lactide) (PLLA) is considered an attractive biomaterial because of its
biodegradable properties. It is used for many biomedical applications such as
sutures and drug delivery devices [79]. This polymer is semicrystalline,
biocompatible and bioresorbable [80] and has the chemical composition CsH402
[81], as schematically shown in Figure 1.11.

The mechanical properties and thermal degradation of PLLA may be varied
by the variation of its molecular weight and the content of the crystalline phase [3].
Unfortunately, its toughness at high temperature is not favorable for some practical
application. The mixture of PLLA with other polymers creates an economic method
to obtain toughened products.

Hydrophobic surface of PLLA can represent strong protein adsorption
behavior [81] since proteins usually tend to adsorb onto hydrophobic polymer
surfaces rather than onto hydrophilic ones.

Indeed PLLA is one of the few materials that are approved for applications
into the human body. This was one of the reasons for the choice of PLLA in this
work.

O

O/

- -n

Figure 1.11: Repeating unit of PLLA [82].
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4. Materials and methods

This section presents the characterization of the materials selected in this
study and also the techniques and methodologies used in the experimental work.

Three materials were used as substrates: HA, bioglass V7 and PLLA. After
the preparation or milling treatments all the materials were submitted to a
granulometric analysis to assess the particle size distribution.

XRD was performed on all materials in order to determine the crystalline
phases present or to confirm the amorphous nature of the powders.

The morphology and size of the particles was observed by Scanning
Electron Microscopy (SEM).

Bovine Serum Albumin (BSA) was the protein chosen to evaluate the effect
of the surface charge of these materials on protein adsorption.

All suspensions and solutions were made in a Phosphate Buffered Saline
(PBS) medium.

A summary of the relevant characteristics of the materials used in the
experiments (solids or liquids) is presented in the following sections.

4.1. Materials characterization

Hydroxyapatite

The hydroxyapatite powder used in this work was provided by the CAPITA®S
company. The particle size distribution (Figure 2.1) obtained by Coulter Counter
LS 230 shows that the average size (D,) of the particles is 1.8 um.

Differential Volume
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Figure 2.1: Particle size distribution of HA powders
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SEM micrograph of HA particles (Figure 2.2) confirmed the size distribution
results, with particles not exceeding 6um.

LS
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Figure 2.2: SEM micrograph of HA particles

The XRD patterns of HA powders are illustrated in Figure 2.3.
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Figure 2.3: XRD of HA
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The Specific Surface Area (SSA) of HA particles was 8.9 m?/g, as measured
by the Brunauer, Emmett and Teller technique (BET).

Bioglass V7

The selected bioglass, V7, was developed by the group at the University of
Aveiro, belongs to the system 3Ca0.P,05.MgO.SiO, and has a composition (wt%)
of 33.2Ca0.28.2P,05.15.6Mg0.23.0Si0, (Figure 2.4). This glass exhibited a
bioactive character in physiological synthetic acellular medium and showed to be
able to induce the proliferation of MG 63 osteoblast-like cells [3]

3Ca0.PP .

k1]
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Figure 2.4: Ternary diagram of the system 3Ca0.P205-Si02-MgO (wt%) with
reference to the bioglass V7 (Adapted from [3]).

Bioglass V7 was prepared from the raw materials: SiO, (Merck), MgO
(Fluka), CaCOs (Fluka), and CaH40sP;H-0O (Fluka). Powders were milled in a
planetary ball mill (Fritsch) for 45 min with alcohol the desired particle size was
obtained. After milling the product was dried at 75°C for about one day.

The batch was melted at 1500°C for 1 hour and the melt was poured to a
water reservoir to obtain a frit. The glass frit was dried at 75°C during 20 hours.
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According to the requirement of Zetasizer device, to provide the correct
measurement of the zeta potential, all powders must have size between 0.6 nm
and 6 um. To obtain the granulometric distribution shown in Figure 2.5 the
bioglass was dry milled for 8h and then wet milled with ethanol for 3h and 30min.

The granulometric analysis of bioglass V7 has shown that the average size of the
particles is 2.73 um.
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Figure 2.5: Granulometric distribution of bioglass V7 powder.

SEM micrograph of bioglass V7 particles is shown in Figure 2.6

P

3
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Figure 2.6: SEM micrograph of bioglass V7 particles

XRD to the bioglass V7 confirmed its amorphous nature as shown in Figure
2.7.
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Figure 2.7: XRD pattern of bioglass V7.
BET method indicated a value of 1.8 m?/g for the SSA of V7 particles.

PLLA

PLLA powder used in the experimental work was produced by PURAC
Biochem bv Gorinchem in Holland. It was stored in a closed package in a freezer
and put at room temperature before opened.

After submitted to dry milling the average size of the particles is 4.68 um
(Figure 2.8).
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Figure 2.8: Granulometric distribution of PLLA.

SEM observation of PLLA particles confirmed the granulometric distribution
results (Figure 2.9).
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Figure 2.9: SEM micrograph of PLLA particles
Figure 2.10 shows the XRD pattern of PLLA
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Figure 2.10: XRD pattern of PLLA.

The SSA by BET method is 18.71m?/g for PLLA particles.
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Phosphate buffered saline (PBS) solution

Phosphate buffered saline is a buffer solution largely used in in vitro
experiments in the biological area [83] due to the non toxic composition and to the
similarity to human plasma.

One of the most common compositions of PBS is presented in Table 3.

Table 3: One of the common compositions of PBS [84]

Salt Concentration Concentration
() (mmol/L) (g/L)
Nacl 137 8.00
KCl 2.7 0.20
Na2HPO4 10 1.44
KH2PO4 1.76 0.24
pH 7.4 7.4

The PBS P-3813 used in the present experimental work was produced by
SIGMA company [85]. PBS was used in the form of dry powders. The powders
were dissolved in 1 liter of deionized water (pH 7.4 at 25°C) to obtain 0.01M PBS.

Albumin

To simulate human albumin it was used a bovine serum albumin, BSA,
(Serva 11930, lot n° 15538) with pH 7.0. BSA has the advantage of being cheaper
than human albumin and is very similar to it in the sequence of amino acid units.
The BSA powder was dissolved in PBS solution.

4.2. Methods and Methodologies

Surface charge of the several materials (HA, bioglass V7 and PLLA) was
assessed by zeta potential measurements performed with a Zetasizer Nano series
equipment. This apparatus calculates the =zeta potential by determining
electrophoretic mobility and then applies Henry equation (equation 2) [86].

p =kc eq.2
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where P stands for the partial pressure of the solute, € for the concentration of
the solute in the solution and & (Pa-m®mol) for the Henry's Law constant [87].

Suspensions for the zeta potential measurements were prepared by adding 3
mg of the substrate particles to 15 ml of PBS to obtain a concentration of 0.2 g/l.
Some experiments were carried out with suspensions of the particles in water. The
pH of the suspensions was adjusted by using NaOH or HCI to increase the
alkalinity or the acidity, respectively.

To determine the differences of protein adsorption onto the several materials,
the different suspensions of PBS + powders were added with 0.33 g/L of BSA and
kept at 36 °C for different times. The quantification of BSA adsorbed was made by
the Lowry method described later in this section.

To understand how protein adsorption can change along the time due to the
gradual surface enrichment of protein, zeta potential measurements were also
performed on powders previously put in contact with albumin.

A summary of the different experimental conditions for the zeta potential
measurements is presented in Table 4a for HA, Table 4b for bioglass V7 and
Table 4c for PLLA. Each group of data (from A to L) represented in the table
corresponds to a series of experiments carried out under the required conditions.
More details are shown in Annex 1.

With exception of the experiments carried out with variable time, all the zeta
potential measurements were performed after incubation (kept at required
conditions) of materials for 24 hours at the conditions described.

Table 4a: Experimental conditions for zeta potential measurements for HA in PBS
(T=36°C; D,= 1.81 um)

Experiments
Parameter Group A Group B Group C Group D
HA pH 2.75-11.72 | 2.57-12 7.7 7.7
t(h) 24 24 24-272 100
BSA conc in PBS (g/L) 0 0.33 0.33 0.06-2.26

Measurements in water were carried out in the range of pH 2.33-11.2 after
24h of incubation. Zeta potential measurements were also performed in water at
25°C, after 24h of incubation in the range of pH 2.53-11.43.
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Table 4b: Experimental conditions for zeta potential measurements for bioglass V7
in PBS (T=36°C; D,=2.73 um)

Experiments
Parameter Group E Group F Group G Group H
Bio\f;ass pH 2.85-11.6 | 2.39-11.27 7.7 7.7
t(h) 24 24 24-240 100
BSA conc in PBS (g/L) 0 0.33 0.33 0.12-2.97

Table 4c¢: Experimental conditions for zeta potential measurements for PLLA in
PBS (T=36°C; D, = 4.68 um)

Experiments
Parameter Group | Group J Group K Group L
PLLA pH 2.33-11.16 | 2.41-11.26 7.7 7.7
t(h) 24 24 24-240 100
BSA conc in PBS (g/L) 0 0.33 0.33 0.087-3.26

BSA quantification by the Lowry method

The Lowry method is a standard method for protein quantification [88] and a
modified Biuret Reaction, more sensitive than this one that uses Folin-Ciocalteu
reagent for color identification [89].

In the Lowry method the —-CO—-NH- (peptide bond) reacts with copper sulfate
in alkaline medium to give a complex with some protein residues like tyrosine and
tryptophan [90]. The color reaction in the Lowry procedure occurs when the
tetradentate copper complexes transfer electrons to the phospho-molybdic acid
complex [89].

The Lowry method is sensitive to pH changes and therefore the pH of assay
solution should be kept between 10 and 10.5. This method has the great
advantage of its sensitivity to low concentrations of protein (up to 0.005 mg/ml
[90]). The main drawback is the instability of alkaline copper reagent used in the
method. In addition, during the experimental work it is necessary to have the same
level of illumination.

The reagents used to the albumin quantification process are not specified
because they have protected compositions and are designated as reagent A,
reagent B and reagent C. These reagents can be used with 10% SDS (sodium
dodecyl sulfate), the detergent employed in the Lowry method.
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The process of albumin quantification followed the steps indicated below:

1. Centrifugation of the sample.
2. Removal the supernatant from the sample.
3. Washing of the material to remove the albumin released from

the surface and confirm the absence of BSA by UV spectrometer Shimadzu
UV-3100.(absence of BSA was obtained after 3 washes)

4. Addition of 300ul of SDS 10% solution to remove the BSA
from the surface of material.

5. Centrifugation of the sample.

6. Removal of the supernatant from the sample.

This process was followed by the next protocol to quantify the BSA:

1. Addition of 20pl of reagent C to 1ml of reagent A to obtain A’

2.  Preparation of standard solutions of BSA between 0.2 mg / ml
to 1.5 mg / ml (it may be prepared in the same buffer of the sample) to
obtain the calibration line.

3. Pipette 10ul of sample to the microtubes.

4. Addition of 50ul of reagent A' to each microtube of the sample.

5. Addition of 400ul of reagent B (contains copper and will react
with the peptide bond) to each microtube and incubate at room
temperature for 15 minutes.

6. Measurement of the peak of absorbance of each sample with
UV spectrometer.

7. Use of the calibration line for each of the previously obtained
results to measure the BSA value in ug.

To convert the BSA values to ug/m? the next formula was used (eq. 3):

m
W.. = ~-BSA
T " m.xA eq. 3

where Wr stands for the BSA weight per area in pug/m?, mgss for the mass of
adsorbed BSA in ug, m; for the mass of the substrate in g and A is the BET
surface area in m?/g.

Quantification of BSA adsorption onto the different materials was performed

for different experimental conditions to assess the influence of a) pH of
suspension, b) incubation time and c) BSA concentration.

A summary of the different experimental conditions for the BSA quantification

is presented in Table 5a for HA, Table 5b for bioglass V7 and Table 5c for PLLA.
More details are shown in Annex 2.
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Table 5a: Experimental conditions for BSA quantification for HA in PBS (T=36°C; D,

=1.81 pm)
Experiments
Parameter Group A Group B Group C
HA pH 2.93-10.64 7.6 7.6
t(h) 24 24 24 and 168
BSA conc in PBS (g/L) 0.33 0.1-1 0.33

Table 5b: Experimental conditions for BSA quantification for bioglass V7 in PBS
(T=36°C; D,=2.73 um)

Bioglass
V7

Experiments
Parameter Group D Group E Group F
pH 3.11-11.01 7.7 7.7
t(h) 24 24 24 and 168
BSA conc in PBS (g/L) 0.33 0.1-1 0.33

Table 5c: Experimental conditions for BSA quantification for PLLA in PBS (T=36°C;

D,=4.68 pm)
Experiments
Parameter Group G Group H Group |
PLLA pH 2.73-10.87 7.7 7.7
t(h) 24 24 24 and 168
BSA conc in PBS (g/L) 0.33 0.1-1 0.33
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5. Results and Discussion

In this section we will discuss the results obtained in the experimental work
described in the previous section and conducted with the objective of studying the
effect of the surface charge of different substrates on the quantity of BSA
adsorbed onto the surface of those substrates.

Surface charge was assessed by zeta potential measurements and BSA was
quantified by the Lowry method. Different experiments were conducted during
which the medium conditions such as pH, immersion time of the substrate and
BSA concentration were altered.

5.1. Zeta potential as a function of pH

The variation of the surface charge with pH can be schematically represented
in Figure 3.1 [91]. With the increase of pH the surface charge of the substrate
becomes more negatively charged. For low pH values the surface is positively
charged.

material

Figure 3.1: Representation of the variation of the surface charge of material at low
and high pH (adapted from [98]).

Experiments with BSA

Figure 3.2 represents the variation of BSA zeta potential as a function of pH
being the experiments carried out at 36°C in PBS with the addition of 2g/L of
albumin.

For low pH values the zeta potential of BSA is positive. As the pH increases
the zeta potential decreases and the isoelectric point (IEP) is found for pH=4.7.
For further increase of pH the zeta potential decreases followed by an increase
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after pH = 7.5. The phenomenon that occurs between pH 7.5 and 9.5 is probably
due to the adsorption of counter ions that make the surface charge more positive
and produce the observed inflection in the zeta potential trend.

The literature reports that the value of IEP of BSA varies from 4.6 to 4.9 [92],
but the variation of zeta potential with pH is not referred.
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Figure 3.2: Variation of BSA zeta potential as a function of pH

Bovine Serum Albumin (BSA) can adopt different forms. For better
understanding of the pH effect onto the protein the Figure 3.3 illustrates the
compaction of serum albumin in its N, F and E forms. Each form has its own value
of pH and different rates of compression, so this parameter can affect the
adsorbed amount of BSA onto the substrate [52].

Figure 3.3: Representation of serum albumin in its N form, and in its proposed F and
E forms (adapted from [52]).
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According to Peters et al. [51] the Normal (N), Fast (F) and Expanded (E)
transitions are involved in the unfolding of protein that varies according to different
values of pH (Figure 3.4).

Ec>F >N >B—=A
pH: 2.7 43 8 10

Helix: 35 45 55 48 48

Figure 3.4: Relationship of isomeric forms of bovine serum albumin (adapted from

[51D).

Each form has its specific properties. For example, F form is characterized by
increase in viscosity, much lower solubility, and a significant loss in helical content.
F-E transition occurs at pH < 4 and is accompanied by the loss of the intra-domain
helices [51]. This form is characterized by high viscosity. Albumin at pH 9 changes
conformation to the Basic (B) form. At pH 9, at low ionic strength, at 3°C and
during 3 - 4 days it occurs the formation of Aged (A) form.

Experiment with HA

To study the variation of the zeta potential of hydroxyapatite as a function of
pH, the substrate (0.2 g/L) was immersed in distilled water for 1 day. The
measurement of the pH was carried out for two different temperatures: 25°C and
36°C. These values were chosen because 25 °C is the room temperature and 36
°C is the approximate temperature of the human body, usually taken as 37 °C.
This temperature was reached in about 1h30 min, but due to the loss of heat
during the measurement of pH, a difference of 1 °C was always observed.

The zeta potential measurements at 25 °C and 36 °C as a function of pH are
represented in Figure 3.5. From the point of view of practical importance the
difference between the temperatures is not significant. This affirmation was
confirmed by the ANOVA statistical test (p=0.69). Since solubilization of the
different materials showed to be easier for the higher temperatures, we used the
temperature of 36°C.
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Figure 3.5: The zeta potential measurements of HA (0.2 g/L) at 25°C and 36°C after
1 day of immersion as a function of pH.

Another experiment was made to compare the zeta potential variation as a
function of pH in two different media: water and PBS (Figure 3.6). This experiment
was undertaken to understand the importance of buffered solution in zeta potential
measurements in comparison with water. In both cases HA was used in a
concentration of 0.2 g/L at 36°C after 1 day of immersion.
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Figure 3.6: Zeta potential of HA (0.2 g/L) as a function of pH after 1 day of
immersion in water or PBS (Table 4, Experiment Group A).

It should be noted that the curve of HA zeta potential in function of pH in PBS
is different from the one obtained in water. Figure 3.6 illustrates that the surface
charge of the HA is more positive in the PBS solution than in water. The results
also indicate that for values of pH above the isoelectric point (pH=2.8), colloidal
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solution becomes less stable when using PBS buffer solution. With increase of pH
the zeta potential decreases more in the water than in PBS, so the concentration
of OH" ions is higher in water than in the buffer solution. This phenomenon can be
explained by the existence of different cations around the ionic layer. In the case
of water the unique cation are protons H”. It is a small particle comparing with the
salts from PBS (Na*, K*). Na" has 194 pm in diameter and K" has 244 pm against
the H* that has 0.8 fm [93]. So in PBS solution the ionic layer suffers more force of
compression and the zeta potential increases.

It is possible to mark two more conditions that can affect the surface
charge. The electrical charges on the aqueous oxide surface are transferred to the
protonation (eq.4) or deprotonation (eq.5) of the hydroxyl surface and have the
following reaction equation [93].

—~ROH 4+ H* = MOH? eq.4

—ROH + OH™ = —MO™ + H;0 eq.5

Figure 3.7 represents the results of HA zeta potential measurements as a
function of pH from the present work, from Yin et al. [94] and from Ribeiro et al.
[95]
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Figure 3.7: HA Zeta potential as a function of pH: a) Results from the present work
(0.2 g/L, PBS, T=36 °C 1 day of immersion - Table 4, Experiments Group A); b) Results
from Yin et al. (PBS, T=18.5°C ) and c) Results from Ribeiro et al. (PBS, D,<20.51 ym)

Current work showed that the IEP for HA is located at pH=2.8. This condition
indicates that the surface of the material is more positively charged in acid
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suspensions and the suspension is more stable for high pH values. When
reducing the zeta potential, the distance between the particles can be reduced and
this condition increases the probability of their collision [93]. In this work the time of
immersion of HA in PBS was 24h. Although PBS is not a very aggressive medium,
it is likely that some apatite precipitates have formed after 24 hours on the HA
particles. This condition can influence the value of the true HA surface charge.

The results from Yin et al. [94] have the particularity of showing that HA
particles are negatively charged in the whole pH range from 3-10 with no IEP in
this range. The decrease in HA zeta potential is observed for pH value increasing
from pH 4.0, indicating the enhanced adsorption of anions on HA surface,
probably OH™ in PBS. The study of Yin et al. [94] does not specify the values of
particle size but TEM images in the paper show that the experiments were made
with nano-HA. Zeta potential measurements were performed at 18.5°C. Due to the
different experimental conditions, a reliable comparison with the results of the
present work is not straightforward.

The experimental work by Ribeiro et al. [95] was carried out with HA particles
smaller than 20.51 um in PBS buffer solution and led to an isoelectric point at pH
6. At physiological pH (7.4) the surface of HA used by these authors is less
negatively charged compared to the results obtained for the same pH in this work.
For pH below 9 the surface of HA in the current work has more negative surface
charge than the HA particles from Ribeiro et al. [95] but for basic suspensions HA
particles from this work have higher zeta potential.

Tian et al. [96] measured the zeta potential of two different types of HA
nanoparticles to study the dependence of their surface charge on the preparation
technique. The results are shown in Figure 3.8 for hydroxiapatite HA1 synthesized
by chemical precipitation, and HA2, which was derived from HA1 by calcination at
900°C during 24 h.
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Figure 3.8: Zeta potential measurements of HA as a function of pH [96].
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Surface charge of these materials is significantly lower than for all the other
HA powders referred. It is not clear whether the effect of preparation can explain
the observed trend and the low surface charges. After the calcination the particle
size of HA1 changed from 65 nm to 115.1 nm for HA2 [96].

Experiments with Bioglass V7

The process of immersion of a bioactive glass in an aqueous solution is
accompanied with ions dissolution from the glass (such as Na+). For the 45S5
bioactive glass, Hench [87] showed that at the early stages the dissolution process
is followed by the formation of a silica-rich surface layer.

Zeta potential measurements in a glass suspension may be influenced by
this dissolutioin process. As the time for zeta potential measurements is usually
short, the surface layer should not undergo significant alterations. If additional
changes occur, such as the formation of a calcium phosphate material on the
surface of the glass particles, then changes in the zeta-potential values might be
expected.

Qiang et al. [87] reported the work carried out with a silica-based bioglass of
composition 53Si0,, 6Nay0, 12K,0, 5Mg0O, CaO, 4P,0, designated by 13-93
glass. Zeta potential at different pH values was measured in a suspension of this
glass (average particle size of 2 um) in PBS. Figure 3.9 represents these results
together with the results for the bioglass V7 studied in the present work.
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Figure 3.9: Zeta potential as a function of pH for bioglass V7 (Table 4, Experiments
Group E) and for the13-93 glass [87] (PBS, D,= 2 um).
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The curves of zeta potential are situated more in the negative area because
the OH™ ions are probably the predominant surface species. The IEPoints for the
13-93 bioglass and for the bioglass V7 are located, respectively, at pH=3 and at
pH= 2.85. For both glasses the zeta potential decreases with the increase of pH.
It is observed that the surface charge of bioglass V7 is more positive than the one
of the 13-93 bioglass for values of pH higher than the IEP. It is reported in the
paper that the median size of the 13-93 glass particles was 2 um. The average
size of V7 glass was 2.73 um. Qiang et al. [87] do not refer the values of
immersion time and of temperature used.

Experiments with PLLA

To our knowledge no zeta potential measurements for PLLA powders have
been reported yet. To compare the surface charge behavior of PLLA with other
biocompatible polymers, data for Polythene (PE) [35] and for poly (a-methacrylic
acid)-grafted polylactide (PMAA-PLA) [97] polymers were used.

Figure 3.10 represents the zeta potential measurements for suspensions of
PLLA, PE and PMAA-PLA as a function of pH. Among the three materials studied
in this project, PLLA showed the highest variation in zeta potential values (from -
29 mV to 11.57 mV). The IEP of PLLA corresponds to the pH value of 4.1.
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Figure 3.10: Zeta potential as a function of pH for PLLA (Table 4, Experiments
Group ), PE (35) (PBS)) and PMAA-PLA [97] (PBS, D,=172.8 nm)).

The zeta potential for pure PE varies from 1.7 to -5.2 mV with an isoelectric
point at pH 4.5 (Figure 3.10). The representation also shows that PLLA has more
negative charged surface than PE, so PLLA gives rise to more stable colloidal
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suspensions than PE, although they have similar localization of IEP. Temperature,
particle size and immersion time are not specified by Xu et al. [35].

The great difference between the surface charges of materials is due the
difference in their structure (Figure 3.11) [98]. PE has small possibility to form ions
on its surface while PLLA in alkaline medium can easily break the double bond
between carbon and oxygen to form O". In other words, the carboxyl groups of
PLLA surfaces could ionize into COO" with negative charge in alkaline solution.

H H 0 4

I |
-—J|~é|'—-— === III—U—('—(|II—-
H H CH, CH,

PE PLLA

Figure 3.11: Chemical structure of PE and PLLA monomers (adapted from [98])

The results of zeta potential measurements of PMAA-PLA microparticles
(172 nm) presented by Xiao et al. [97] show higher surface negative charge
(Figure 3.10) than those obtained for PLLA in this work. Xiao et al. [97] do not
detail parameters such as temperature, medium and immersion time. The average
particle size of PMAA-PLA was 172.8 nm and of PLLA - 4.68 um.

Comparison of HA, Bioglass V7 and PLLA zeta potential measurements

Figure 3.12 represents the zeta potential measurements of HA, bioglass V7
and PLLA powders (0.2 g/L in PBS at 36 °C) as a function of pH after 1 day of
immersion at the conditions of the experiment. It is observed that, although having
the same IEP (pH= 2.8 for HA, pH=2.85 for V7), HA has a more negative surface
charge than bioglass V7 in the whole range of pH studied. The surface of PLLA is
more positively charged than the two other substrates until pH= 5.5. This behavior
on the surface of the PLLA material can be explained by the predominant
concentration of ions (OH") in the solution.
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Figure 3.12: Zeta potential as a function of pH for HA, glass V7 and PLLA powders
(Table 4, Experiments Groups A, E and | respectively) (0.2 g/L in PBS after 1 day of
immersion).

One of the reasons why HA has the negative surface charge at pH 5.0 is the
predominance of H,PO4 ions on its surface. At pH 7.0 the surface charge of HA
decreases due to the increased HPO,4* and H,PO, ions concentration.

5.2. BSA quantification vs pH

Figure 3.13 represents the adsorbed quantities of BSA on particles of HA,
glass V7 and PLLA (0.2 g/L in PBS) as a function of pH.
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Figure 3.13: Adsorbed quantity of BSA as a function of pH onto HA, glass V7, and
PLLA powders (Table 5, Groups A, D and G respectively)

The leader of adsorbed quantity of BSA among the used materials is the
bioglass V7. This substrate has an IEP of 2.85 lower than the BSA IEP, 4.7, so the
big interval between IEPs of the material and of the protein is more favorable for
the BSA adsorption. In other words this means that the better interval for BSA
adsorption corresponds to the situation when the surface charges of the material
and of the protein have opposite signs. In this case the substrate has negative
sign and the protein has positive sign.

HA particles adsorb less amount of protein than bioglass V7 even having
similar IEPs (2.8 for HA and 2.85 for V7). According to Figure 3.12 the HA surface
IS more negatively charged than the bioglass V7 surface, and thus a simple
analysis would suggest that HA should adsorb more BSA than V7. It should be
pointed out here that the zeta potential measurements represented in Figure 3.12
were performed on particles soaked for 24 hours in PBS. Even admitting that PBS
is not an aggressive medium it is quite probable that some apatite has precipitated
onto the glass particles (more surface reactive than HA), thus creating a surface
situation different from the one existing in the BSA quantification tests. In this case
the as-prepared particles were immersed in the solution with 0.33 g/L BSA without
previous incubation.

The substrate that has the lower amount of BSA adsorbed is PLLA. As
shown in Fig 3.12 this material has more negatively charged surface than the
other materials at high pH, so this parameter alone does not explain the difference
in adsorbed BSA. The argument of apatite precipitation onto PLLA surface is not
plausible in this case since PLLA is not a bioactive material.

The adsorption behavior of BSA onto materials surface should have a
tendency to be higher for pH values lower than the isoelectric point of BSA (4.7)
due to the electrostatic affinity interaction between BSA with positive charges and
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the material with negative charges. In the present work the IEP of PLLA is 4.1,
which is close to the IEP of BSA at pH=4.7. The interval where surfaces have
different signs charges is very small. Another factor to take into consideration in
this discussion is related with the fact that BSA can adopt different conformations
at different pH (see Section 5.1 Figure 3.3). At low values of pH the albumin has
an “Extended” form and this can prevent the process of adsorption. For pH higher
than 7.3 the electrostatic repulsion force between the material and BSA is
increasing and it can inhibit even more the adsorption of BSA on the material. Only
a deep study on the local electrical characteristics of the adsorbed protein can
clarify the observed amounts of adsorbed BSA.

Yang et al. [99] reports that quartz crystal microbalance technique (QCM)
measurements showed that the increase of pH value was unfavorable for the
adsorption of BSA between pH of 4 and 8 for hydroxyapatite.

5.3. Substrate and BSA zeta potential as a function of pH

Experiments with HA substrate

Figure 3.14 represents the zeta potential measurements of HA as a function
of pH (immersion time of one day) with and without the addition of albumin (0.33
g/l).
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Figure 3.14: Zeta potential versus pH for HA, HA with adsorbed BSA (Table 5,
Groups A and B respectively) and BSA (0.33 g/L) after 1 day of immersion time.

As referred before the IEP of hydroxyapatite is located at pH=2.8 and the IEP
of HA with BSA adsorbed is situated between pH=4.5 and pH=4.8. It is interesting
to notice that the IEP of BSA and of HA with adsorbed BSA are very similar. Since
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HA powders have adsorbed BSA the Zetasizer measures the value of zeta
potential of BSA.

The surface with albumin is more positively charged in acid suspensions. The
suspension without added albumin is more stable between pH = 3.5 and 8 than
with adsorbed protein. Above pH 8 the surface with albumin becomes more
negatively charged. This phenomenon probably occurs due to the dissociation of
the main basic amino-type R-NH;" with the release of OH in albumin. In alkaline
solutions, this process suppresses and dissociates primarily carboxyl groups
RCOO™ with the release of H*. When reducing the zeta potential, the distance
between the particles can be reduced and this increases the probability of their
collision.

Experiments with Bioglass V7 substrate

Figure 3.15 represents the zeta potential measurements of bioglass V7 as a
function of pH with and without addition of albumin (0.33 g/L) after 1 day of
immersion time.
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Figure 3.15: The zeta potential measurements of bioglass V7, V7 with BSA
adsorbed (Table 4, Groups E and F respectively) and BSA (0.2 g/L) after 1 day of
immersion time as a function of pH.

The IEP of bioglass V7 (0.2 g/L) is around pH = 2.85 against the IEP of the
bioglass V7 with adsorbed BSA that is around pH = 3.84. In this case the IEP for
the bioglass and for the bioglass with adsorbed BSA are not the same but are
close. The surface with albumin is more positively charged in acid suspensions.
The suspension without added albumin is more stable between pH = 3.5 and 10
than with adsorbed protein. Above pH 10 the surface with albumin becomes more
negatively charged. The surface charge of protein adsorbed is positive in acid
medium and becomes negative for the basic one.
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It should be noticed that the similar behavior of HA and Bioglass V7 (Figure
3.14 and 3.15) after BSA adsorption is an indication that BSA has adsorbed onto
their surfaces, thus making their electrical behaviors very equivalent.

Experiments with PLLA substrate

Figure 3.16 represents the zeta potential measurements in function of pH of
polymer PLLA with and without the addition of albumin (0.33 g/L) after 1 day of
immersion time.
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Figure 3.16: Zeta potential of PLLA, PLLA with adsorbed BSA (Table 4, Groups |
and J respectively) and BSA (0.33 g/L) after 1 day of immersion time as a function of pH.

The IEP of the PLLA (0.2 g/L) is around pH = 4.1 against the IEP of the PLLA
with adsorbed BSA that is around pH = 5.1. This behavior is similar to the one of
bioglass V7, where the |IEP of the substrate with protein adsorbed is close to IEP
of BSA. For pH in the acid region the surface with adsorbed albumin is more
positively charged.

5.4. The effect of BSA concentration

Figure 3.17 represents the HA, bioglass V7 and PLLA (0.2 g/L) variation of
zeta potential according to the amount of albumin added to suspensions of these
materials and kept for 100 h at pH=7.7.

43



S

E —=\/7
o

)

g PLLA
=% —¢—HA
i

(7]

N

Figure 3.17: Variation of HA, V7 and PLLA zeta potential with the amount of added
albumin after 100 h at pH=7.7 (Table 4, Groups D, H and L respectively).

For small concentrations of BSA the bioglass V7 has more positively charged
surface than PLLA but from C= 2.5 g/L this phenomenon is inverted.

It can be observed that HA is the material with higher variation of surface
charge with BSA concentration in the suspensions. The material for which the
surface charge has the lower variation is PLLA.

For a better understanding of the observed differences in the behavior of the
materials towards BSA adsorption, the next graphs represent the relationship
between adsorbed quantity of BSA and the BSA concentration in PBS

Figure 3.18 represents the adsorbed quantity of BSA (0.33 g/L) as a function
of protein concentration using HA, glass V7 and PLLA powders in PBS (0.2 g/L).
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Figure 3.18: Dependence of adsorbed quantity of BSA on the concentration of the
protein using HA, glass V7 and PLLA powders (Table 5, Groups B, E and H respectively).

It is observed that for the three materials studied in this project the amount of
adsorbed albumin increases for the first concentratrion 0.33 g/L and becomes
stationary for higher BSA concentrations. The capability of the materials to accept
the protein is only evident for the lower BSA concentratrions. Bioglass V7 is the
material that adsorbed more protein.

From Figure 3.17 it is shown that with increase of the BSA concentration the
surface charge of all materials becomes less negative, which influences the
electrical interaction with BSA in the suspensions. Also in this Figure, HA presents
the largest variation of zeta potential as a function of BSA concentration but
variation of adsorbed quantity with BSA concentration (Figure 3.18) is similar to
the one for the other biosubstrates.

5.5. The effect of immersion time

Figure 3.19 represents the results of zeta potential measurements as a
function of the immersion time using HA, glass V7 and PLLA powders (0.2 g/L).
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Figure 3.19: Dependence of zeta potential on immersion time using HA, glass V7
and PLLA powders (Table 4, Experiments Groups C, G and K respectively)

The variation of the surface charge of HA during the experience is the largest
one. At the beginning the HA surface was the most negatively charged and after
300 hours it became the less negatively charged.

The relationship between the adsorbed quantity of BSA (0.33 g/L) and the
immersion time is shown in Figure 3.20 for HA, glass V7 and PLLA powders (0.2
g/l).
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Figure 3.20: Dependence of adsorbed quantity of BSA (0.33 g/L) on immersion time
using HA, glass V7, PLLA powders (Table 5, Experiments Groups C, F and |
respectively). Results from Mura-Galelli et al. [100] are also shown.

Time seems to scarcely affect the amount of adsorbed protein onto HA and
PLLA particles. Only for the glass V7 the amount of BSA has a significant increase
with the soaking time.

Mura-Galelli et al. [100] studied the adsorption of human serum albumin
(HSA) onto HA surface at pH 7.35. The data correspond to the line (HA (Mura-
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Galelli) in Figure 3.21 that illustrates the dependence on immersion time of the
adsorbed quantity of HSA onto HA. The results show that the quantity of adsorbed
HSA increases with time within the time interval studied and that equilibrium is not
attained even after 100 h of soaking time.

The amount of adsorbed HSA onto HA particles obtained by Mura-Galelli et
al. [100] differs from the one obtained in the present work, although this work has
been made with BSA. While Mura-Galelli et al. obtained 520 ug/m? HAS after 50 h
of immersion, in the present work we obtained 900 pg/m? BSA after 24 h of
immersion. Besides the difference in the proteins, other parameters can explain
the observed differences, such as: (i) temperature, not specified in Mura-Galelli et
al. paper and 36°C in this work (ii) particles size (3.34 um in the present study vs.
100-160 um used by Mura-Galelli et al.), or (iii) surface electrical characteristics of
the HA powders, specified in this work by the zeta potential measurements but not
referred by Mura-Galelli et al.
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6. Conclusions

The main purpose of this work was the study of the surface charge and its
effect on the protein adsorption onto the surface of three materials: HA, a bioglass
V7 and PLLA. Surface charge analysis was performed by zeta potential
measurements (ZP) on particles of the required size and quantification of protein-
BSA — was assessed by the modified Lowry method.

For all materials ZP was measured at 36 °C, close to the temperature of the
human body, and HA was also tested at 25°C. The results of the experiments
show that there is no significant difference in ZP values between the two
temperatures.

The influence of the medium (PBS and distilled water) was evaluated for HA
suspensions. The discrepancy found in the ZP measurements was explained by
the different ions present in the medium.

Zeta potential measurements showed that PLLA is the material presenting
the largest surface charge, with variation from 11.57mV (pH 2.33) to -29 mV (pH
11.16). The isoelectric point of this polymer is located at pH 4.1 that is close to the
one for BSA (pH 4.7).

The zeta potential of HA varies from 0.42 mV (pH 2.75) to -17.63 mV (pH
11.72). HA has shown the more negative values of the electrical charge for the
range of pH below 5.5.

Bioglass V7 exhibits the most positive surface charge in the range from 0,06
mV (pH 2.85) to -17 mV (pH 11.6) comparatively to the other materials studied.
The isoelectric points of bioglass V7 and HA are similar (pH= 2.8 for HA and pH=
2.85 for V7) and lower than the one for BSA. However, differences in chemical
composition between the surfaces of these materials could be responsible for this
difference in zeta potentials.

ZP measurement for albumin indicated that it acquires positive charges at pH
lower than 4.7, and above this pH value the surface is negatively charged.
According to its isomeric forms (Figure 3.3) BSA performs different electrostatic
interaction and aggregation states depending on the pH values.

ZP measurement of all materials was also carried out for different
concentrations of BSA. The results for the materials with adsorbed BSA and for
BSA alone showed similar isoelectric points. This phenomenon suggests that the
adsorbed albumin tends to cover the material giving it a behavior similar to the one
of protein alone.

The quantification of adsorbed BSA by the modified Lowry method indicate
that the increase in pH from 4.7 is unfavorable for BSA adsorption for those
materials whose IEP is lower than that of the BSA. Indeed different surface charge
influence protein adsorption in different ways. Positive values of the ZP at fixed pH
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indicate a positive charge of the surface, which will attract negatively charged
entities such as anions or proteins. Negative charges of the materials surface tend
to attract positively charged entities.

It was concluded that the bioglass V7 was the material that absorbed more
quantity of BSA among all, even having the surface charge less negative than HA.
PLLA is the polymer that adsorbed less amount of BSA.

Zeta potential measurements as a function of immersion time indicated that
the surface charge of HA was mostly influenced by time among all materials. The
bioglass V7 performed some variation of surface charge during the time of
immersion, while PLLA is the material that exhibited less variation of surface
charge on immersion time.

Only at high pH values the total charge of the surface with adsorbed BSA
becomes more negative than the surfaces without protein. This affirmation is valid
for HA and bioglass V7. In the case of PLLA and comparing with BSA curve the
suspension without albumin added is more stable for more acid and basic values
of pH.
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Annex 1

Experiments

Group | Group | Group | Group | Group | Group | Group | Group | Group | Group | Group | Group
Parameter A B C D E F G H | J K L
2.75 2.57 2.85 2.39 2.33 2.41
3.8 3.89 3.62 3.84 3.61 3.04
5.49 5.72 6 6.7 4.06 5.02
6.22 6.79 6.78 7.84 6.58 6.46
pH 7.7 7.7 7.7 7.7 7.7 7.7
8.6 7.51 7.71 8.65 7.71 7.66
9.22 7.82 8.66 10.09 8.9 8.4
10.65 8.38 10.83 11.27 10.45 10.17
11.72 12 11.6 11.16 11.26
24 24 24
100 100 100
t(h) 24 24 100 24 24 100 24 24 100
225 168 168
272 240 240
0.06 0.12 0.087
0.12 0.24 0.16
0.25 0.39 0.33
. 0.5 0.57 0.67
BE,QSCO“/CL'” 0 033 | 033 0 033 | 033 0 033 | 033
(g/L) 0.8 0.83 0.96
0.99 1.13 1.15
1.57 1.88 1.61
2.26 2.97 3.26
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Annex 2

Experiments

Parameter
Group A Group B Group C Group D Group E Group F Group G Group H Group |
2.93 3.11 2.73
4.43 4.48 4.24
pH 7.6 7.6 7.7 7.7 7.7 7.7
7.64 7.92 7.42
10.64 11.01 10.87
24 24 24
t(h) 24 24 24 24 24 24
168 168 168
0.1 0.1 0.1
BSA conc in PBS (g/L) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33
1 1 1
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