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Summary 
 

In short, the topic of this thesis is the functionalization of biomaterials for 
bone contact applications with different biomolecules to confer multifunctional 
surface properties. Biomolecules are chemical compounds that play an 
important role in living being. The here used biomolecules are both natural such 
as polyphenols and vitamin E (α-tocopherol (αT)) and its derived compound α-
tocopherol phosphate (αTP) or artificially synthesized, such as peptoids. The 
use of natural biomolecules for the functionalization of biomaterials brings 
advantages, such as lower immune response, different functionalities, natural 
native ligands, natural degradation process, wide availability, and cost-
effectiveness but may have some issues such as the high variability of properties 
and composition, difficult industrial processes and standardization, control of 
degradation profiles, sterilization. This is also why it is interesting to compare 
different biomolecules that have completely different origins. The chosen 
biomolecules differ in properties and chemical structures; they have 
antibacterial, anti-inflammatory, antioxidant, and osteoinductive properties, and 
the challenge of this work is to exploit their ability to give effective 
functionalities and new capabilities to biomaterial surfaces. Indeed, nowadays 
the main medical need of biomedical devices is a multifunctional activity able 
to induce rapid and physiological osseointegration, counteract bacterial biofilm 
formation, and prevent in situ chronic inflammation at the same time. The 
substrates used for functionalization were chemically treated titanium surfaces 
to become bioactive: they have nano-textured surfaces and, in one case, a 



 
 

 

 

calcium titanate layer doped with iodine ions to confer antibacterial properties 
to the surface. Different functionalization protocols were investigated and 
improved, from a thick, homogeneous coating to a single molecular layer. The 
method of functionalization was selected case by case, depending on the 
molecule used, varying the pH, solvent medium, and temperature, with the aim 
of optimizing the adhesion and amount of the molecule on the substrate. A 
protocol of a physical/chemical and biological characterization was also 
investigated, using different techniques such as ζ-potential titration curve, UV-
VIS spectroscopy, Fourier-transform infrared spectroscopy (FTIR), Kelvin 
probe force microscopy (KPFM), contact angle, photospectroscopy 
measurements with the Folin&Ciocalteu redox activity test, release tests, and so 
on. For biological characterization, samples were tested in vitro with bacterial 
and cellular assays. Of course, the same characterization techniques were not 
used for all molecules, but for each molecule, the right suitable protocol was 
explored.  

The different physicochemical characterizations revealed a continuous 
homogeneous coating for α-tocopherol and molecular functionalization for 
peptoids and polyphenols. The grafting of α-tocopherol phosphate, on the other 
hand, was explored in both ways, either as a homogeneous coating or through 
molecular functionalization.  
Biological tests revealed different properties for each molecule: α-tocopherol 
has an antifouling effect, through which it provides an antiadhesive coating for 
both cells and bacteria. α-tocopheryl phosphate and peptoids have an effective 
antibacterial activity and polyphenols have shown a successful antioxidant 
ability in a chemically-induced pro-inflammatory environment, thus showing a 
scavenger activity towards toxic active species responsible for inflammation. 
  

According to the results, surface functionalization of biomaterials is a 
promising strategy to achieve multifunctional surfaces that combine the 
properties of the substrate with those of the grafted biomolecule. 
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1. Chapter:  
Bone implant interaction 

 
1.1 Osseointegration and 

osseoimmunomodulation 
 
 
Osseointegration refers to the direct structural and functional contact between 

the living bone and the surface of a non-natural implant [1]. This means that 
effective osseointegration is characterized by a firm anchorage between the bone 
and implant, with no growth of other tissues at the interface. The first material 
discovered to be capable of being osseointegrated was titanium, when in the 
1950s, Professor Per-Ingvar Branemarg, demonstrated that metallic titanium 
could be permanently incorporated into the bone of a rabbit model [2]. 

 
The osseointegration process involves several linked events such as protein 

adsorption, and coagulation of blood followed by the recognition of the surface 
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by mesenchymal stem cells and finally, if the surface is suitable, bone formation 
through their differentiation into bone cells. Osteogenic and immune cells are 
intimately related, and implant osseointegration is the result of a proper 
inflammatory response. When bone trauma occurs, there is a strict connection 
between the cells deputed to host defense and bone remodeling (osteoblasts and 
osteoclasts): it is called “osteoimmunology”[3].In the case of an implant, cells 
involved in the foreign body reaction, such as macrophages, lymphocyte T or 
B, must achieve a balance in polarization and factors expression to modulate the 
activity of osteoblasts and osteoclasts. The proper immunological response for 
correct osseointegration is called “osteoimmunomodulation” [4], [5]. 

Osseointegration can be seen as a limited foreign body reaction, which does 
not involve chronic inflammation and permanent fibrotic capsule but instead, it 
results in a new functional bone tissue at the interface with the implant. The first 
interaction concerns the adhesion of proteins of blood on the surface followed 
by the interaction with macrophages and blood cells, including red cells and 
platelets responsible for the clot and the fibrin matrix formation which is 
fundamental for the migration of osteogenic cells.  

After about 2-3 weeks, the interface transforms into a thin temporary fibrous 

capsule surrounding the implant, with macrophages and giant cells persisting on 
the surface of the implant throughout the life of the implant (Figure 1.1) [6], [7]. 

After this period, osseointegration follows 2 common and biological steps:  
 
1. Bone formation 
2. Adaptation of bone mass and structure to the loading condition (bone 

remodeling) [8]. 
 

Bone formation is characterized in general by osteocyte formation from 

Figure  1.1 Stages of the first 2-3 weeks of implant life [7] 
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osteoblasts, so from undifferentiated mesenchymal cells. It involves a cascade 
of cellular events and consisting of 3 distinct events that depend on the implant 
and the type of stimulus it provides: osteoconduction, osteogenesis, and/or 
osteoinduction. Osteoconduction relates to the stimulation of bone growth on 
the surfaces or into pores, channels, or pipes. Osteogenesis relates to the 
stimulation of osteoprogenitor cell proliferation and biosynthetic activity of 
osteoblasts. Osteoinduction relates to the recruitment and stimulation of 
undifferentiated mesenchymal cells to develop into preosteoblasts [9], [10]. 

 
Another important process that takes part in the osseointegration process is 

bone remodeling which is established around the osseointegrated implant. In 
fact, bone remodeling allows the bone to adapt itself around the implant by 
filling osteolytic lacunes that may form during the osseointegration [11], [12]. 
Bone remodeling is performed mainly via the coordinated activities between 
bone formation and resorption. The protagonists of these two processes are 
osteoclasts and osteoblasts, respectively. In brief, through bone resorption, 
osteoclasts destroy old bone and, through bone formation, osteoblasts create 
new bone that will subsequently mineralize. In particular, bone remodeling is 
composed of 5 overlapping steps: activation, resorption, reversal, formation, and 
termination [13]. Upon activation of the remodeling process, osteoclast 
progenitor cells are recruited, which grow from mononucleated to 
multinucleated osteoclasts, which are cells activated to start bone resorption. 
During the resorption phase, osteoclasts resorb the old or damaged bone. 
Subsequently, the formation phase begins, during which the surface of the bone 

Figure  1.2 Schematic representation of bone remodeling [14] 
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is prepared for matrix deposition by macrophage cells. Obviously, osteoblasts 
are the main players in this phase, secreting osteoid, and many of them undergo 
apoptosis or become trapped in the matrix and differentiate into osteocytes. The 
remaining osteoblasts transform into osteocytes while the osteoid mineralizes 
into new bone (Figure 1.2) [14]. 
 

Because osteoclasts determine the development of bone resorption, they are 
responsible for a group of disorders characterized by bone loss, such as 
osteoporosis [15]. In addition, their activity plays a very important role at the 
bone-biomaterial interface throughout the implantation period, as it prepares the 
surface at the interface for the osteoblast activity and enables the remodeling of 
bone by strengthening its internal structure along mechanical load lines [13]. 
Going more specifically, osteoclasts differentiation requires stimulation by 
RANKL which is a cytokine secreted by osteoblasts if stimulated by hormones 
growth factor (PTH). Osteoblasts, in addition to producing cytokines that favour 
osteoclastogenesis, secrete OPG, another cytokine also known as 
osteoclastogenesis inhibitory factor which binds with RANKL decreasing the 
number of ligands that activate the osteoclasts [16], [17]. 
 

The process of this regulation is explained in Figure 1.3 and shows how 
complex the mechanism of bone remodeling is depending on many different 
factors: the presence of an external implant can lead to even greater complexity 
within this process. 
 

Figure  1.3 Role of osteoblasts, OPG, RANKL, and PTH in the activation of osteoclasts [16] 
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1.1.1 Surface modification on titanium for 

permanent devices 
 
 
Many different surface features influence the process of the osseointegration 

of an implant including [18], [19]:  
 
1 Implant material and its biocompatibility  
2. Implant surface and its design characteristics,  
3. State of the host bone 
4. Surgical consideration 
5. Loading conditions.  
 

As can be seen, the last three points concern factors that do not depend on the 
implant, while the first two are totally dependent on the type of implant. Several 
attempts have been made at surface design, in terms of surface modification, 
topography, and chemistry, to improve implant osseointegration. Among the 
various materials for implants, titanium and its alloys are frequently used, mostly 
in dental and orthopaedic implants, for their good mechanical properties, 
biocompatibility and osteointegration ability. Because titanium is an example of 
bioinert material, scientific research has focused on topographic and surface 
modification as a means of making the implant bioactive, stimulating and 
accelerating the osseointegration process. The topographical texture of implant 
surfaces has an important role in tissue response. In fact, surface topography is 
fundamental for the adhesion and differentiation of osteoblasts in the initial stage 
of osseointegration: micro- and nano-scale rough surfaces have greater surface 
area for tissue integration than smooth surfaces, and porosity also allows good 
bone attachment. Nanoscale roughness with size in the magnitude of protein and 
cell membrane receptors dimensions could also act in cell adhesion, 
proliferation, and spreading [20].  

The ideal submicro- and micro-roughness size that ensures better 
osseointegration is about 0.4-2 µm as it represents a good balance between high 
cell adhesion and proliferation, avoiding side effects such as increased ion 
release and implant weakening [21]. The ideal topography of a bone implant 
overlaps nano-, micro-, and macro-scale surface features to maximize the 
number and strength of focal contacts of the osteoblasts. 
Several approaches, both mechanical and chemical, such as sandblasting and 
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acid etching or heat treatments have been developed to modify the topography 
of the surface, introducing the appropriate micro- and nano-roughness on 
titanium implants.  

Among the different treatments, acid etching is the most widely used. Acid 
etching can be used as a single treatment or coupled with a blasting treatment. It 
is used to remove the native oxide layer of titanium, through a controlled 
corrosion process, and consequently to create a rough and porous surface [22], 
[23]. The acids used for this type of surface treatment are mixtures of HCl, HF 
(essential for solubilizing the native titanium oxide layer), HNO3, or H2SO4, the 
last of which is the most effective in terms of the surface roughness obtained. 
This treatment is very effective in roughness results, as it creates a homogeneous 
roughness throughout the substrate, and by acting on the surface topography, it 
is used for the stimulation of osseointegration [24]  

In general, various strategies of topography modification can be also 
combined, to enhance the cells’ response and osseointegration ability. 

Sandblasting and acid etching are often combined to achieve a synergistic effect 
between the macro-topography (due to the sandblasting technique) and micro-
texture (due to acid etching) of the implant to promote bone formation [20]. 
Other topographical surface modifications focused, not only on increasing 
roughness but also on making the implanted surface more resistant to corrosion. 
Among these, of paramount importance are oxidative treatments. 
Oxidation treatments include anodic oxidation, thermal oxidation, plasma 
immersion ion implantation, plasma electrolytic oxidation, and plasma oxidation 
[25], [26]. These techniques aim to create a stable oxide layer, much thicker than 
the native one that allows good protection of the metal surface under aggressive 
environmental conditions, such as those inside the body. Anodizing is a 
traditional technique in which the thickness of the oxide layer formed on the 
surface of titanium is directly related to the anodizing voltage (or current). 
Thermal oxidation, on the other hand, is an effective method that creates an 
oxide layer thick enough for anti-corrosion objectives. Among the 
crystallographic structures of titanium dioxide (TiO2), anatase is the most 
biocompatible while rutile has higher mechanical and thermodynamic 
properties. 

To further improve corrosion resistance, heat treatments can be combined with 
oxidative treatments, leading to the formation of the rutile phase, and increasing 
the hardness of the oxide layer [25]. 
In recent years, an interesting combination of acid etching and thermochemical 
oxidation has been developed to create multiscale topography and high 
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hydroxylation on titanium surfaces for dental implant applications. The surface 
topography was found to consist of a microporous layer with an overlapping 
nano-texture and was achieved by etching in HF and thermal oxidation in 
hydrogen peroxide. The hydroxyl groups on the surface are important for apatite 
precipitation and can be used for biomolecule grafting. The resulting modified 
surfaces showed bioactive behavior as well as improved protein adsorption, and 
antibacterial activity [27]–[29]. Depending on the concentration of H2O2, 
different oxides can be formed: Ti2O3 forms at low concentrations, while TiO2 
forms at higher concentrations. 

Another interesting work is based on the combination of chemical and thermal 
treatment. In this case, a NaOH treatment followed by heat treatment is 
performed on titanium substrates. The NaOH treatment forms a porous 
iridescent sodium titanate, while the subsequent heat treatment induces the 
formation of rutile (TiO2), increasing the strength of the oxide layer.  

 
These surfaces result to have not only bone-bonding activity but also various 

other helpful features, such as bone growth promotion, antibacterial activity, 
osteoconductive and osteoinductive behaviour [30]. Along with the above, there 
are many other works in the literature dealing with the combination of chemical 
and heat treatments. 

Another type of surface modification of titanium alloys regards coating. 
Coatings with TiO2, silica, or hydroxyapatite were studied with the aim to 
introduce an improved osseointegration ability. The most commonly used 
coating is hydroxyapatite. The preparation methods employed to fabricate these 
coatings are plasma spraying, sputtering, electrochemical deposition, dip-
coating, sol-gel, sintering, and many more. Hydroxyapatite (HA) is present in 
the human body and constitutes the inorganic phase of hard tissues which makes 
it a highly biocompatible material [31]. Apatite formation on the surface of an 
implant is a key factor in determining whether an implant is osteoconductive and 
can be integrated with the surrounding bone tissue. It is important because it 
creates a surface similar to the mineral structure of natural bone. This allows for 
better osseointegration, which is essential for the long-term stability and success 
of the implant [32], [33].  

Some critical aspects of hydroxyapatite, as a material used as a coating, are 
low fracture strength and toughness, and resorption of the hydroxyapatite layer 
resulting in possible loosening of the implant [34]. To increase the coating 
strength, typically alumina and zirconia are inserted along with hydroxyapatite. 
The use of fluorapatite to increase coating stability and induce hard tissue 
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formation and growth has also been explored. These coatings, besides being 
bioactive, inhibit the release of metal ions from the implant to the surrounding 
tissues [35]. In addition to inorganic coatings, biochemical methods to create an 
organic coating have received great interest in recent years. Biomolecules are 
immobilized on the titanium surface to induce a specific response from the cells 
and the surrounding tissues: extracellular matrix (ECM) proteins, peptides, 
growth factors, enzymes, and DNA sequences can be immobilized on the surface 
to promote bone cell adhesion; to trigger new bone formation, and to enhance 
the process of bone mineralization.  

For immobilization, different techniques based on either physical adsorption 
or chemical bonding are used. Adsorption is a very simple immobilization 
method, used to have a release of the biomolecule, which has a linkage with the 
surface dependent on parameters such as pH, temperature, and solvent. Instead, 
covalent binding, such as silanization, is more complicated than the adsorption 
method but it provides the highest surface loading and great biomolecule 
retention, which is an advantage for a long-lasting effect if an action of the 
released biomolecule in the surrounding fluids is not required [36]. 

Different biomolecules have been used to create the coating. Growth factors 
such as platelet-derived growth factor (PDGF), bone morphogenetic proteins 
(BMPs), insulin-like growth factor (IGF), or transforming growth factor (TGF)-
β were used in order to facilitate osseointegration [37]. Other proteins such as 
fibronectin, vitronectin, type I collagen, and other ECM proteins present specific 
amino acid sequences that bind the cell membrane integrins to promote cell 
adhesion. RGD is a peptide commonly used in titanium surface modification. 
Peptide sequences are not meant to be released, therefore they are typically 
covalently attached to the surface [36].  
Finally, an organic-inorganic combination is also of interest in inducing the 
osteogenic behavior of titanium coatings. For example, a coating composed of 
apatite and amelogenin protein revealed better osteogenic gene expression than 
than pure titanium or apatite coating surfaces [38]. 
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Titanium as a candidate for temporary devices 
 
 

The term fracture refers to the disruption of the structural integrity of a bone 
due to traumatic or spontaneous reasons. In most cases, it is treated with a 
conservative approach involving immobilization by plaster casts. However, in 
some circumstances it is necessary to stabilize the bone segments through 
mechanical devices: in such a case we speak of osteosynthesis. It is a method 
that involves surgery and implant devices, usually metallic, to aid in the 
stabilization of the fractured bone segments. In most cases, devices of this type 
are not permanent, and they are called temporary devices. 

 
Temporary devices are considered as dismissible tools supporting bone self-

healing, that are planned to be removed by a second surgery after the tissue has 
recovered its functionality. Particularly, fracture-fixation implants are used in 
osteosynthesis to maintain the alignment of the fracture fragments; they include 
orthopaedic trauma devices such as plates, screws, intramedullary nails, or bone 
pins. Fixators can be distinguished into internal or external; in the former case, 
the components, usually made of steel or titanium, are only placed inside the 
body, while the second type involves also trans-cutaneous elements connected 
to the bones by screws or tensioned wires [39]–[42] 

Titanium alloy and stainless steel are good candidates for applications where 
mechanical properties are desired to be maintained throughout the entire 
restorative phase, as they are able to support self-healing, hold the two bone flaps 
firmly stable, biocompatible, and avoid any risk of compromising the healing of 
bone fragments [43], [44]. 
A major limitation present in these types of implants is their subsequent surgical 
removal, once healing is achieved; a different case is that of bioresorbable 
implants such as those based on magnesium alloy [45] 
Indeed, the surgical procedures can be very complicated if excessive tissue 
growth had occurred on the device, i.e. an excessive bone on-growth at the 
interface between the native tissue and the implant, especially in the head of a 
screw or between the threads of a screw and a plate [46]. Complications during 
the second surgery can occur in this case such as refracturing of the newly healed 
bone. To overcome the issues derived from the second surgery, recently, 
bioresorbable magnesium alloys have been introduced as an appropriate 
alternative to titanium alloy due to their special properties [47] In fact, 
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magnesium alloys have emerged as potential candidates for the construction of 
biodegradable temporary implant devices with good mechanical properties, like 
low elasticity, similar to human bone [48].  
 

Despite the advantages of magnesium alloys as a biomaterial for temporary 
implants, their use is still limited in some applications. In fact, the poor corrosion 
resistance of magnesium means that the implant may lose its mechanical 
properties before the healing process is complete [49], [50], [51]. 
That is why, nowadays, most devices used for osteosynthesis are still traditional 
metallic implants (stainless steel or titanium). 
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1.2 Infections 
 
 
In general, orthopedic and dental bacterial infections are still common and 

they require a high level of attention from scientific research.  The estimated 
annual incidence of infection is around 2% and 1% for hip, knee, and shoulder 
replacements in both young and old patients and one of the major causes of 
replacement is the infection of the implantation site. In the case of titanium 
implants, S. epidermidis and S. Aureus are the bacteria that mainly adhere to 
the implant surface [52], [53]. 

Antibiotics are the most widely used drugs in antimicrobial therapies to the 
present day. As everyone knows, the excessive use of antibiotics has become 
the main factor for the birth and spread of strains resistant to different groups 
of drugs, thus developing the phenomenon called antibiotic resistance. 
Antibiotic resistance occurs when bacteria and/or fungi develop the ability to 
overcome drugs that are designed to destroy them. This means that germs are 
not killed and continue to grow, which is why infections caused by antibiotic-
resistant bacteria are difficult, and sometimes impossible, to treat. 
The figure below broadly explains how antibiotic resistance works (Figure 1.4). 
 

 
 

 

Figure  1.4 Antibiotic Resistance 
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Bacteria can generally be found in two forms: 
 
• Planktonic, which are found in a free state in solution. They are the most 

vulnerable to antimicrobials and can therefore be eradicated through the 
host’s natural defense or simple antibiotic therapy. 

• Sessile, which are found attached to a surface and are those that begin 
to secrete EPS, the extracellular matrix of biofilm. The biofilm has a 3D 
structure that permits it to evade both antibiotic therapy as well as 
natural defenses. They are commonly associated with a foreign body 
such as when a prosthesis is implanted into the host because the surfaces 
in contact with water, could offer a favorable habitat for the growth and 
reproduction of bacteria and eventually the formation of biofilm [54]. 

 
Biofilm is a finite matrix that adheres to a surface, formed as the result of a 

system of cooperation and coordination of gene expression among bacterial 
cells. It has a “tower structure” and it is composed of 10% of microorganisms 

and 90% of self-produced matrix material that usually involves host 
components including fibrin, immunoglobulins, and platelets [55]. This 
complex encapsulating structure provides protection to bacterial cells from the 
immune system, ensuring a flow of nutrients and a site for the adhesion of other 
bacterial cells. The biofilm matrix is negatively charged so that it is able to 
break down the antimicrobials which, by binding with the matrix, cannot reach 
the interior where the bacteria are located. The bacteria are arranged in the 
matrix, both in central and external positions. The central ones grow very slowly 
because they are exposed to lower concentrations of oxygen and nutrients, and 
the outer ones grow faster and are also more susceptible to antimicrobial agents 
[54]. The signal molecules that are exchanged between the various cells are 
important because they allow the bacterial community to communicate and 
cooperate according to a process called quorum sensing. (Figure 1.5).  
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Biofilm formation is one of the major problems inducing antibiotic 

resistance [56]. The mechanism is not yet fully known but it is clear that biofilm 
should have some intrinsic properties which allow high resistance to 
conventional antibiotics such as: 

(a) biofilm’s structure, which interferes with drug diffusion,  
(b) the slow growth of biofilm, which causes antibiotics to be taken 
slowly and this gives time for the infection to spread.  
(c) biofilm’s phenotype which is considered as a group of bacterial 

cells that is not affected by antibiotics [57]. 
Many factors that influence the initial attachment of bacteria to the foreign 

surface and the subsequent development of the biofilm. The creation of the 
biofilm occurs more frequently on surfaces that are rougher and more 
hydrophobic and where there is a high concentration of adsorbed proteins [58]. 

 
 
 
 
 

Figure  1.5 Schematic representation of biofilm 
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1.2.1 Surface modifications in order to avoid 

bacterial infections 
 
 

There are several ways to achieve an antibacterial surface; biofilm 
adhesion depends on several factors, such as surface chemistry, charge, 
wettability, texture, and roughness [58]. In particular, roughness is the main 
factor that influences bacterial adhesion, and when it exceeds 0.21 µm the 
adhesion area increases allowing for greater adhesion of bacterial cells [59]. 
Through surface modification, which can be chemical, physical, or through 
the formation of a coating, these factors can be modified in order to make the 
surface less adhesive for bacterial cells. Surfaces can be antiadhesive, with a 
surface antibacterial action, or capable of releasing antibacterial molecules 
that can kill bacteria in the surrounding tissue.  

Specifically, surface modifications can be passive or active. Passive surface 
modification mainly involves work on the topography, structure, and 
chemistry of the implant, where surfaces that reduce bacterial adhesion can 
be achieved. Active surface modification by which, on the other hand, mainly 
coatings or grafts, organic or inorganic, with antimicrobial activities are 
obtained [60]. Surface modification methods can also be either physical or 
chemical. Chemical surface modification methods are promising approaches 
to modifying and inducing an antibacterial effect on titanium surfaces. The 
difficulties, however, relate to the stability of the immobilized biomolecules. 
As mentioned in the chapter 1.1.1., covalent grafting is the preferred strategy 
to immobilize a molecule on the surface. The most common is silanization. 
Alkoxysilane molecules react with the titanium surface exposure group and 
function as anchor molecules that allow coactive binding to peptides, 
antibiotics, proteins, and polymers or that have an antimicrobial effect [61].  

In contrast, physical adsorption of molecules, although easier, may not be 
effective for long-term implantation because of possible desorption. Physical 
modifications mainly involve coatings, which are divided into bacteriostatic 
(passive) and bactericidal (active). Coatings formed of bacteriostatic 
materials, such as PEG, repel bacteria without killing them. 
Superhydrophobic coatings, typically polymeric, can have the same 
antiadhesive effect. Passive coating methods might turn out to be a good way 
to achieve antibacterial surfaces, as they can prevent biofilm formation, but 
their effectiveness is generally limited, may decrease over time as the coating 



 
 
 

Chapter 1 : Bone implant interaction 
 

 

36 

 

degrades, and varies greatly depending on the bacterial species.  
Active antibacterial coatings, on the other hand, release agents that act as 

bactericides. [61]. 
In recent years, inorganic antibacterial agents have been investigated and 

special attention has grown to metal ions and nanoparticles such as silver 
nanoparticles and silver ions (Ag+), zinc (Zn2+), copper (Cu2+), iodine (I-) or 
selenium (Se4+) ions [62]–[65]. 

In addition to inorganic agents, research has focused on the investigation 
of natural and organic agents compatible with both the human physiology and 
constitutive materials of medical devices, that can discourage the use of 
antibiotics and even potentially interfere with biofilm formation [66]. Figure 
1.6 shows a scheme of possible antibacterial surfaces.

Figure  1.6 Antibacterial surfaces 
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1.3 Inflammations 
 
 
The implantation of any biomaterial into the body brings to a local and/or 
systemic response from the host tissue. The first reaction of the organism is the 
protein adsorption on the foreign surface derived from a first blood-material 
interaction. After, the activation of the non-specific immune system causes an 
acute inflammation, realising a large number of proinflammatory cytokines into 
the blood that participate in the transduction of the intercellular signal. This type 
of inflammation is of short duration and often resolves spontaneously without 
leaving important consequences. 

Acute inflammation can be followed by chronic inflammation at the implant 
site. In this stage, the macrophages release mediators of inflammation such as 
oxygen free radicals (ROS) and reactive oxygen intermediates, degradative 
enzymes, and acids on the surface of biomaterials. Chronic inflammation brings 
also the development of granulation tissue [67]. 

At this stage, ROS play a key role in the process of inflammation and healing. 
In fact, excessive production of them in cells and tissues leads to what is called 
oxidative stress. This imbalance can damage cellular molecules, such as DNA, 
and interfere with and damage the phospholipid membrane (Figure 1.7). In fact, 
oxidative stress is implicated in a number of pathological conditions such as 
cardiovascular and neurodegenerative diseases, cancer, and aging, and plays 
critical roles in inflammation, fibrosis, and healing, the main events that occur 
during biomaterial implantation [68], [69]. In particular, after the surgery and 
implant placement, ROS participates in four different steps from the initial 
inflammation to the final healing. First, the tissue damaged by surgery causes 
increased levels of oxidative stress (Figure 1.7 A), immediately after 
implantation, protein adsorption follows, creating a matrix that leads to a series 
of molecular bonding events, triggering the formation of oxidants at the implant 
site (Figure 1.7B).  
Finally, acute, and eventually chronic, inflammation and healing process follow, 
orchestrated by macrophages, which are also regulated by ROS. (Figure 1.7C, 
D). 
 
 
 
 



 
 
 

Chapter 1 : Bone implant interaction 
 

 

38 

 

 
 

 

 
That said, a successful biomaterial implant requires the balanced expression 

of both oxidant production and elimination. Inhibiting the production of reactive 
oxygen species (ROS) after implant placement is an important measure to 
reduce the release of inflammatory factors, thus, reducing body damage. 
 
 
 
 
 
 
 

Figure  1.7 Oxidative stress involved after implantation [67] 
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1.4 Multifunctional surfaces 
 
 

Many strategies are still being studied to combine the surface modifications 
stated before to obtain surfaces with not only antibacterial or osseointegration 
abilities but also anti-inflammatory, antioxidant, and anticancer activities.  
In this way, multifunctional surfaces are obtained that combine different 
activities to improve the implanted biomaterials. These surfaces should be able 
to simultaneously perform multiple biological tasks. They are considered smart 
surfaces, designed to have multiple tasks simultaneously in a bone-contact 
application perspective (Figure 1.8) [70]. 
 

 

Figure  1.8 Multifunctional surfaces [69] 
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2. Chapter: Vitamin E 
 

2.1 Introduction 
 
 
Vitamin E is a commonly used term for tocopherols and tocotrienols (α, β, γ, 

δ), components of many natural products of both plant and animal origin. 
Thanks to its powerful antioxidant capacity, vitamin E has been very successful 
in hip and knee arthroplasty, used to confer resistance to oxidation to irradiated 
ultra-high-molecular-weight polyethylene (UHMWPE). The positive results of 
these studies have made vitamin E an important object of research in the 
biomedical field, highlighting other important properties, such as anti-bacterial, 
-inflammatory, and -cancer activities. In fact, there is extensive literature 
dealing with vitamin E in different kinds of material processing, drug delivery, 
and development of surface coatings. Vitamin E is widely discussed in the 
literature, and it is possible to find many reviews that discuss the biological role 
of vitamin E and its applications in food packaging and cosmetics (see next 
paragraph).The first (bibliographic) part of this chapter is composed by the first 
6 paragraphs and aims to give an insight into what α-tocopherol (αT) and its 
derivatives are, studying their chemical structure, biological role, applications 
in biomedicine, and ways of detecting or quantifying these molecules. Finally, 
the second (experimental) part of this chapter concerns the functionalization of 
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titanium alloy with this molecule in different forms, either as a coating or 
grafting of a molecular layer. Part of this chapter is included in three published 
manuscripts (F. Gamna et Al. “Vitamin E: A Review of Its Application and 

Methods of Detection When Combined with Implant Biomaterials”, 2021, 

Materials,),  
(F. Gamna et Al. “The use of vitamin E as an anti-adhesive coating for cells and 
bacteria for temporary bone implants”, 2022, Surface and Coatings 

Technology,) and   
(F. Gamna et Al., “Grafting of alpha-tocopheryl phosphate on chemically 
treated Ti-6Al-4V for antibacterial bone implants”, 2023 Applied Surface 

Science) 
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2.2 Chemical Structure of  
Vitamin E 

 
 

Vitamin E was discovered by Evans and Bishop in 1922. It includes eight 
compounds (α, β, γ, δ tocopherols and tocotrienols) naturally present in many 

fat-containing products of both plant and animal origin, such as vegetable oils, 
wheat germ, oily seeds, dark-red vegetables, nuts, whole grains, kiwi, mango, 
egg yolk, and liver. Tocopherols and tocotrienols have the same basic chemical 
structure characterized by a 16-carbon sidechain attached to the 2-position of a 
chromane ring (a pyran ring having a benzene ring ortho-fused across positions 
2 and 3). The difference between tocopherols and tocotrienol consists of the 
saturation of the long chain: tocopherols have a fully saturated chain, while 
tocotrienols have an unsaturated chain. The tocopherols and tocotrienols 
homologues are named with respect to the position and number of the methyl 
groups on the phenol ring (Figure 2.1) [71], [72], [73]. 

Among all the isoforms of vitamin E, α-tocopherol (αT) is the most abundant 
in the blood [33], because it is the only one that is absorbed within the body, 
while the other isoforms are excreted through the intestine. The liver, which 
takes up nutrients after they are absorbed by the small intestine, absorbs vitamin 
E thanks to the plasmatic lipoproteins that function as carriers. α-tocopherol is 

Figure  2.1 Structure of tocotrienols and tocopherols 
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the only form of vitamin E that is re-secreted through the liver protein of α-
tocopherol transfer (αTTP) and distributed to circulating lipoproteins such as 
low density lipoprotein (LDL).   

The other forms are metabolized and then expelled through the intestine (Figure 
2.2) [74]. α-tocopherol is liposoluble and since it has a hydroxyl group attached 
to the ring structure, it is weakly amphiphilic. Thanks to its chemical structure, 
this compound functions as an effective lipid-soluble antioxidant, protecting cell 
membranes from peroxidation by scavenging peroxyl, oxygen, and superoxide 
anion radicals and helping to slow down processes that damage cells. For these 
reason, α-tocopherol is found at the sites where the free radical production is 
greatest (the membranes of the mitochondria and endoplasmic reticulum in the 
heart and lungs for example) [71]. In general, α-tocopherol chemically acts 
principally as an antioxidant molecule and protects the body from free radicals. 
Alternative roles of vitamin E, such as modulation of cellular signaling, enzyme 
activity, and gene expression have recently been proposed. These effects are 
unrelated to the antioxidant activity of vitamin E and are mostly given by 
specific interactions with enzymes, structural proteins, lipids, and transcription 
factors. Among these derived compounds, it is important to devote time to α-
tocopherol phosphate, a water soluble form of vitamin E which has gained 
interest especially after it was found in the plasma and the tissues of animals and 
humans in a similar amount as α-tocopherol [75].  

In the next two paragraphs, we concentrate to explore the biological roles of 
these two molecules: α-tocopherol and α-tocopheryl phosphate. 
 

Figure  2.2 Vitamin E metabolism 
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2.3 Biological role of α-tocopherol 
(αT) 

 
 
α-tocopherol is an example of a phenolic antioxidant. The mechanism of 

scavenging these molecules consists of the donation of hydrogen from the 
hydroxyl (-OH) group on the ring structure to free radicals (ROS), which 
becomes unreactive. After this reaction, also the phenolic compound itself 
becomes relatively unreactive with a higher stability thanks to the unpaired 
electron on the oxygen atom which is delocalized into the aromatic ring 
structure. α-tocopherol is located within the phospholipid membrane of the cell 
and it occurs with the radical chain embedded in the hydrophobic core of the 
double layer. Despite its low concentration compared to other membrane lipids, 
it plays an important role in preserving the integrity of the membrane by 
preventing lipid peroxidation which causes damage to cellular membranes, 
lipoproteins, and other molecules that contain lipids, in conditions of oxidative 
stress [71], [76], [77].  

As it is well-known, oxidative stress is a pathological condition caused by the 
unbalance between the generation and elimination of chemical oxidant species 
(ROS) and it is involved in several neurodegenerative diseases such as 
Alzheimer's and Parkinson's disease that are implicated in free radical processes 
and oxidative damage [78]. Thanks to its important qualities as an antioxidant, 
α-tocopherol may have an important role in the integrity of the brain. To confirm 
this, a high level of αTTP was found in the brain [79].  

In addition to its chemical anti-ROS action, α-tocopherol is also well known 
as an important biological anti-inflammatory molecule since it acts on many 
different factors that affect, directly or indirectly, the immune system. α-
tocopherol is able to modulate inflammation in different ways: it affects 
proinflammatory enzymes such as cyclooxygenase (COX), responsible for 
prostaglandins (PG)E2 production [80], [81]. (PG)E2 is a proinflammatory 
mediator that has been linked to a variety of age-associated diseases such as 
cancer, arthritis, and cardiovascular disease [7], [82], [74]. αT modulates the 
proliferation and activation of certain cells of the immune system such as T cells, 
lymphocytes, and Natural killer (NK) cells [83]. Finally, αT acts on the secretion 
of proinflammatory cytokines such as IL-6 and TNF-α. Thanks to these factors, 
α-tocopherol plays an important role in helping to prevent chronic inflammation 
[81], [83]. Chronic inflammation is strictly linked to oxidative stress [84] and, 
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together with it, it is the main cause of age-related diseases and cancer [81].  
α-tocopherol has also an important role in the inhibition of platelet 

aggregation, inhibiting various enzymes such as protein kinase PKC, which is a 
key signal transduction pathway in several cell types [71], [85]. α-tocopherol 
has benefits also in dermatology thanks to its free-radical scavenging and anti-
inflammatory properties: it protects the skin from various deleterious effects due 
to UV radiation and accelerates the wound healing process after an injury such 
as ulcers or burns [86]. Inflammation could be associated also with a large 
number of different phenomena related to bone health (see Chapter 1): it is 
thought that thanks to its anti-inflammatory action and regulation of cytokine 
secretion, α-tocopherol can influence bone remodeling, going to protect the 
bone against osteoclastic activity, increasing osteoblasts differentiation, and 
protecting cartilage health [87], [88], [89]. Together with all these 
considerations, α-tocopherol, due to its antioxidant function, role in anti-
inflammatory processes, inhibition of platelet aggregation, and immune system-
enhancing activity [1], [9], brings a wide range of benefits from anti-cancer 
effect [90] to the prevention of disease progression and in improving quality of 
life in the elderly [91]. The figure below (Figure 2.3) shows a schematic 
representation of the biological role of α-tocopherol.  

More controversial and still under study, is the anti-bacterial role of α-
tocopherol. In the literature, α-tocopherol is used as a natural compound to treat 
infections caused by specific gram-positive or negative bacteria [92], [93] or as 

Figure  2.3- Biological role of α-tocopherol 
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an antibiotic adjuvant for the treatment of infections [94], [95]. Moreover, the 
addition of α-tocopherol to materials may have the ability to reduce biofilm 
formation on the surface. As the literature suggests, it is possible to believe that 
αT is able to reduce the biofilm formation capacity of a big range of strains (S. 
aereus and S. epidermidis, etc), without any correlation to the Gram negative or 
positive group [96]. This, however, comes into opposition with other studies that 
show instead that α-tocopherol, in combination with other materials, did not 
reduce biofilm formation [97]. 
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2.3.1 Biological role of α-tocopheryl phosphate (αTP) 

 
 

As already seen in 2.2, the structures of the αT and αTP differ in the presence 
of a phosphate group instead of a hydroxyl group on the phenolic ring [98]. αTP 
was first synthesized and studied in the 1940s, but has only now been re-
examined after it was found to be naturally present in food, animals, and human 
tissues [99], Curiously, the isolation and purification methods used for α-
tocopherol, which were used extensively even then, are not the same for the 
phosphorylated molecule, so that it remained "hidden" for a long time and was 
only recently discovered [98]. To support this hypothesis, the enzymes αT 
kinase and αTP phosphatase, which are capable to phosphorylate αT to αTP as 
well as the reverse reaction (hydroxylation), have been discovered in cells and 
tissues (Figure 2.4.).  

The balance between the two enzymes aims to maintain cellular homeostasis 
or its inter-conversion may have some cellular signaling functions [100]. Thanks 
to the presence of these enzymes,  α-tocopheryl phosphate can be considered to 
be a pro-vitamin as it is hydrolysed and distributed in the body as the natural αT 
[101]. αT is present in the human tissues and, even if still under studies, several 
functions and activities have been suggested for this molecule, such as 
modulating signal transduction and gene expression, [100] reducing cell 
proliferation, the anti-inflammatory effect [102] and even stimulus for 
angiogenesis and vasculogenesis [101]. In contrast to α-tocopherol, αTP does 
not have a chemical antioxidant activity per se because the OH group, which is 
essential for the scavenging of free radicals by α-tocopherol, is phosphorylated  
[103].  

Despite this, however, αTP acts as an antioxidant indirectly because of its 
chemical structure. In fact, having a negatively charged polar head it is able to 
bind to the cell membrane with its apolar tail in the middle of the lipid 
membrane, thus preventing the propagation of free radicals either directly or by 
interfering in their generation at the enzymatic level [104]. In addition, the 
antioxidant capacity of α-tocopheryl phosphate may be related to the fact that 
the molecule converts to α-tocopherol within the tissue, thus providing 
antioxidant protection [105].  
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Regarding the antibacterial properties of α-tocopheryl phosphate, further research is 
needed for a better understanding, as there are not as many papers in the literature 
analyzing the antibacterial ability of this molecule, compared to α-tocopherol. Few 
studies are found that claim α-tocopheryl phosphate to have good antibacterial activity 
against Streptococcus oralis, Streptococcus mutans [106], S.Aureus, and S.Epidermidis 
[107] 

 
Once the biological role of Vitamin E is understood, it is certainly interesting to 

analyse its application and detection methods when combined with a biomaterial. 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.4 Scheme of α-tocopherol phosphorylation 
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2.4 Biomedical applications of 
Vitamin E 

 
 

Vitamin E is being researched as a molecule incorporated or used as a coating on 
prosthetic materials with the aim of creating implants with additional properties. 
 

2.4.1 Vitamin E in prosthetic implants 
 
 

Vitamin E in blend form of through bulk diffusion 
 
 

So far, the use as an antioxidant to stabilize UHWMPE has been the most 
successful application of α-tocopherol, which has made vitamin E very well 
known as a useful compound in the biomedical field. Until the late 1990s, before 
implantation, UHWMPE inserts were sterilized with gamma rays. 
Unfortunately, this type of sterilization carried out a major oxidative problem 
for the polymer, since the radiation increases the possibility of oxidative 
degradation, making it more unstable and fragile, leading to severe implant 
loosening phenomena [25, 27]. The incorporation into the polymer of 
antioxidants such as tocopherols was useful to overcome this problem. This idea 
was born from the use of vitamin E in food packaging industries as an 
antioxidant of polyolefins [109]. For the incorporation phase, α-tocopherol is 
typically inserted into the material before sterilization in two ways, before 
(creating the VE-UHMWPE blend) or after crosslinking irradiation (through 
bulk diffusion) [110][111][112]. The success of this type of incorporation is 
guaranteed by the very good biocompatibility of vitamin E which has been 
proven not to have cytotoxic effects [25] After the well-known success of the 
use of α-tocopherol combined with UHWMPE, new combinations with other 
biomaterials have been pursued and are still under study.  
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Vitamin E as a coating 
 
 

One of the most common concerns of biomedical implants is the problem of 
joint replacement because of loosening. Causes of failure include infections and 
wear, which could cause chronic inflammation by the presence of debris 
originating in the articular part of the prosthesis. A coating able to have an anti-
inflammatory and antibacterial action can certainly help to reduce these events, 
consequently reducing the phenomena of septic or aseptic loosening of the 
prostheses. For this reason, although still in the research phase, some works 
suggest the use of vitamin E for coating metal surfaces with the aim of providing 
anti-bacterial and anti-inflammatory properties or of helping osseointegration 
[107], [113]–[115]. These studies employed pure titanium as a substrate, which 
is a biomaterial commonly used in dental, cranial, and joint implants. As later 
shown in Table 2.1, the coatings are created by the adsorption of vitamin E on 
the metal surfaces by leaving the surfaces in the vitamin solution. Given the high 
hydrophobicity of vitamin E, in all cases the solvent used during the coating 
formation is ethanol. Then, the biological response (in vitro and in vivo) of the 
titanium implants coated with vitamin E has been evaluated. Bidossi et al. made 
interesting studies on the antimicrobial activity of two different forms of vitamin 
E: α-tocopherol acetate and α-tocopherol phosphate, derived from the 
esterification of α-tocopherol with the acetate group and the phosphate group, 
respectively. It was found that especially tocopherol phosphate is anti-microbial 
against both gram positive and gram negative and it also has the ability to 
stimulate osteoblasts, finding many applications in the implant field [31], [34]. 
Maria Satuè et al. used vitamin E as a chemical antioxidant that protects the 7-
DHC molecule; this molecule is activated during UV irradiation becoming a 
precursor of vitamin D and it is employed as a coating on titanium [33], [34].  
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Table 2.1 Vitamin E in Prosthetic devices and biomaterials 

 
Material Molecule Combination Method of combination Results Application Ref. 

UHWMPE αT Blending 1: Blending of vitamin E with 
UHMWPE resin powder and 
following irradiation for crosslinking 

Vitamin E is able to prevent oxidation 
during gamma sterilization of 
UHWMPE. 

Material stabilizer [110],[111],[1
12] 

2: Vitamin E is diffused into an 
already crosslinked UHWMPE 

Pure 
Titanium 

αT+ 
7-DHC 

Coating Preparation of a solution of 7-
DHC+Tocopherol (1:1) in ethanol 10 
µl of the prepared solution left on the 
surface and further UV-irradiated 
and incubate for 48h at 23°C 

Vitamin E is able to protect 7-DHC from 
oxidation during UV-irradiation vitamin 
E helps osseointegration of the coated 
samples both in vivo and in vitro. 

Molecule stabilizer [113], [114] 

αT 
Acetate 

Coating Spreading of the solution of αT 
Acetate in ethanol (500mg/ml) on a 
sandblasted disk of titanium. 

Low anti-microbial activity shown in 
vitro apart against S. aureus and S. 
epidermidis. 

Coating for implants in order to 
prevent implant-associated 
infections 

[107] 

αTP Coating Spreading of a solution of αT 
Acetate in ethanol (500mg/ml) on a 
sandblasted disk of titanium. 

Good anti-microbial activity shown in 
vitro against every strain (S. aureus, S. 
epidermidis, P. aeruginosa, and P.acnes). 
Good bone stimulation shown in vivo. 

Coatings for dental implants in 
order to prevent implant-
associated infections and help 
osseointegration 

[107], [115] 
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2.4.2 Vitamin E in tissue engineering 

 
 
 

Thanks to its antioxidant and anti-inflammatory ability, α-tocopherol has 
become an interesting object of research in the world of wound healing and 
tissue regeneration. In the literature, vitamin E is found combined, encapsulated 
or blended, with different types of polymeric materials treated either as 
scaffolds, hydrogels, or films.  
 

Vitamin E in wound healing 
 

 
Wound healing is an important physiological process to maintain the integrity 

of the skin after trauma. Wound healing involves several phases: hemostasis, 
inflammation, proliferation, and maturation [116], [117]. Vitamin E is harnessed 
to aid the healing process by creating a wound dressing with other polymers that 
provide the physical structure, and with which it can have a synergistic effect to 
enhance skin regeneration.  

For complete skin regeneration, the preferred dressing structures are hydrogels 
and scaffolds, as they are three-dimensional and facilitate cell attachment and 
growth. In the biomedical field, from tissue engineering to drug delivery, 
biopolymers commonly used are biodegradable polyesters, especially poly-e-
caprolactone (PCL), poly(lactide)  (PLA), and poly(lactide-co-glicolide) 
aci(PLGA). These materials ensure biocompatibility, biodegradability, and 
good mechanical performance. Polysaccharides, including chitosan, hyaluronic 
acid, and cellulose, in addition to having good biocompatibility and many 
hydrolysable groups, also have a structure that mimics the extracellular matrix 
(ECM). Chitosan hydrogel is an example of a perfect biomaterial for wound 
dressing, in fact, Arian Ehterami et al. prepared and tested chitosan/alginate 
hydrogel loaded with vitamin E- for dorsal skin wound healing in a rat model 
that ensured epidermal cell proliferation with even a new generation of hair 
follicles, promising successful wound healing [118]. As mentioned, scaffolds 
are widely used for this purpose. However, the use of polyesters, typically with 
better mechanical performance than polysaccharides, may not provide a 
favourable surface for cell attachment.Chinnasamy Gandhimathi et al. produced 
PLA-PCL nanofiber scaffolds, through electrospinning, and incorporated silk 
fibroin to enhance cell adhesion and vitamin E to provide a low-stress 
environment for cells. The created scaffolds were able to induce fibroblast 
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proliferation and collagen secretion [119].  
Saba Zahid et al. instead thought of using the two biomaterials (PLA and PCL), 

but for obtaining two layers, one of porous PCL and the other one of PLA film 
incorporating vitamin E, in this way, they were able to obtain a bi-layer of 
electrospun nanofibers that supports cell proliferation and also angiogenesis 
[120]. Instead, polysaccharide scaffolds do not present the above problem: 
electrospun cellulose acetate mats loaded with vitamin E prove effective for 
dermal therapy due to greater flexibility, and good vitamin E release kinetics 
[121]. 

In addition to three-dimensional structures, polymeric films can be more easily 
obtained to aid wound healing. Gabriela Garrastazu Pereira et al. selected two 
polysaccharides, hyaluronic acid, and sodium alginate to create a polymeric film 
loaded with vitamin E acetate and Aloe Vera, characterizing it both 
mechanically and chemically [122]. Similarly, Sonia Trombino et Al. prepared 
a collagen film esterified with α-tocopherol (collagen α-tocopherulate) for 
wound healing applications, exploiting the antioxidant capacity of the molecule 
[123]. 



 
 
 

Chapter 2 : Vitamin E 
 

 

54 

 

 
Vitamin E in tissue repair 
 
 

Tissue repair refers to the compensatory regeneration of tissue, resulting in the 
restoration of the tissue structure and function. Tissues can be repaired by 
implanting structures, preferably three-dimensional such as scaffolds, that are 
able to stimulate cell proliferation and adhesion for complete tissue regeneration 
[124]. In this context, the same materials already described are used, which can 
support the new tissue both mechanically and at the cellular level.  

Generally, polymers with high mechanical properties are used for hard tissues, 
while a high mechanical performance is not required for soft tissues such as the 
cardiac one.  

For example, Poly(3-hydroxybutyrate) (P(3HB)) and bioactive glasses show 
to have favourable properties for hard tissue regeneration. Superb K. Misra et 
al. created a Poly(3-hydroxybutyrate) (P(3HB))/bioactive glass scaffold, adding 
vitamin E as an antioxidant capable to enhance protein adsorption [125]. 
Instead, contrary to what they expected, Filippo Renò et al. prepared a PLA 
films blended with vitamin E which induce a reduction in osteoblast cell 
attachment and spreading [126]. This research team has published many works 
on these films. Their studies reveal that vitamin E confers important 
characteristics to the PLA surface: anti-adhesion for bacteria, increased 
hydrophilicity and therefore higher protein adsorption, and anti-adhesion for 
osteoblasts obtaining a new type of polymer that can be used in tissue 
engineering with several biological effects. [126]–[128]. Besides a biological 
role, vitamin E also has a role in sustaining and adhering to two different 
materials: Iulian Antoniac et al. created PLA-Mg composites as filament for 
biomedical applications and used vitamin E to enhance the adhesion between 
magnesium and PLA [129]. Instead, Zahra Mahdieh et al. employed vitamin E 
to protect starch, a biodegradable polysaccharide with low mechanical 
performance, from oxidation during the blending process at elevated 
temperatures [130].  

For soft tissues, Youyang Qu et al. prepared α-tocopherol liposome loaded in 
chitosan hydrogel. α-tocopherol was entrapped in a liposomal carrier, and the 
liposome was formulated into a chitosan-based hydrogel, with the aim of 
creating injectable engineered cardiac tissue capable of suppressing oxidative 
stress in the microenvironment, supporting and surviving cardiomyocytes [131]. 
Due to the hydrophobic nature of vitamin E, it is difficult to insert it into 
polymers that are typically hydrophilic because they need to be hydrolysable. 
Table 2.2 reports more in detail methods of loading vitamin E in different 
biomaterials for tissue engineering applications and each biological response. 
As it can be seen, vitamin E can be inserted within the dressing in 2 ways: 
directly through the solution, creating a homogenous mixture, which is then 
electrospinned, gelled or polymerized, or inserted within nanocarriers that are 
then in turn inserted within the biomaterial.
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Table 2.2 Vitamin E in Tissue Engineering 

 

Polymer Class Polymer Name Molecule Structure Method loading Biological Response Role of Vitamin E Applications Ref 

Polysaccharides 

Chitosan/ 
Alginate αT Hydrogel 

Addition of a specified concentration of vitamin E to 
the already prepared chitosan/alginate solution, mixing 
the solution for 1 hour, addition of CaCl2 to crosslink 
alginate and chitosan 

High cell proliferation shown 
in vitro 
Acceleration of wound 
healing shown in vitro 

Antioxidant and 
antinflammatory, 
wound healing 
capacity 

Wound treatment [118] 

Chitosan αT Hydrogel 

Preparation of liposomes by thin-film hydration 
method, using a solution of αT, egg lectin, cholesterol, 

and sodium deoxycholate in ethanol. 
Prepared liposomes were then added into a prepared 
chitosan hydrogel, mixing in an ice bath. 

Hydrogel improves 
cardiomyocytes adhesion and 
growth protect them from 
oxidative stress 

Antioxidant  Cardiac tissue 
engineering 

[131] 
 

cellulose acetate (CA) αT + Vitamin A Nanofiber 
scaffold 

Dissolution of a specified concentration of Vitamin E 
or Vitamin A and CA in an acetone/DMAc mixture. 
Electrospinning of the prepared solution.  

Not reported  Antioxidant Wound treatment [121] 
 

Hyaluronic Acid 
(HA)/Alginate 

αT acetate + Aloe 
Vera Polymeric film 

Starting from 2 solutions: 1) Alginate and hyaluronate, 
Aloe Vera and vitamin E. 
2) PEO and PVA in water. 
Solutions 1 and 2 were mixed to obtain homogenous 
mixture 

Not reported 

Antioxidant and 
antinflammatory, 
wound healing 
capacity 

Wound treatment 
[122] 

 

Starch  αT+ 
nanoforsterite  Scaffold 

EVOH, Vitamin E, and nanoforsterite are added in a 
starch solution. Blending occurs after extrusion at high 
temperature. 

Good fibroblast adhesion, 
High simulated body fluid 
(SBF) deposition, 

Antioxidant to protect 
the polymer from 
oxidation during the 
manufacturing 
process. 

Bone tissue 
engineering [130] 

Collagen αT Film 

Before functionalization collagen were covalently 
linked to the resin in order to protect terminal amino-
group, to increase bioavailability. After that, 
functionalization was carried on adding α-Toc in 
collagen solution at room T for 72h. 

Collagen esterified with α-
tocopherol have protective 
activity against free radicals 
in rat liver microsomal 
membranes.  

Antioxidant Wound treatment [123] 
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Polymer Class Polymer Name Molecule Structure Method loading Biological Response Role of Vitamin E Applications Ref 

Polyesters   
 

PLA-Mg αT Filaments 

Addition of Vitamin E in a PLA-
Mg solution before the extrusion 
process and following 3D printing 
of the implant 

Not reported It enhances adhesion between 
Mg particles and PLA Implant devices [129] 

PLA αT Polymeric 
film 

Addition of Vitamin E into the 
PLA/ chloroform solution. 
Shaking the solution with the 
following addition of it in glass 
dishes. 
Evaporation of the solvent in dark 
conditions at room temperature. 

The film has good protein adsorption 
and, inhibits osteoblasts, bacterial 
and platelets adhesion, and 
spreading. 

Protein adsorption 
Antioxidant  Tissue engineering 

[126]–[128] 

 

PLA-CL 
αT, Silk Fibroin 
(SF), Curcumin 
(C) 

Nanofiber 
scaffold 

Preparation of a solution with 
PLACL, SF, C, and αT in HFIP. 
Electrospinning of the prepared 
solution. 

The scaffold induces fibroblast 
proliferation/attachment and it 
stimulates collagen secretion. 

Antioxidant, anti-
inflammatory, and wound 
healing capacity 

Wound treatment 
[119] 

 

PLA and PCL αT acetate 
Bilayer 
nanofiber 
scaffold 

Preparation of a solution with 
PCL PLA and Vitamin E in 
DCM. Electrospinning of the 
prepared solution. 

The scaffold induces angiogenesis 
and cell proliferation 

Antioxidant, anti-
inflammatory, and wound 
healing capacity 

Wound treatment [120] 

P(3HB)/Bioglass Vitamin E Foam 
scaffold 

Incorporation of the appropriate 
amounts of vitamin E and 
MWCNTs into the polymer 
solution. Sonication of the 
mixture before impregnating it 
into the preforms. 
 

The scaffold has good 
biocompatibility, good protein 
adsorption, stimulates cell 
proliferation, and allows 
vascularization. 

Protein adsorption 
Antioxidant Bone tissue engineering [125] 
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2.4.3 Vitamin E in drug delivery 

 
Vitamin E as a drug 
 
 

Nowadays, vitamin E has also gained particular importance due to its proven 
anti-carcinogenic activities, which lead it to be an interesting candidate as an 
adjuvant anti-cancer treatment drug or as a preventive drug. In fact, its 
preventive properties were discovered according to research that showed that 
the Mediterranean diet, known to be rich in antioxidants such as vitamins C and 
E, has a protective effect from certain cancers, like colon cancer [90], [132]. As 
the literature suggests, 𝛾- and 𝛿-tocopherol are more potent inducers of 
apoptosis than 𝛽- and 𝛼-tocopherols; in fact, despite its antioxidant power, it 
would seem that 𝛼-tocopherol is not cytotoxic against cancer cells [133]. In 
particular, among all the various forms of vitamin E, tocotrienols appear to have 
a stronger anti-proliferative and proapoptotic effect than tocopherols [134].  

Due to its lipophilicity, vitamin E is able to cross the cell membrane but, given 
its insolubility in water, its bioavailability is limited. In fact, the biological 
mechanism of digestion of vitamin E occurs through emulsion into lipid 
droplets. The emulsion allows vitamin E to be transported (through micelles or 
vesicles) and thus to be absorbed by diffusion by the various target tissues [135], 
[136]. For this reason, methods to encapsulate vitamin E for use in drug delivery 
have been studied in the literature, using various materials such as synthetic 
polymers or biopolymers and different delivery systems: hydrogel, micro and 
nano-particles, liposomes and nano-emulsions (Table 2.3).  

In literature, chitosan is widely explored as a drug delivery system to load α-
tocopherol: the water solubility of chitosan is exploited to increase the 
bioavailability of α-tocopherol.  

Majid Naghibzadeh et al. developed chitosan nanoparticles with α-tocopherol 
loaded by dispersing chitosan in water and dripping a solution of ethanol and α-
tocopherol. The nanoparticles are obtained by placing the mixtures in an ice bath 
and sonicated using the ultrasonic probe [137]. With a similar approach, J. Nam 
et al. created a chitosan-specific micelle for tocopherol and doxorubicin delivery 
by grafting with a targeting ligand (anti-HER2/neu-polyethylene glycol [PEG] 
peptide) with the goal of having a synergistic anti-cancer effect of TP and DOX 
and site-specific drug delivery [138]. So, chitosan is a good biomaterial that can 
encapsulate tocopherol by O/W emulsion either on its own or with the help of 
other polymers such as zein, an amphiphilic protein found in corn, which helps 
create a stronger polymeric complex with chitosan. In fact, Yangchao Luo et al. 
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prepared and characterized the nanoparticles by first preparing a solution in 
ethanol of zein and tocopherol and then placing it in another solution of chitosan 
and acetic acid. [139].  

In addition to chitosan, PCL was also investigated for drug delivery systems. 
Similar to that mentioned about chitosan, PCL nanoparticles loaded with 
tocopherol were made into O/W emulsion with successive ultrasonication 
methods to optimize encapsulation. Youngjae Byun, et al. formulate and 
characterize PCL nanoparticles loaded with tocopherol, using PCL dissolved in 
methylene chloride with tocopherol as an organic phase and PVA dissolved in 
PBS as an aqueous phase, with a subsequent ultrasonication in an ice bath [140]. 
Instead, Catherine Charcosset et Al. created PCL nanocapsule, using PCL 
dissolved in acetone with tocopherol as an organic phase and TWEEN 20 
dissolved in water as an aqueous phase [141].  

Another important biopolymer used in drug delivery is hyaluronic acid, a 
hydrophilic gel, which could be used also to enhance the water solubility of α-
tocopherol. Parveen Singh et al. created a hyaluronic-acid-based β-cyclodextrin 
grafted copolymer to encapsulate vitamin E [142].  
 

Moving to another area, polymeric nanoparticles obtained from 
thermosensitive materials received great attention in the encapsulation and 
controlled release of drugs. Cirley Quintero et al. has presented preparation and 
characterization of thermosensitive α-tocopherol-loaded polymer nanoparticles, 
with the shell obtained by the triblock copolymers PNIPAM-b-PCL-b- 
PNIPAM. The preparation of α-tocopherol loaded nanoparticles is based on the 
dissolution of α-tocopherol and of the corresponding copolymer in acetone, and 
subsequent dropping in an aqueous solution at pH 5 [143]. Likewise, Behrouz 
Mohammadi et al. have successfully nano-encapsulated vitamin E in stearic 
acid-lauric acid (SA-LA) in the form of a core-shell structure for thermo-
sensitive drug delivery purpose. The synthesis process involves always the O/W 
emulsion with SA-LA  and α-tocopherol as an organic phase and PVA, PVP, 
Sodium SLS as an aqueous phase [144].  

From what has been said so far, we can see that in the literature typically 
vitamin E is encapsulated within polymeric nanoparticles. There are also cases 
where α-tocopherol is functionalized on metal nanoparticles such as gold, to 
increase the scavenging ability of the latter, for biological applications 
[145][146]. 
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Vitamin E as a delivery system 

 
 
Most of the approved anti-cancer drugs, such as paclitaxel, docetaxel, etc. are 

lipophilic, which renders it challenging for their bioavailability and thus for their 
uptake by the target tissues [147]. 

Although tocopherols and tocotrienols have a nearly amphiphilic structure, the 
hydrophilic part of the tocols, characterized by the hydroxyl group (-OH), is too 
small to spontaneously self-assemble into a micellar structure. Conversion of 
the phenolic component of the vitamin E to esters using acetic or succinic acid 
is often performed to expand the hydrophilic part and optimize the amphiphilic 
structure, thus creating more stable esterified compounds that can be easily used 
for drug delivery, such as α-tocopheryl ether-linked acetic acid (αTEA) or α-
tocopherol succinate (αTOS), also discovered to be potent anti-cancer agents 
[133],[148],[149]. The esterification of α-tocopherol succinate (α-TOS) with 
polyethylene glycol (PEG) forms a new compound, D- α-tocopheryl 
polyethylene glycol succinate (TPGS), widely used today in drug delivery as a 
non-ionic surfactant and micellar stabilizer, capable of forming micelles in 
water at a concentration as low as 0.02 wt%. This new amphiphilic polymer has 
several advantages given by the physicochemical properties of PEG and vitamin 
E, such as high biocompatibility, improved cellular uptake of the drug and anti-
tumor activity, which allowed it to be approved by the FDA as a safe adjuvant 
[61-63]. TPGS is widely used as surfactant and permeation enhancer (reviewed 
in [61]), as prodrug carrier (reviewed in [151]) and also as a copolymer with 
other biopolymers such as PLA and PLGA or PCL (reviewed in [152]) [153].  
Another interesting synthetic polymer is formed by the esterification of α-
tocopherol succinate with the glucosidic polymer, inulin (INU), creating 
amphiphilic compounds obtained based on inulin with hydrolyzable groups, and 
with a vitamin E-based radical chain, called INVITE. This novel INU-based 
polymer easily self-assembles into nanocarriers, thus it has been envisioned as 
a novel drug delivery system for the therapy of different diseases.  

Delia Mandracchia et al. developed and characterized INVITE micelles, which 
have stability in water, low size (about 50 nm), used in different diseases, for 
different targets. Due to the renal passive targeting ability of inulin, INVITE 
results as a good candidate for drug delivery systems for target tissues such as 
the urinary tract [154]. It has also been tested with good results for delivery of 
celecoxib to the intestinal site against Caco-2 cells,[155] conjugated with 
several other molecules such as biotin and succinic anhydride, creating 
INVITEBIO and INVITESA, respectively[156][157] and loaded with 
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curcumin, creating INVITE C, for the treatment of diabetic retinopathy or 
neurodegenerative diseases [158][159]. Through the esterification of α-
tocopherol succinate with hyaluronic acid, a novel amphiphilic compound was 
created for the tumor-targeted delivery system, exploiting the known ability of 
hyaluronic acid to bind to the membrane receptor CD44, a protein overexpressed 
by tumor cells. The created polymer’s name is HA-VES and was used by Jinling 
Wang et al. for the release of the anti-cancer agent Doxorubicin [160]. 

As we can observe in Figure 2.5, vitamin E is typically bound to other 
biomolecules that increase amphiphilicity and optimize the drug delivery 
system. In contrast, Khushwinder Kaur et al. have succeeded in creating 
nanoparticles of pure α-tocopherol. The work suggests a method that involves 
an emulsion of the components with water:surfactant:oil ratio where the organic 
phase consists of a first surfactant TWEEN 80 and tocopherol in ethanol and the 
aqueous phase is water containing a second surfactant (SSL). Through this 
method, they were able to create stable nanoparticles for the encapsulation of 
curcumin as an antioxidant and benzylisothiocyanate as an anti-cancer agent 
[161]. 

 

 
Figure  2.5 Chemical structure of different forms of vitamin E used for drug delivery systems 
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2.5 Methods to detect Vitamin E 
within materials 

 
 

Vitamin E can be easily detected in different liquid media, such as in oils, 
serum, human milk, foods, etc. by different methods including high-
performance liquid chromatography (HPLC), FTIR, RAMAN and UV-VIS 
spectroscopy and spectrophotometric methods. Recently, some protocols were 
also developed for the analysis of vitamin E incorporated into cosmetics and 
food packaging. 

The first method usually used to allow a simple and rapid quantitative 
determination of α-tocopherol is HPLC. In fact, HPLC is one of the most 
powerful tools for the determination of fat-soluble vitamins and has been widely 
used for their separation and detection; different detectors can be used for 
vitamins such as UV-VIS, fluorescence, and mass spectrometry. In the case of 
vitamin E, typically the HPLC column is connected to a UV absorbance detector 
as the compound absorbs the ultraviolet light, particularly around 290 nm. This 
method is, in fact, used not only to quantitatively analyse the content of α-
tocopherol in food or beverages but also in cosmetics and biological samples 
including human plasma and human milk [162], [163], [164], [165], [166]. 
Thanks to its clear absorbance peak at 290 nm, visible ultraviolet spectroscopy 
(UV-Vis) proved to be able to detect the presence of vitamin E even at low 
concentrations [167], [168]. 

Another way to detect α-tocopherol is FTIR. Sandra et Al. developed a rapid 
methodology for the analysis of α-tocopherol in vegetable oils, using FTIR-ATR 
as an alternative to the HPLC methods. By analyzing thirteen vegetable oils with 
a known content of vitamin E, a research team created a calibration curve which 
was then used to quantitatively measure the α-tocopherol content of the 
vegetable oils concerned [169]. FTIR was also used for detecting the functional 
groups of a hydrophobic film of vitamin E deposited on a copper substrate [170].  
Along with FTIR, RAMAN is a potential alternative to HPLC methods, used to 
detect vitamin E in oil-water emulsions and biological samples [171], [172]. 
Surface-enhanced Raman spectroscopy (SERS) technology is of a high level of 
interest: it exploits the amplification of Raman diffusion by molecules adsorbed 
on a metal or metallic nanoparticles [173], [174]. Typically, most SERS 
techniques use metal aqueous colloids as a substrate and require that compounds 
to be analysed are water soluble. For water insoluble analytes, such as vitamin 
E, the matter is more complicated. Given the disadvantage of using colloidal Ag 
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nanoparticles to directly measure SERS of the analyte, Tiantian Cai et al. have 
successfully tried other methods to analyse vitamin E: after dissolving the 
compound in chloroform, the solution obtained is dripped onto the surface of a 
metal substrate with surface Raman activity. Another method could be to 
directly immerse the metal substrate in the sample solution containing vitamin 
E, to extract it after a certain time, and to measure it at RAMAN after the solvent 
has evaporated [175]. 

Thanks to its antioxidant properties, vitamin E can also be analysed through 
all those methods that exploit chemical reactions, typically redox, to develop 
coloured compounds that are then measured spectrophotometrically. In general, 
spectrophotometric methods for the determination of vitamin E use the easy 
oxidation of the aromatic ring of α-tocopherol to the corresponding quinone, 
creating tocopheryl quinone, by means of oxidising agents that finally give 
coloured products.  

Among these methods, there is definitely the spectrophotometric assay,   which 
uses   the 1,1-diphenyl-2-picrylhydrazyl (DPPH)-2,2-diphenyl-1-picrylhydrazyl 
as a free radical of purple colour, which discolours when it reacts with vitamin 
E. Valeria M. et Al. have used the DPPH method to compare the antioxidant 
power of drugs containing α-tocopherol. The problem with the DPPH method is 
its low reproducibility due to the low stability of the radical [176]. 
Another such methodology is the Folin&Ciocâlteu (FC) reagent in an aqueous 
solution. In this case, however, given the insolubility of vitamin E in water, this 
methodology is not the optimal one. However, modifications have been made to 
the FC method to simultaneously enable the measurement of lipophilic and 
hydrophilic antioxidants [177]. 

There are many other methods using different oxidizing reagents such as 
Fe(III)-bathophenanthroline, Cu(II)-neocuproine, or silver nitrate, but they 
require a rigid control of the conditions for precise results [178]. Another 
method is the Emmerie and Engel colour reaction with ferric chloride: it is a 
precise and easy to perform the reaction, and therefore the approach of choice 
for a routine clinical laboratory [179]. 

Similarly, nitric acid can be used in a very simple way. A solution of nitric acid 
in ethanol is able to oxidize α-tocopherol forming the coloured red o-quinone 
which can be detected spectrophotometrically (Figure 2.6) [180]. 
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Thanks to the vitamin E detection methods employed in various applications 

involving cosmetics, food packaging, and so on, it is possible to apply the above 
methods to the biomedical field for the detection of vitamin E when combined 
with different biomaterials. 

Certainly, it is easy to find detection methods in the literature when vitamin E 
is combined with UHWMPE, as it is the most widely applied biomaterial 
coupled with vitamin E. With HPLC analysis, it is convenient to quantify the 
vitamin E content within UHMWPE, using a calibration curve produced from 
the areas of the HPLC peaks [181]. Instead, J. Hufen et Al.. developed an 
accurate method to detect the α-tocopherol content in UHWMPE using HPLC 
analysis to separate it and determine its concentration by UV-Vis spectroscopy, 
with a corresponding calibration curve [182]. However, it is also possible to use 
only UV-Vis in absorbance mode combined with FTIR to quantify vitamin E 
within UHMWPE [183]. Vitamin E blended with polyethylene induces 
yellowing of the sample, Martínez-Morlanes et al. exploited this characteristic 
using the colorimetric technique and reflectance spectroscopy, to detect the 
amount of vitamin E incorporated in polyethylene samples [184]. These types 
of methods especially HPLC are also used in drug delivery to calculate the drug 
encapsulation efficiency, resulting in the quantification of the vitamin E 
encapsulated within polymeric nanoparticles [140][142][143]. With the same 
object, HPLC is used in tissue engineering to quantify the vitamin E content 
inside the matrices or scaffolds [122], [185].  
Since vitamin E is an extremely hydrophobic molecule, another important way 
to detect the presence of tocopherol on different substrates is definitely the 
measurement of the contact angle, the quickest test to evaluate a surface 
modification [186]. Filippo Renò et al. used the contact angle measurement on 
PLA blended with Vitamin E, and they discovered that the enriched with vitamin 
E was more easily wetted [126], [127], [48].  

To get a more in-depth understanding of the chemical bonds between the 
substrate and the deposited molecule, the XPS technique is useful, as in the case 
of Elena Stoleru et al. who used XPS to have information about the bond 
between chitosan and vitamin E of the chitosan/vitamin E coating deposited on 

Figure  2.6 Formation of Tocored with Nitric Acid 
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a polyethylene substrate [186].  
Once the characteristic peaks of vitamin E are known, the FTIR analysis is 

helpful, not only to detect vitamin E [120], but also to analyse the eventual shifts 
in the wavenumber of the peaks that denote an interaction between tocopherol 
and the combined biomaterials. Ahmad Salawi et Al. used the FTIR technique 
to analyse the interaction between a new copolymer called Soluplus and α-
tocopherol for wound healing application [187], and Joana T. Martins et al. 
studied the physiochemical effect of the incorporation of a-tocopherol in 
chitosan-based films through different analysis including FTIR [188].   

In the biomedical field, the DPPH test is used to analyse the radical scavenging 
ability of vitamin E combined with biomaterials, as Elena Stoleru et al. did on a 
film electrosprayed with a chitosan/vitamin E formulation [186]. DPPH was 
used also by Zhou Nier et al. to test the antioxidant activity of Au nanoparticles 
functionalized with Trolox (hydrophilic analog of α-tocopherol) [145][146]. 

The table (Table 2.3) reports the characterization methods used to detect 
vitamin E when combined with different biomaterials. 
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Table 2.3 Methods to detect Vitamin E 

 
 
 
 
 
 
 

Technique Combined Material Molecule detected Method Information Ref. 

HPLC 

UHWMPE α-Tocopherol HPLC connected to UV/Vis diode array detector at 297nm, construction of calibration 
curve of HPLC peak area. 

Quantitative [181] 

UHWMPE α-Tocopherol HPLC connected to UV/Vis diode array detector, construction of calibration curve of 
absorbance peak area at 290 nm. 

Quantitative [182] 

Collagen mesh α-Tocopherol HPLC connected to a fluorescence detector, detection at excitation wavelength of 290 nm 
and emission wave- length of 330 nm 

Quantitative [185] 
 

Alginate and hyaluronate film α-Tocopherol acetate HPLC connected to UV/Vis diode array detector, construction of calibration curve of 
absorbance peak area at 285 nm. 

Quantitative [122] 
 

Hyaluronic-acid-based β-
cyclodextrin copolymer 

α-Tocopherol HPLC connected to UV/Vis diode array detector Quantitative [142] 
 

PNIPAM-b-PCL-b-PNIPAM 
copolymer 

α-Tocopherol HPLC equipped with a differential refraction index detector Quantitative [143] 

UV-VIS 

UHWMPE α-Tocopherol Construction of calibration curve of absorbance peak area at 290nm Quantitative [183] 
 

UHWMPE α-Tocopherol Analysis of reflectance spectra which presents a minimum around 290 nm and a decrease 
of reflectance at 400-500 nm. 

Detection [184] 

Hyaluronic acid α- Tocopherol succinate  Construction of calibration curve of absorbance peak area at 285nm Quantitative [189] 
 

PLA+PCL α-Tocopherol acetate Construction of calibration curve of absorbance peak area at 284nm Quantitative [120] 
Colorimetric 
Assay 

UHWMPE α-Tocopherol The yellowing of the sample were analysed through three parameters (a,b,L) of CIELAB 
colour space, and a calibration curve of colour distances were constructed.  

Quantitative [184] 

FTIR-ATR 

UHWMPE α-Tocopherol Analysis of peaks. 
For quantitative analysis, calibration curve of these peaks is needed. 

Analysis of Vitamin E transformation products in 
polymer samples prior to extraction and 
quantitative. 

[181] 
 

Collagen α-Tocopherol Analysis of main peaks Characterization of film [123] 
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Technique Combined Material Molecule detected Method Information Ref. 

FTIR-ATR 

Magnetite α-Tocopheryl succinate Analysis of main peaks Characterization of chemically modification of 
nanoparticles 

[149] 
 

Chitosan α-Tocopherol Analysis of peaks Physical bonds and chemical interactions are reflected 
by changes in characteristic spectral peaks. 

[188] 
 

Chitosan α-Tocopherol Analysis of peaks Characterization of nanoparticles [137] 
PCL/PLA α-Tocopherol acetate Analysis of peaks Characterization of membranes [120] 
Soluplus α-Tocopherol Analysis of peaks Analysis of bonding between Soluplus/Vitamin E [187] 

 
Polyethylene α-Tocopherol Analysis of peaks from 600–4000 cm−1 Analysis of interaction between vitamin E and 

chitosan 
[186] 
 

XPS 
Polyethylene α-Tocopherol All binding energies were referenced to the C1s peak at 285 eV. Analysis of covalent bonding [186] 

 

DPPH 

Polyethylene α-Tocopherol The scavenging activity was estimated 
RSA (%) =  
(1 – (A sample/Acontrol)) × 100, measuring the adsorption at 515 nm after 30 min in dark 
condition. 

Radical scavenging activity evaluation [186] 
 

Chitosan α-Tocopherol The scavenging activity was estimated 
RSA (%) =  
(1 – (A sample/Acontrol)) × 100, measuring the adsorption at 517 nm after 30 min in dark 
condition. 

Radical scavenging activity evaluation [188] 
 

Collagen/chitosan 
 

α-Tocopherol DPPH were measured bu the adsorption at 517 nm after 30 min in dark condition. DPPH loss 
which is a concentration of DPPH radicals reacted with antioxidants. 

Antioxidant activity [185] 
 

Contact Angle 
Polyethylene α-Tocopherol Contact angle titrations were performed by measuring sets of contact angles at each pH value. analysis of hydrophobic behaviour as pH increases [106] 
PLA α-Tocopherol Static contact angle analysis of material wettability change [126][127] 

[48] 
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2.6 Coupling Vitamin E with 
Titanium Alloy 

 
 

As noted, vitamin E has a number of relevant biological actions (antioxidant 
properties, anti-inflammatory properties, inhibition of platelet aggregation, 
preservation of cell membrane integrity) with positive outcomes on the immune 
system, bone health, skin protection, age-related diseases, and cancer. Some 
new fields of application are being studied in the area of biomaterials under 
research and have great potential impact in the future; in this regard, we can 
include implant coating. Interestingly, however, research on vitamin E in 
combination with titanium as a biomaterial has not yielded many results to date. 

In fact, doing a search on Scopus and entering tocopherol, titanium, and 
implant as filter words, only 20 results are found from 2004 to present. 
With this in mind, this part of the research wants to couple vitamin E to titanium, 
to better understand the controversial antibacterial activity of vitamin E in order 
to impart new properties to titanium alloy, in addition to those already discussed. 
New types of combinations with biomaterials are here explored, such as grafting 
the molecule onto titanium surfaces by coating or functionalization. 

In particular, this chapter aims to study and compare two forms of vitamin E, 
α-tocopherol (αT) and its water-soluble form α-tocopherol phosphate (αTP), 
find suitable surface characterization analyses for each molecule, and study their 
cellular and bacterial properties once they are coupled to a chemically treated 
Ti6Al4V biomaterial. 

New applications are also discussed and compared depending on the molecule 
chosen. α-tocopherol is chosen for a temporary implant type application, while 
α-tocopherol phosphate is thought for a permanent implant application.   
Based on these premises, α-tocopherol is here applied for the first time as a 
bioactive coating to the surface of a chemically treated titanium alloy and it is 
fully characterized by its physical-chemical properties. Different 
characterizations were carried out to analyse the coating and its adhesion on the 
surface by means of different physical/chemical techniques such as contact 
angle, ζ potential, UV\Vis spectroscopy, FTIR analysis, tape test, release test, 
and spectrophotometric assays (DPPH). The biological characterization is 
focused on the adhesion and viability rate of human mesenchymal stem cells 
(hMSC) and biofilm formation by Gram positive and negative bacteria with the 
final aim to prevent the formation of excessive bone on-growth and the risk of 
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infection without the release of toxic elements impairing the self-healing 
process. The idea to modify the surface of an implantable material in order to 
make it not cells-friendly may sound like a paradox, but, as anticipated in the 
first chapter, an excessive tissue on-growth around the implant can bring 
complex difficulties for surgeons during the removal procedures in the case of 
temporary devices [190]. Therefore, massive cells’ colonization should be 

prevented onto such implants to facilitate the work of surgeons; however, taking 
into consideration the short/middle period of direct contact with the tissue, it is 
obvious that tissue on-growth inhibition cannot be achieved by the use of toxic 
compounds which would compromise the healing process.  

On the other side, α-tocopherol phosphate is used to develop a surface with 
antibacterial properties for orthopedic and dental devices. Two different 
strategies of surface grafting, molecular functionalization and thin coating, are 
explored and the divalent Ca2+ ion is exploited for both modes as a linker 
between the surface, rich in deprotonated OH groups, and the αTP molecule, 
which is also negatively charged in solution. This process was designed based 
on past studies by the authors that used Ca2+ to ensure a bond between the above 
surface and gallic acid or polyphenols, which easily release H3O+ ions in 
solution [191].   

Finally, different characterizations were carried out to evaluate the grafting of 
the αTP molecule on the surface by means of different physical/chemical 
techniques such as contact angle, ζ potential, X-ray photoelectron spectroscopy 
(XPS), UV\Vis spectroscopy, FTIR analysis, and Kelvin probe force 
microscopy. The biological characterization was performed by cellular assays 
with human mesenchymal stem cells (hMSC), to evaluate the cytocompatibility, 
whereas the antibacterial activity was assessed by evaluating the ability of the 
coated or functionalized specimens to prevent the surface colonization of the 
pathogen Staphylococcus epidermidis. 

For both works, a chemically treated titanium alloy (Ti6Al4V) substrate has 
been selected because its roughness and surface chemistry are suitable for an 
effective adhesion of the coating and a proper grafting of the molecule. The 
chemically treated substrate is also of interest because it has been demonstrated 
to have low bacterial adhesion and it can contribute to lower the risk of infection 
by a passive strategy (nano-topography, surface enrichment in deprotonated OH 
functional groups). As last, it has bioactive behaviour (precipitation of 
hydroxylapatite from the biological fluids), osseoconductive and osseoinductive 
effects and it can fast osseointegration in the case of permanent implants [27]. 
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2.7 Materials and Method 
 

2.7.1 Surface chemical treatment 
 
 

The substrate selected for the surface modifications is the titanium alloy 
Ti6Al4V (ASTM B348, Gr5, Titanium Consulting and Trading, discs 10mm in 
diameter and 2 mm thickness). All the discs were polished with SiC papers (up 
to 400 grit). To clean the surface, the samples were first immersed in acetone 
for 5 min, then twice in ultrapure Milli-Q (MQ, Millipore) water for 10 min, in 
an ultrasonic bath. In order to expose a high density of hydroxyl groups and to 
increase the roughness for enhanced adhesion of the coating on the substrate, 
the samples underwent a patented chemical treatment [27], [192]. It includes a 
first acid etching in diluted hydrofluoric acid and subsequently controlled re-
oxidation by hydrogen peroxide. Before functionalization, the treated samples 
were UV-C irradiated for 1 hour to reduce water content and carbon 
contamination and to improve the reactivity of hydroxyl groups. From now on, 
the samples treated as above described will be named chemically-treated (CT), 
while the samples polished up to 4000 grit used as control will be named mirror-
polished (Ti64).  

 
2.7.2 α-Tocopherol coating preparation 

 
 

Standard α-tocopherol was purchased from Sigma Aldrich ((+)-α-tocopherol, 
Type V, T3634, Sigma- Aldrich) and exploited for the coating deposition. The 
α-tocopherol was added into  ethanol (≥ 99.9 %) with a concentration of 5mg/ml 
and homogenized by magnetic stirring for 10 min. Each sample, previously 
chemically treated as described above, was immersed in 5 ml of the prepared 
solution for 3 hours in the dark at a constant temperature of 37°C. After 
incubation, the samples were washed 2 times twice in a controlled manner: the 
first time by rapid immersion in 15ml of ethanol and subsequent drying under a 
hood, the second time by immersing the samples in 15ml of MQ water 2 times, 
with subsequent drying under the fume hood  
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a-Tocopherol functionalization 
 
 

In a similar manner, functionalization was also done on CT samples with the 
α- tocopherol molecule. After repeating all the above steps and thus withdrawing 
the samples from the incubator, the samples were immediately washed in 
ethanol 3 times, and consequently dried under hood. However, as discussed in 
section 2.8.2, the samples obtained in this way were not further characterized, 
as this type of functionalization did not reveal any effective surface 
modification. 

 
2.7.3 α-Tocopheryl phosphate grafting preparation 

 
 

First of all, the treated samples were irradiated with UV light for 1 hour. 
Immediately after irradiation, the samples were immersed in a solution of CaCl2 
(0.292 g/L) for 24 hours, minimizing sample contact with the air during the 
transfer, in this way divalent, positive calcium ions interact electrostatically with 
the acidic OH ions in the sample, as shown in Figure 2.7. α-tocopheryl 
phosphate (αTP) ((±)-α-Tocopheryl phosphate disodium salt, T2020, Sigma-
Aldrich, St. Louis, MO, USA) was employed for surface functionalization. For 
the grafting of the molecule, a solution of α-tocopheryl phosphate (αTP) in 
TRIS-HCL with a concentration of 5 mg/mL was prepared by mixing the 
solution on a magnetic stirrer for 10 min, until the molecule was completely 
dissolved. After 24 hours, the samples immersed in the calcium solution were 
dried under a laminar flow hood and then immersed in the prepared αTP solution 

for 3 hours at 37°C. 

 

Figure  2.7 Scheme of possible interaction of Ca2+ ions with titanium surface 
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Coating 
 
 

The coating method involved the following steps. Firstly, the samples taken 
from the solution (see 2.2) were dried for 5 minutes under a laminar flow hood, 
in this way, the molecule can form a continuous layer adhered to the substrate. 
After the layer was dried, the samples were rinsed 3 times in ultrapure water, to 
remove what was not adsorbed. Lastly, samples were dried again under a 
laminar flow hood. The coating method is represented in Figure 2.8 

 
Functionalization 
 
 

The functionalization method involved the following steps. Firstly, the 
samples were taken from the solution (see 2.2) and were immediately rinsed 3 
times in ultrapure water, precisely with the aim of avoiding the formation of a 
coating and allowing the grafting of a molecular layer. Lastly, samples were 
dried under a laminar flow hood. The functionalization method is represented in 
Figure 2.8 

Table 2.4 shows a list of acronym and characterization techniques used in this 
part of the work. 
 

 

 

 Figure  2.8 Process of functionalization and coating with αTP 
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Table 2.4 .Acronyms and relative samples characterization 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Description Acronym Characterization techniques 

Ti64 up 4000 grit Ti64 Contact angle, biological tests. 

Ti64 up 400grit chemically 
treated 

CT DPPH, UV-Vis, Zeta potential, FTIR, 
contact angle, biological tests. 

Ti64 up 400grit chemically 
treated and coated with 
α.tocopherol (αT). 

CT_aT_coating DPPH, UV-Vis, Zeta potential, FTIR, 
contact angle, soaking test, tape test, 
biological tests, immersion in ethanol with 
subsequent UV-Vis spectrophotometry of 
the soaking solution. 

Ti64 up 400grit chemically 
treated and functionalized 
with α.tocopherol (αT). 

CT_aT functionalization ζ potential 

Ti64 up 400grit chemically 
treated and coated with α-
Tocopherol after tape test 

CT_aT_tape FTIR, Optical Microscopy, immersion in 
ethanol with subsequent UV-Vis 
spectrophotometry of the soaking 
solution. 

Ti64 up 400grit chemically 
treated and coated with α-
Tococpheryl phosphate (αTP) 

CT_aTP_coating UV-Vis, Zeta potential, FTIR, contact 
angle, AFM with Kelvin Probe, XPS, 
biological tests. 

Ti64 up 400grit chemically 
treated and functionalized 
with α-Tococpheryl 
phosphate (αTP) 

CT_aTP_fun UV-Vis, Zeta potential, FTIR, contact 
angle, AFM with Kelvin Probe, XPS, 
biological tests. 
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2.7.4 Thickness determination 

 
 

For the determination of coating thickness by means of contact profiler, 
trenches as well defined as possible were inserted into the αT-layer and scanned 
with a Stylus profilometer (Veeco Tektak 150). Care was taken to ensure that 
the trenches extended to the layer-substrate interface. The scan length was 
chosen so that morphological layer changes at the edge of the trench would 
influence the measurement results as little as possible. 

 
2.7.5 ζ potential titration curve 

 
 

The electrokinetic measurement of the zeta potential on solid surfaces is of 
interest to measure the Isoelectric Point (IEP), to evidence the functional group 
exposed by the surface, their chemical acidic-alkaline reactivity, and the coating 
chemical stability at different pH [193]. The surface zeta potential of all samples 
(CT, CT_aT_coating, CT_aTP_fun, and CT_aTP_coating), was measured with 
an electrokinetic analyser (SurPASS, Anton Paar), equipped with an adjustable 
gap cell, by means of the streaming potential technique. Two samples were 
prepared for each type of titration curve (acid and basic) and the ζ potential was 
measured as a function of pH in a 0.001 M KCl electrolyte solution. The pH 
value varied by automatic titration unit, by adding HCl 0.05 M or NaOH 0.05 
M starting from a pH ≈ 5.5. 
 

2.7.6 Fourier – Transformed Infrared spectroscopy 
analysis 

 
 

Fourier Transformed Infrared spectroscopy (FTIR, FTIR Hyperion 2000 - 
Tensor 27, Bruker Optics, Ettlingen, Germany) was performed in ATR mode 
(Attenuated Total Reflectance - FTIR Alpha, Bruker Optics, Ettlingen, 
Germany) for all solid samples (CT, CT_aT_coating, CT_aTP_fun, and 
CT_aTP_coating) using wavelengths between 400 and 4000 cm−1. 
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2.7.7 Contact angle measurements and surface  

free energy calculation 
 
 

Surface wettability was assessed by measuring the contact angle with the 
sessile drop method. After depositing a 10 µl drop on the treated side of the 
sample, the contact angle was measured through Image J software after 
acquiring images by with a microscope (Kruss DSA 100). Measurements were 
performed in triplicate on each type of sample produced (CT, Ti64, 
CT_aT_coating, CT_aTP_fun, and CT_aTP_coating) using different media 
(MQ water, DMEM, and LB). MQ water is the medium used to calculate 
wettability, DMEM and LB (Lysogeny Broth) are media used during cellular 
and bacterial testing, respectively. To calculate the surface free energy (SFE) of 
the solid samples with and without the αT coating, the contact angle was also 
measured with two other solvents: hexadecane (Sigma Aldrich, St. Louis, USA) 
and ethylene glycol (Sigma Aldrich, St. Louis, USA). The surface energy was 
calculated through the Owen-Wendt-Rabel-Kaelble (OWRK) method. The 
experiments were done in triplicate on CT, Ti64, and CT_aT_coating samples 
 

2.7.8 Tape Test 
 
 

To evaluate the adhesion of αT coating film to the substrate, a tape test was 
performed according to the ASTM D 3359 standard [194] on the 
CT_aT_coating sample. A strip of adhesive tape was applied to the coating with 
constant pressure, and after removal, the coating residues were analyzed by 
optical microscopy and FTIR. In order to be able to analyze the degree of 
adhesion, one scratch was made on the coated surface before testing. To quantify 
the remaining α-tocopherol adhered to the surface, the sample was immersed in 
ethanol for 30 minutes to promote coating degradation. Afterward, the solution 
of the degraded coating was analyzed by UV-Vis in the full spectrum (190-750 
nm), the area of the peak at 292 nm was calculated and correlated with the 
concentration of α-tocopherol through a calibration curve (Figure 2.9), 
following the procedure previously described by Hufen Julia 
et al. (2008)[182]. This test was made in triplicate. 
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2.7.9 UV-Vis Spectroscopy 

 
 

All spectrophotometric analyses were performed by means of a UV-Vis 
spectrophotometer (UV2600 Shimadzu). On solid samples (CT, 
CT_aT_coating, CT_aTP_fun, and CT_aTP_coating) reflectance spectroscopy 
(R%) was measured by equipping the spectrophotometer with the integrating 
sphere and registered in the range 190nm-750nm.   
Barium sulphate (BaSO4) was used as a blank for baseline correction.  
 

2.7.10 Kelvin probe force microscopy 
 
 

This is a dual-scan system in which both a topographic image and a surface 
potential image are obtained by a forward scan in tapping mode and a backward 
scan in lift mode applying a bias between the tip and the sample. To achieve this 
type of measurement, the atomic force microscope (Innova atomic force 
microscope, Bruker) was equipped with a conductive tip (Sb-doped Si, 
frequency 75 kHz, SCM-PIT-V2, Bruker). For this analysis, specifically 
samples (CT_aTP_coating and CT_aTP_fun) were prepared as here described. 

Figure  2.9 Calibration curve of UV-Vis method to quantify α- tocopherol adhered on the 

sample surface. 
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The steps described in 2.7.1 were applied, then half of the sample was coated 
with Kapton® and the samples were coated or functionalized according to the 
procedure described in 2.7.3. After complete drying, the Kapton® was removed. 
The samples thus obtained were only half coated or functionalized with a rather 
narrow border with the other half of the sample. The final topography and 
potential images (100x100 μm) were acquired on the boundary between the 
functionalized and nonfunctionalized surface. The scanning parameters (scan 
frequency, lift height, tip-sample bias) were adjusted each time for the best 
results. Gwyddion software[195] was used to elaborate the images: a second-
degree polynomial filter was applied to the topographical images while a 
matching filter was implemented for the potential images.  
 

 
2.7.11 X-ray photoelectron spectroscopy (XPS) 

 
 

To study the chemical composition of the uppermost layer and exposed 
functional groups, CT_aTP_coating, CT_aTP_fun, and CT as a reference were 
analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5000 
VERSAPROBE, PHYSICAL ELECTRONICS). All the analyses were 
conducted using a monochromatic Al Kα source (23.8 W) operated at 20 mA 
and 15 kV and a spot size of 100μm, with an energy resolution below 0.5 eV 
with a step interval of 0.1 eV. Survey spectra were acquired at a pass energy of 
187.6 eV and a total acquisition time of 5 min. Both survey spectra (0-1200 eV), 
for the identification and quantification of chemical elements, and high-
resolution spectra (C, O regions) for the identification of functional groups were 
acquired. The fitting of high resolution spectra was performed through Casa 
XPS software. To ensure compensation for the charge effect, the spectra were 
referenced by setting the C1s peak of hydrocarbons at 284.80 eV 
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2.7.12 Biological Evaluations of αT coating 

 
 

Specimens designed for the biological characterizations were realized by using 
0.22 µm filtered sterile solutions to functionalize all the surfaces of previously 
autoclave-sterilized (121°C) discs. Specimens were stored in sterile conditions 
at room temperature protected from light by aluminium foil until use.  
 

Cells adhesion α-tocopherol coating 
 
 

Human mesenchymal stem cells (hMSC) were selected to test specimen 
cytocompatibility and cells adhesion as cellular model due to their ability to 
migrate to the injured site from driving the healing process; so, they were 
considered as the cells trying to colonize the temporary device. Commercially 
available hMSC (C‐12974 from PromoCell GmbH, Heidelberg, Germany, 

distributed by Merck, Milan, Italy) were maintained in low glucose Dulbecco 
Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 15% 
fetal bovine serum and 1% antibiotics (penicillin/streptomycin) at 37°C, 5% 
CO2. When cell confluence reached 80-90%, the cells were enzymatically 
detached by 0.25% trypsin/EDTA solution (in PBS), collected, and used for 
experiments. Each sample (CT, Ti64, and CT_aT_coating) was gently moved 
into a new 24 multi-well plate by sterile tweezers avoiding any surface damage. 
Then, 100 μL of medium containing 2.5x104 cells/specimen was dropwise 
added directly onto the surface of control (Ti64) and coated (CT_aT_coating) 
specimens and maintained in a humidified incubator for 6 h. Afterward, the 
supernatant was collected for cell number count by means of Trypan blue and 
morphological observation using an optical digital microscope (EvosFloid, from 
ThermoFisher Scientific). Moreover, detached cells were seeded into a new 96 
wells plate and after 24 hours their morphology and viability were visually 
checked by the fluorescent live/dead assay (LIVE/DEAD™ 

Viability/Cytotoxicity Kit from ThermoFisher Scientific) using a fluorescence 
microscope (TCS SP8 LIGHTNING confocal laser scanning microscope, Leica 
Microsystems, Wetzlar, Germany). After cells withdrawal, specimens were 
rinsed with 1 ml of fresh medium and incubated at 37°C; After one day, the 
metabolic activity of the cells adhered to the specimens’ surface was further 

evaluated by the metabolic colorimetric Alamar blue assay (AlamarBlue®, 
ready-to-use solution, ThermoFisher Scientific) following Manufacturer’s 
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instructions. The signals were evaluated by an excitation wavelength of 570 nm 
and an emission reading of 590 nm; The results were expressed in relative 
fluorescent units (RFU). The applied method is shown and schematized in 
Figure 2.10 

 
Biofilm adhesion on α-tocopherol coating 
 

The Gram-positive Staphylococcus aureus (S. aureus, ATCC 43300) and the 
Gram-negative Escherichia coli (E. coli, ATCC 25922) strains were purchased 
from the American Type Culture Collection (ATCC, Manassas, USA) and used 
to test α-tocopherol antibacterial properties towards joint pathogens. Bacteria 
were cultivated on Trypticase Soy Agar (TSA, Sigma-Aldrich, Milan, Italy) 
plates and incubated at 37°C until round single colonies were formed; then, 2–

3 colonies were collected and spotted into 30 ml of fresh Luria Bertani broth 
(LB, Sigma-Aldrich). Broth cultures were incubated overnight at 37°C under 
agitation (120 rpm in an orbital shaker). A fresh culture was prepared before 
each experiment; bacteria concentration was adjusted to 1x105 cells/ml by 
diluting in fresh media until the optical density of 0.001 at 600 nm was reached 
as determined by a spectrophotometer (Spark, from Tecan Trading AG, Basel, 
CH) using pure LB medium as blank. Each sample (CT, Ti64, and 
CT_aT_coating) was gently moved into a new 24 multi-well plate by sterile 
tweezers avoiding any surface damage. Then, 100 μL of medium containing 

1x105 bacteria/specimen was drop wised directly onto the materials’ surface and 

maintained in a humidified incubator for 2 h, allowing bacteria adhesion. 
Afterward, the supernatant was collected for the bacteria number count by 
means of the CFU assay while bacteria viability was visually checked by the 
fluorescent live/dead assay using a fluorescent fluorescence microscope. After 
cells withdrawal, specimens were rinsed with 1ml of fresh medium and 
incubated at 37°C; After one day, the metabolic activity of the cells adhered to 

 Figure  2.10 Schematic representation of the cell adhesion experimental 

set up 
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the specimens’ surface was evaluated by the colorimetric Alamar blue assay. 
The applied method is shown and schematized in Figure 2.11.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.11 Schematic representation of the biofilm adhesion 

experimental set up 
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2.7.13 Biological Evaluations of αTP grafting 
 

Cytocompatibility evaluation of α-tocopheryl phosphate 
 
 

Specimens’ cytocompatibility was evaluated towards human mesenchymal 
stem cells (hMSC). Cells were obtained from ATCC (PromoCell C-12974) and 
cultivated in low-glucose DMEM (Sigma-Aldrich) supplemented with 15% 
fetal bovine serum (FBS, Sigma-Aldrich) and 1% antibiotics at 37°C, 5% CO2 
atmosphere. Cells were cultivated until 80%–90% confluence, detached by a 
trypsin-EDTA solution (0.25% in PBS), harvested, and used for experiments. 
To test specimens’ ability to support cells’ colonization, hMSC were directly 

seeded onto specimens' surface (CT, Ti64, CT_aTP_fun, and CT_aTP_coating) 
at a defined density (2 × 104 cells/sample) and cultivated for 24-48-72 hs 
allowing adhesion and spreading 

. Then, the viability of the cells was evaluated by means of metabolic activity 
using the colorimetric Alamar blue assay as prior described: moreover, the 
morphology of the cells adhered to the specimens’ surface was visually checked 

by phalloidin (ab176759, AbCam, Cambridge, UK) and 4′,6-diamidino-2-
phenylindole (DAPI Sigma-Aldrich, Milan, Italy) cytoskeleton and nuclei 
staining, respectively. Images were obtained by a fluorescent confocal 
microscope (TCS SP8 LIGHTNING confocal laser scanning microscope from 
Leica). 
 

Antibacterial evaluation of α-tocopheryl phosphate 
 
 

A commercial strain of the biofilm former pathogen Staphylococcus 
epidermidis (S. epidermidis, reference strain ATCC 14990) was obtained by the 
American Type Culture Collection (ATCC, Manassas, USA) and cultivated in 
Trypticase Soy Agar (TSA, Merck) at 37°C until round single colonies were 
observed; then, 2-3 colonies were resuspended in 20 ml of Luria Bertani broth 
(LB, Merck) at 37°C under agitation (90 rpm) till reaching a final concentration 
of 1x105 cells ml−1, corresponding to an optical density (OD) of 0.001 at 600 
nm determined by spectrophotometer (Spark, Tecan, Switzerland).   
To perform the direct infection, specimens (CT, Ti64, CT_aTP_fun, and 
CT_aTP_coating) were gently located into 24 multiwell plates and submerged 
with 1 ml of the above-mentioned bacteria suspension for 24 hours at 37°C; 
afterward, bacteria metabolic activity was evaluated by the colorimetric Alamar 
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blue assay (AlamarBlue™, Life Technologies) whereas the number of the viable 

colonies adhered to the specimens’ surface was counted by the CFU method. 
Briefly, the ready‐to‐use Alamar solution was added to each well containing the 

test specimen and incubated for 4 hours in the dark; then supernatants were 
collected and measured via fluorimetric analysis (λex = 570 nm and λem = 590 
nm). For CFU count bacteria were detached from specimens’ surface by vortex 

and sonicator (3 times each, 30 seconds) to perform six‐serial 10‐fold dilutions 

as previously described by the Authors [65]; the final number of CFU was 
calculated as follows: 
CFU=[(number of colonies x dilution factor)serial dilution]  
Finally, bacteria morphology was visually checked by scanning electron 
microscopy (SEM, JSM-IT510 from Jeol). Briefly, after fixation in 
glutaraldehyde (20 min, room temperature) specimens were dehydrated by the 
alcohol scale (70-90-100%, 30 min each), treated with hexamethyldisilazane 
and cover-sputtered with gold before collecting images at different 
magnifications. 
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2.7.14 Anti-inflammatory evaluation of   
α-tocopherol  

 
Soaking test 

 
 

Eight α-tocopherol coated samples were assayed by a soaking test for 4 weeks. 
Four samples were immersed in 10 ml of phosphate-buffered saline (PBS, pH 
7.4), and the other four were immersed in 10 ml of a solution of PBS with H2O2 
0.05 M adjusted with HCl reaching a final pH of 4.5. The first test is aimed at 
mimicking a physiological environment, while the second one simulates a 
pathological pro-inflammatory condition. Each sample was soaked in its 
respective solution for 28 days at 37 °C protected from light. Soaking solutions 
were replaced after different time points (1, 7, 14, and 28 days) and analysed by 
F&C test and DPPH assay. After 28 days, the solid samples were extracted and 
characterized as indicated in table 2.5 through UV-VIS spectroscopy, FTIR, 
spectrophotometric assays, as indicated in Table 2.5 Samples soaked in PBS 
solution are called CT_aT_PBS, and samples soaked in PBS+H2O2 solution are 
called CT_aT_H2O2. 
 

Table 2.5 Acronyms and relative samples characterization for inflammatory evaluation. 

Description Acronym Characterization techniques 

Ti64 up 4000 grit Ti64 Biological tests. 

Ti64 up 400grit chemically treated CT DPPH, FTIR, biological tests. 

Ti64 up 400grit chemically treated 

and coated with α-tocopherol  

CT_aT_coating DPPH, UV-VIS, soaking test, biological tets. 

Ti64 up 400grit chemically treated 

and coated with α-tocopherol after 

soaking test in physiological 

conditions 

CT_aT_PBS DPPH, FTIR, UV-VIS 

Ti64 up 400grit chemically treated 

and coated with α-tocopherol after 

soaking test in inflammatory 

conditions 

CT_aT_H2O2 DPPH, FTIR, UV-VIS 

 
 



 
 
 

Chapter 2 : Vitamin E 
 

 

83 

 

 
Folin&Ciocalteu Test  
 
 

The Folin Ciocalteu (F&C) reaction is an antioxidant assay based on electron 
transfer, which measures the reductive capacity of an antioxidant. The Folin-
Ciocâlteu reagents, formed by tungsten and molibden, are reduced to oxidation 
numbers +4 and +5, forming a blue chromophore whose absorption maximum 
depends on the concentration of phenolic compounds, detectable with a 
spectrophotometer at 760 nm. This method works correctly with water-soluble 
cambions, thus capable of reacting with the reagents. To overcome problems 
due to the lipophilic nature of α-tocopherol, assay was performed following a 
modified method for measuring lipophilic antioxidant molecules [177], after the 
soaking test. α-tocopherol concentration in the soaking solution was estimated 
after incubation at room temperature for 30 min. The absorbance was evaluated 
at 665 nm wavelength through UV-Vis spectroscopy (UV2600 Shimadzu). Pure 
ethanol was used as a blank. 
 

Radical Scavenging Activity (RSA) through DPPH Test 
 
 

The DPPH test allows measuring the reducing activity of antioxidant 
molecules against the DPPH radical. DPPH is a radical that when free is purple 
and when it binds to an antioxidant, it discolours (Figure 2.12). The 2,2 
diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma Aldrich (D9132-
1G) and used to measure the radical scavenging activity of tocopherol following 
manufacturer’s instructions as previously described and explained as follow. 
[6]-[8]. DPPH was added to the ethanol solution with a concentration of 60 
µg/ml, then diluted till an absorbance of approximately 1 at 515 nm wavelength. 
In triplicate, each sample (CT, CT_aT_coating, CT_aT_PBS, CT_aT_H2O2) 
was immersed in 3 ml of the prepared DPPH solution. Uncoated samples (CT) 
were used as controls. After 30 min under dark conditions at room temperature, 
the absorbance of the supernatants was recorded at 515 nm using a UV-vis 
spectrophotometer, against pure ethanol, used as a blank. The anti-oxidant 
activity was calculated using the following formula: 
 

𝐑𝐒𝐀 (%) =
Abs.  of Blank − Abs.  of Sample

Abs. of Blank 
× 100 

 
To test the antioxidant properties of the soaking solution, the same procedure 
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was followed by mixing 1 ml of each sample solution with 2 ml of the DPPH 
solution as previously detailed. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.12 DPPH colour, PURPLE: RSA = 0% 
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Biological Evaluations of anti-inflammatory response 

 
3D Cell culture on titanium discs 
 

Human mesenchymal stem cells (hMSC, Promo Cell C-12974 from Merck) 
were maintained in Dulbecco’s modified Eagle’s medium Low Glucose 

(DMEM, Euroclone), supplemented with 15% fetal bovine serum (FBS, 
Euroclone), 2 mM L-glutamine (Sigma-Aldrich), 1% penicillin/streptomycin 
(Sigma Aldrich), and cultured at 37°C in a humidified incubator with 5% CO2. 
Titanium discs were placed into wells of 24-well cell culture plates in sterile 
conditions, and hMSC with a final density of 500.000 cells/ml of PureCol™ EZ 

Gel (Sigma Aldrich) ready-to-use collagen were seeded into each well, fully 
immersing titanium specimens. Plates were placed in the incubator for 2 hours, 
allowing collagen sol-gel transition, and then an additional aliquot of 200 µl of 
culture medium was added on top of the gel. After 24 hours, a typical spindle-
shape of hMSC was observed and cells were treated with pro-inflammatory 
agents: TNFα/IL-1β 10 µg/ml (each) and IFNγ 20 ng/ml for 24 hours. Then, 

cells were recovered from gel using collagenase type I (Sigma Aldrich; 4 mg/ml) 
and total RNA was extracted for further analysis. 
 
RT-qPCR 
 

Trizol reagent (Invitrogen) was used to isolate total RNA, as indicated by the 
supplier. The ExcelRT™ Reverse Transcription Kit (SMOBIO) was used to 
synthesize cDNA from 2 mg of total RNA, following the manufacturer’s 

instructions. Quantitative PCR (qPCR) reactions were performed by using the 
Excel-Taq FAST qPCR SybrGreen and a CFX96 thermocycler (Bio-Rad). 
Primer sequences were designed by using the online IDT PrimerQuest Tool 
software (IDT; https://eu.idtdna.com/pages), and sequences are reported below 
(Table 2.6). L34 was used as internal control, and the comparative Ct method 
(ΔΔCt) was used for the relative quantification of gene expression. 
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Table 2.6 Primer sequences 

IL1β AAGGCGGCCAGGATATAA/GGGATT
GAGTCCACATTCAG 

COX2 GCCTGGTCTGATGATG/TTAGCCTGG
TTGTCTGG 

TGFβ1 GACATCAACGGGTTCACTAC/GTGGA
GAAGCAATAGTT 

IDO CTTGGAGAAAGCCCTTCAA/CCTTTC
CAGCCAGACAAATA 

PGE2 TCTGGCGTCCTTTGACTA/TTGAGTC
GCTTGCTGATG 

IL6 CCCAGGAGATTCCAAAG/ATGCCGTC
GAGGATGTA 

ATF4 CCCGGAGAAGGCATCCTC/GTGGCC
AAGCACTTCAAACC 

ATF6 TTTGCTGTCTCAGCCTACTGTGGT/TC
CATTCACTGGGCTATTCGCTGA 

XBP1 AGAGAAAACTCATGGCCTTGTAGTT
G/CATTCCCCTTGGCTTCCG 

L34 GTCCCCGAACCCTGGTAATAGA/GGC
CCTGCTGACATGTTTCTT 
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Evaluation of the immune response by flow cytometry 
 

To evaluate the immune-biocompatibility of the Vitamin E-coated discs, fresh 
peripheral blood mononuclear cells (PBMCs) from six healthy donors were 
seeded at a concentration of 1x106 cells/well onto sterile specimens, in a 48-well 
plate, for 72 hours, keeping the polished side upwards. Before staining, media 
was removed, and cells were washed with PBS-EDTA 0.5M. Subsequently, 
cells were stained with a viability dye (BD Horizon™ Fixable Viability Stain 

780) to distinguish live and dead cells and then 100 μL of BD Pharmingen™ 

Human BD Fc Block™ solution was added to block the non-specific binding of 
the immunoglobulin to Fc receptors. PBMCs were stained with the following 
antibodies: monoclonal anti-CD45 – BUV395 human antibody (mAb) (Cat: 
563792; leucocytes), anti-CD3 – BUV 496 mAb (Cat: 612940; T cells), anti-
CD4 – BUV737 mAb (Cat: 612748; T helper cells), anti-CD8 – BUV805 mAb 
(Cat: 612889; cytotoxic T cells) anti-CD45RA – BUV563 (Cat: 612926) and 
anti-CD197 – BV711 mAbs (Cat: 566602; naïve, central memory (CM), effector 
memory cells (EM), and terminally differentiated EM cells), anti-CD25 – APC- 
R700 (Cat: 565106) and anti-CD127 – BV786 mAbs (Cat: 563324; regulatory 
T cells, Tregs), anti-CD183 – APC (Cat: 550967), anti-CD194 – PE-CF594 
(Cat: 565391) and anti-CD196 – BV480 mAbs (Cat: 566130; Th1, Th2, and 
Th17). All reagents were purchased from BD Biosciences. The samples were 
acquired using FACSymphony™ A5 (BD Biosciences) flow cytometer and data 

were analysed using BD FACSDIVA™ software (BD Biosciences). Data were 

further analysed using Prism software (GraphPad, Version 9.0.0) and are shown 
as average ± SEM. (n=6). Ordinary One-way ANOVA or Kruskal-Wallis 
multiple comparisons test was used; *=p<0.05.x 
 

2.7.15 Statistical analysis of data 
 
 

Experiments were performed in triplicates of each specimen for all the 
presented applied assays. The physico-chemical analysis statistical analyses 
were performed by one-way ANOVA, with a significance level of p < 0.05. For 
biological evaluations, normal distribution and homoscedasticity were tested 
with Wilk‐Shapiro’s and Levene’s tests, respectively. Samples were statistically 

compared by the SPSS software (v25, IBM, New York, NY, USA) using the 
one‐way ANOVA test and Tukey’s post‐hoc analysis. Results were considered 

significant for p < 0.05. 
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2.8 Results 
 

2.8.1 Surface samples: 
 
 
  The surface obtained by chemical treatment is a surface with a micro-
nanoporous oxide layer about 300 nm thick, increased roughness compared to 
the polished one (Ra = 0.25 µm), and a high density of acidic -OH groups 
exposed on the surface (Figure 2.13). The resulting surface has osteogenic and 
bioactive properties [27] and is suitable for effective adhesion coatings and 
proper grafting of biomolecules.  

 
Figure 2.14. shows the surface of the CT samples as seen by FE-SEM. 

Figure  2.13 Scheme of CT surface 

Figure  2.14 FE-SEM images of CT (a) 60k X magnitude (b) 150k X magnitude 
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2.8.2 Thickness determination 

 
 

The thickness of the obtained αT coating measured with the stylus 
profilometer was found to be 1.7 μm. Accordingly, the coating can be 

classified as a thin film on a micrometric scale. 
 

2.8.3 Zeta potential titration curves: 
 

 
The titration curves of the CT, coated (CT, CT_aT_coating, CT_aTP_coating), 

and functionalized samples (CT_aTP_fun) with α-tocopherol or α-tocopheryl 
phosphate are shown in Figure 2.15. 
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Figure  2.15 Zeta potential vs pH for CT, CT_aTP_coating, CT_aTP_fun, CT_aT_coating and CT_a T 

functionalization 
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The figure 2.15 shows the CT_aT functionalization curve representing a 
sample on which functionalization with α-tocopherol was performed instead of 
coating. As can be seen, the curve remains identical to the control CT curve 
(with a difference of less than 10 mV representing the instrument's sensitivity). 
This indicates that αT is not present on the sample surface, and the 

functionalization of the αT molecule does not lead to an effective surface 
modification.  

Therefore, from now on, The surface modification chosen with the αT 
molecule is a surface coating, which will be characterized in detail below.  

 
Instead, the difference between the substrate (CT) and the others modified 

surfaces was evident: or an IEP significantly different from CT was registered 
(CT_aT_coat) or the shape of the curve was different (CT_aTP_coating, 
CT_aTP_fun). 
Although the isoelectric point value (IEP) was not always measured, due to 
measurement limitations, it is derived by extrapolation to be in the range of pH 
2-3 for the CT and aTP coated and functionalized samples (CT_aTP_coating, 
CT-aTP_fun). It was due to the presence of functional groups with a strong 
acidic chemical reactivity: these acidic groups can be differently explained as 
discussed in the following.  
In agreement with the measured IEPs, two curves (CT, CT-aTP_coating) 
exhibited a well-defined plateau for pH values above 5.5, indicating that the 
acidic groups had a specific acidic strength and completely dissociated above 
pH 5.5. In the case of CT, the acidic functional groups were bridged hydroxyls 
of the titanium oxide layer [196]. In the case of CT-aTP coating, the plateau 
values of the ζ potential were significantly lower than they were on CT. This 
effect can be justified by the exposure of negatively charged phosphate groups 
on the surface. The value of pKa reported in the literature for the complete 
deprotonation (from -HPO4

- to -PO4
2-) of the phosphate group of tocopheryl 

phosphate is around 6 [197]. The obtained curve of CT_aTP_coating basically 
agrees with the literature, even if the pKa seems to be shifted to around 5 
(according to the onset of the plateau). A partial exposition of OH groups of the 
substrate (CT) could be supposed at this stage, but it will be excluded 
considering the measured thickness of the coating (see paragraph 2.8.2). 

Both CT and CT_aTP_coating showed high wettability. In fact, water, being 
strongly adsorbed by hydrophilic surfaces, hardly detached from it, making slow 
the replacement by OH groups from the solution even if pH is increasing. As a 
result of this process, the ζ potential slightly changed by changing the pH of the 
solution, above pH 5.5, because the functional groups of the surface did not 
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change their chemical state and no ions were adsorbed from the solution.  
The curve obtained on CT_aT_coating was significatively different from that of 
CT, confirming the presence of the coating, but the acidic behaviour was also 
different from the surfaces containing aTP. Indeed, there was a shift of the IEP 
up to 3.6, slightly lower than 4, suggesting that there were only very weak, even 
if still acidic, groups exposed on the α-tocopherol coated surface. In fact, an IEP 
of 4 is expected for a surface without acidic/basic functional groups (or with a 
balance between them). This agrees with the chemical behaviour of the -OH 
groups of α-tocopherol. Indeed, α-tocopherol acts as a very weak acid (pKa = 
10.8) and in an aqueous medium, it exists mainly in the non-ionized form. It is 
of relevance to know from the IEP that these weak functional groups are exposed 
on the coated surface because of their role in the antioxidant activity of α-
tocopherol.  

Looking at CT_aT_coating and CT_aTP_fun, it is clear that the zeta potential 
of the two samples was highly sensitive to pH (high slope of the curves) which 
is a typical behaviour of hydrophobic surfaces: water is easily substituted by 
hydroxyl or hydronium ions by changing the pH of the solution. In the case of 
CT_aT_coating, αT is expected to be a hydrophobic molecule. In the case of 
CT_aTP_fun, the steep slope of the curve evidenced that the hydrocarbon 
(phytyl) tail of the molecule was mainly exposed outwards. The absence of the 
plateau in the basic region can be explained by the lack of negatively charged 
phosphate groups exposed on this surface by αTP and by a complete covering 
of the CT substrate and its acidic OH groups. An electrostatic attraction between 
the phosphate group of αTP and the CT surface can be explained by supposing 
a linker action by the Ca2+ ions used during the functionalization (see the 
following). An ordered grafting of the αTP molecule can be supposed to 
occurred on CT_aTP_fun. 
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For αTP samples, the ζ potential electrokinetic measurement was also 
performed at constant pH to analyze surface changes in time (98 minutes) in 
different environments and verify the stability of the grafting (Figure 2.16). 
Particularly, two acid pH values (3.1 and 4.5) which correspond to the acidosis 
condition that stresses the cells during inflammation processes were tested. The 
ζ potential of the functionalized and coated CT samples is rather constant, taking 
also in view of the fact that a variation of 10 mV between measurements can be 
considered negligible. There is also a correspondence in the values of the ζ 
potential between the measurements made at variable pH (the titration curves 
before reported) and these ones. The ζ potential measured at physiological pH 
of 7.4, is constant too but, unlike the other two, deviates significantly from the 
values obtained at variable pH (-55/-60 mV vs. -80/- 85 mV). In conclusion, it 
can be affirmed that all procedures lead to a stable grafting of the αTP 
biomolecule both at physiological and inflammatory conditions.  
 

Figure  2.16 Zeta potential at pH costant over 98 min: (a) pH 3 (b) pH 4,5 (c) pH 7,4 
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2.8.4 Fourier – Transformed Infrared 
 spectroscopy analysis  

 
 

 
Figure  2.17 FTIR analysis of CT, CT_aT_coating, CT_aTP_coating, CT_aTP_fun, liquid αTP, and liquid αT 
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FTIR-ATR spectroscopy was used to confirm the presence of the molecules 
on the modified surfaces and to identify the exposed functional groups on the 
coated and functionalized surfaces. FTIR analyses were performed on a drop of 
a solution of αTP, αT, and a CT sample, as controls, and on the functionalized 

or coated samples (CT_aTP_fun, CT_aT_coating, CT_aTP_coating), 
respectively. The αTP and αT spectra are useful for identifying the molecular 

groups typical of these molecules. The spectra obtained are shown in Figure 
2.17. 

Having the two molecules in question (αTP and αT) common functional 
groups, peaks at 2924 and 2866 cm-1 attributed to the asymmetrical and 
symmetrical stretching vibrations of -CH3- and -CH2- in the long alkyl chain of 
the molecule [198], were clearly visible in all samples evidencing that the used 
procedures of surface modification were successful. These signals are stronger 
on CT_aT_coating than on the other samples. Other peaks that were present in 
both molecules are at 1459 and 1376 cm-1, associated with the phenyl skeletal 
and CH bending, respectively [199]. These peaks were clearly visible on the 
CT_aTP_coating and CT_aT_coating samples, while on the functionalized one 
(CT_aTP_fun) they were not clearly visible, probably due to the sensitivity of 
the instrument. CT_aTP_coating had the highest and most defined peaks 
evidencing the highest amount of the molecule on the surface, compared with 
CT_aTP_fun. 

For the samples modified with aTP, the peak at 1252 cm-1 was attributed to the 
alkyl CH vibration [200]. This peak was clearly visible in both samples 
(CT_aTP_coating and CT_aTP_fun), confirming the presence of the long side 
chain of the molecule. The peak typical of αTP, which makes the difference with 
α-tocopherol, is the one at 1093 cm-1 attributed to the phosphate group, 
specifically the stretching band of -PO4

2- [201]. This peak turned out to be 
slightly shifted on both the samples, probably due to the formation of a complex 
with Ca2+ ions which were adsorbed on the surface before the grafting of αTP.  
On the other hand, in addition to the peaks already mentioned regarding the αT 
molecule, others can be found on the coated samples: 1222 cm-1 and 1154 cm-1 
attributed to the -CO stretching of the phenol group, and 1080 cm-1 for the 
phenyl bending [199], [202], [203]. This led us to conclude that the spectrum of 
the coated αT sample, (CT_aTP_coating) clearly shows the presence of 
characteristic peaks of α-tocopherol. 
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2.8.5 Contact angle measurements and surface 

free energy 
 
 

Considering the relevance of the wettability of a biomaterial for the biological 
response (protein adsorption, cells, and bacteria adhesion), contact angle 
measurements were performed in aqueous media both without (water) and with 
proteins and organic compounds (DMEM, LB). The graph showing the mean 
contact angle values, with their standard deviations, is reported in Figure 2.18 
The liquid media used for the measure were water, DMEM (used for the cellular 
analysis), and LB (used for the bacterial analysis), respectively.   

As expected, the wettability of the chemically treated titanium sample (CT) 
was significantly higher than that of the polished titanium alloy (Ti64) for all 
liquid media used (p < 0.05), as a consequence of the exposure of hydrophilic -
OH groups on the titanium oxide layer [27]. Regarding surfaces with αTP, the 
functionalized sample (CT_aTP_fun) had the highest contact angle compared to 
the coated ones (CT_aTP_coating, CT_aT_coating) (p<0,05). This can be 
explained by assuming that, in the functionalized sample, the αTP molecules 
used the phosphate group (-PO4

2-) to create a bonding with the previous 
adsorbed Ca2+ ions, thereby exposing outwards the long hydrophobic alkyl 
chain, in agreement with the previous data (zeta potential titration curves). On 
the other hand, the wettability of the αTP coated samples (CT_aTP_coating) is 
not significantly different from that of the CT sample (p>0.05), in agreement 
with the exposition of the hydrophilic phosphate group. Coated sample with α-
tocopherol had significantly higher contact angles (p < 0.05) compared to the 
chemically treated (CT), polished (Ti64), and αTP coated (CT_aTP_coating) 
samples, due to the presence of the hydrophobic  α-tocopherol which is adsorbed 
on the surface. The contact angles did not significantly change by varying the 
liquid medium in the case of CT or Ti64 (p > 0.05), while they change (p < 0.05) 
for all the modified samples (CT_aT_coating, CT_aTP_coating, and 
CT_aTP_fun), which showed slightly higher wettability if the liquid medium 
used was DMEM or LB with respect to water. This agrees with the presence of 
an organic compound on the modified surfaces. 
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Regarding the coating with α-tocopherol, a deeper investigation was 
performed by using hexadecane as a testing liquid medium; Ti64 and CT were 
used as references. The obtained results can be discussed on the basis of the 
surface energy (γ) of the different surfaces and liquid media. Figure 2.19 shows 
the surface energy of polished Ti64, CT, and CT_aT_coating samples. The 
surface energy (γ) of polished Ti alloy (Ti64) was 56 mN/m, it increased up to 
73 mN/m after the chemical treatment (CT) and decreased to 39 mN/m after 
coating with α-tocopherol. Therefore, the coating had surface tension similar to 
some common polymers such as PVC, but lower than polystyrene commonly 
used for cells (44mN/m) or bacteria (46 mN/m) cultures. Polymers classified as 
surfaces with extremely low surface tension, such as fluoride thermoplastics, 
have surface tension in the range of 5-30 mN/m. This result is important for α-
tocopherol coating because a general rule is often reported [204] about a 
threshold between the adhesive and not adhesive surfaces at the critical surface 
tension of 40 mN/m (aqueous contact angle around 60°), whereby surfaces with 
lower surface tension are not adhesive: it is interesting to note that the α-
tocopherol coating is close to this threshold. Even if such a detailed investigation 

Figure  2.18 Contact angles measured by using water, DMEM, and LB on Ti64, CT, 
CT_aT_coating, CT_aTP_fun, and CT_aTP_coating. When the same symbol is 
reported on two columns it means that no statistically significant difference was 
registered. 
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was not performed on the other samples (CT_aTP_fun and CT_aTP_coating) 
and their values of surface energy are not exactly known, the contact angles with 
water are clearly lower than 60° for CT and CT_aTP_coating and larger for CT-
aTP_fun: these results will be of interest for the discussion of the biological 
response of these surfaces. 

The obtained values of surface energy can be used to discuss the contact angles 
obtained by using LB and DMEM. Higher wettability is expected by increasing 
the surface energy of a solid and decreasing the surface tension of the liquid. LB 
has a lower surface tension (57-60 mN/m) than DMEM (70 mN/m2) and water 
(73 mN/m2). According to this rule, the observed decreasing trend of wettability 
moving from CT to Ti64 and, finally, to CT_aT_coating was explainable; 
analogously, the slightly higher wettability of all the modified surfaces by LB 
can be explained. However, it is not easy to explain why the modified surfaces 
had higher wettability by DMEM than by water. Considering the complex 
formulation of the media for biological tests, it is not surprising that surface 
tension is not the unique key factor.  

Another interesting factor is the distribution of dispersive and polar surface 
energy depending on the sample: on CT, it is clear that the polar surface tension 
was increased as the surface was enriched with acidic and polar OH groups after 
the chemical treatment. On the other hand, the dispersive energy increased after 
coating with α-tocopherol because of the presence of the long organic chain 
covering the surface. 
 

 
Figure  2.19 Surface Energy of CT_aT_coating, Ti64, and CT 
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2.8.6 Tape test 

 
 

This test is useful to evidence the mechanical adhesion of the coating to the 
substrate; it is of relevance considering the mechanical stress and friction 
applied to a bone implant during surgery. Considering that it is not easy to mimic 
the friction applied during the surgery, this test has been considered the worst 
case. Since it was not possible to visualize the coating at the optical microscope, 
as foreseen by the protocol of the tape test to calculate the degree of adhesion of 
the coating to the substrate, other methods of analysis were used here.  

Figure 2.20 shows the FTIR analysis of the as-prepared CT_aT_coating 
sample, as well as of the sample after the tape test (CT_aT_tape). This sample 
was selected for this test considering that FTIR and UV-Vis analyses evidenced 
a thicker coating on it. The comparison revealed that, as expected, the test 
induced a partial removal of the coating, but part of the α-tocopherol remained 
adherent to the surface as the principal absorption peaks of the molecule 
(corresponding to the CH stretch) were observable on CT_aT_tape (2924 cm-1 
and 2866 cm-1). Different areas with a different appearance at a visual glance 
(as reported in the insets of Figure 2.20) were analysed, obtaining a similar FTIR 
spectrum. It can be concluded that a layer of the coating was still present on the 
surface after the tape test even if it was randomly partially removed. 
 

Figure  2.20 FTIR Analysis of CT, CT_aT_tape, and CT_aT_coating samples 
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To get a quantitative idea of the amount of the coating lost during the test, the 
coatings of CT_aT_coating and CT_aT_tape were dissolved in ethanol, and the 
solutions were analysed by UV-Vis as described in the Materials and Methods 
section. Table 2.7 shows the obtained values: the percentage of the coating 
remaining on the surface after the tape test was around 24%. 
 

Table 2.7 Calculated values of α-tocopherol in the coating of the samples before and after the tape test 

 
 

 
 

2.8.7 UV-VIS Spectroscopy 
 
 
The UV-Vis spectra of CT, CT_aT_coating, CT_aTP_coating, and CT_aTP_fun are 
shown in Figure 2.21. The CT sample had a spectrum with clear interference ripples, 
due to the transparent titanium oxide layer that was created on the surface by the 
chemical treatment: multiple reflections occurred at the interface between the 
transparent surface layer and the metal. The characteristics of the surface titanium oxide 
layer of CT have been reported elsewhere [205]. 
All three curves show an upward trend, probably caused by the absorption of UV light 
by titanium dioxide (TiO2) [206]. 
The coated samples (CT_aTP_coating and CT_aT_coating) exhibited less pronounced 
and less extensive ripples, indicating the presence of a continuous coating masking the 
titanium transparent oxide layer. It was clear that the CT_aT_coating curve was flatter 
than the CT_aTP_coating curve, suggesting that α-tocopherol created a thicker coating 
than αTP on the CT surface. The spectrum of the functionalized sample (CT_aTP_fun) 
still showed rather pronounced ripples suggesting that the oxide layer had been only 
partially masked.  
For all the curves, there was a flattening of the spectra of the functionalized and coated 
samples in the region between 250-300 nm, that is the region where the peak absorbance 
of αTP and α-tocopherol occurs [184]: it is most evident for the coated 
(CT_aTP_coating and CT_aT_coating) samples, confirming the presence of a thicker 
masking coating. 
 
 

 
Peak Area C  (mg/mL) αT in the 

coating 
(mg) 

CT_aT_coating 2.33±0.5 0.0221±0.013 0.221±0.13 

CT_aT_tape 0.55±0.08 0.0052±0.001 0.052±0.01 
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Figure  2.21 Reflectance spectra for CT, CT_aT_coating. CT_aTP_fun, and CT_aTP_coating 
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2.8.8 Kelvin probe force microscopy 
 
 
An investigation of the distribution of αTP on CT_aTP_fun and 
CT_aTP_coating was performed to clarify if it was continuous or not. 
CT_aT_coating was not investigated by this technique because it was already 
clear from previous analyses (zeta potential titration curves and UV-Vis) that it 
was a continuous coating completely covering the CT substrate. The use of AFM 
equipped with a Kelvin probe allowed us to image the presence of the αTP 
molecule on the surface of the samples by measuring the electrical potential 
difference on the border between a chemically treated area and a functionalized 
or coated one on the same sample (Figure 2.22 a-d). Figure 2.22 shows the 
macro-optical image of a partially coated sample used for this analysis. Figures 
2.22b and d show the electric potential of the surface as a 3D image and its 
absolute value along a horizontal line, respectively. The electric potential 
difference between the two areas was about 60 mV, with the coating having a 
lower potential, as expected. The electric potential was homogeneous on the 
coated area and this result confirmed the presence of a continuous layer of αTP 
on the surface of CT_aTP_coating. Despite the high electric potential difference 
and the coating visible to the naked eye, there is no difference between the two 
halves in the AFM image of the topography, as shown in Figure 2.22c, which 
means that the micro- and nano-textures of the CT surface were not covered by 
the coating. This observation is important if the osteogenic properties of the 
surface are to be preserved.  
 



 
 
 

Chapter 2 : Vitamin E 
 

 

102 

 

 

 
Figure 2.23 shows the same images and data in the case of a partially functionalized 

sample. In this case, the border between the two areas of the sample was not as sharp 
as it was previously, and it is justifiable considering that a molecular layer of the grafted 
molecule was expected; a different enlargement has been consequently used for better 
visualization. Also, in this case, the functionalized surface appeared with a uniform 
electric potential. The electric potential difference between the functionalized and 
chemically treated areas was about 40 mV, 20 mV less than in the previous case, which 
can be considered a significant result in terms of the different amounts of αTP 

molecules on the two surfaces. Moreover, as Figures 2.23 a and c show, the difference 
between the two halves was not visible to the naked eye and by AFM topography 
imaging. It can be concluded that a thinner layer of the αTP molecule is grafted on the 

functionalized samples than on the coated ones, but, in both cases, the grafted molecule 
formed a continuous layer, and micro-and nano-topography of the surfaces (due to the 
chemical treatment) was preserved. 

Figure  2.22 AFM and Kelvin Probe measurements on a partially aTP coated CT sample: (a) 
macro-optical image of the sample. (b) Image of electric potential of the sample, measured at the 
border between the coated and un-coated parts. (c) Topography of the sample (d) 35 µm long 
profile signal 
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Figure  2.23 AFM and Kelvin Probe measurements on a partially αTP  functionalized CT sample: (a) macro-optical 
image of the sample. (b) Image of electric potential of the sample, measured at the border between the coated and 
un-coated parts. (c) Topography of the sample (d) 90 µm long profile signal 
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2.8.9 X-ray photoelectron spectroscopy (XPS) 
 
 

 
 

 
 
 
 

 
O C Ti P Ca Other 

CT 46.9 41.8 10.3 - - 1.1 

CT_aTP_fun 33.7 54.9 8 1.2 0.4 1.8 

CT_aTP_coating 15.7 79.3 - 2.3 0.4 2.3 

Table 2.8 Atomic percentage of the elements detected on CT_aTP_fun, and CT_aTP_coating after XPS analysis 

Figure  2.24 Survey spectra for CT, CT_aTP_fun and CT_aTP_coating 
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XPS analysis was performed on the α-tocopheryl phosphate coated and 
functionalized samples (CT_aTP_coating and CT_aTP_fun), and on the control 
sample (CT) as a reference, for a better understanding of the thickness of the 
grafted layers, orientation, and grafting mechanism of this molecule on the 
different surfaces. The atomic element percentage, as detected in the survey 
spectra of the different samples, is reported in Table 2.8 and survey spectra for 
the three samples are reported in Figure 2.24. A large amount of oxygen was 
detected on the CT sample, confirming the presence of an oxide layer on the 
surface. The Ti amount is similar for the CT and CT_aTP_fun sample, while on 
the coated (CT_aTP_coating) sample, the Ti alloy substrate was not detectable, 
supporting the previous results (UV-Vis reflectance, FTIR) that showed the 
presence of a thicker coating on this sample. In addition, the maximum 
penetration depth of the XPS analysis is around 10 nm, which indicates that the 
coating thickness is such that the substrate cannot be seen by the instrument.  
A high percentage of carbon was found on the CT since, as a common 
contaminant, it adsorbs very easily on titanium surfaces, but it grew 
considerably for CT_aTP_coating, with respect to the CT sample, because of 
the presence of the organic coating, whereas the percentage of oxygen decreased 
because of the titanium oxide layer is no more detectable. Phosphorous, the 
element that is characteristic of the αTP molecule, was present in small amounts 

on both samples (on CT_aTP_fun it was half than on CT_aTP_coating) and 
obviously not present on CT. Calcium was detected on both the modified 
surfaces in small amounts (CT_aTP_fun and CT_aTP_coating) as a result of the 
24 hours immersion in a solution of CaCl2.  
For the determination of the chemical state and binding energy of the elements, 
a high-resolution analysis was performed on the oxygen and carbon regions, as 
shown in Figure 2.25. In the O1s region, the CT sample, as expected, had a 
clearly visible signal given by the bridged acidic OH groups (around 530.5-
531.0 eV) and a lower signal due to the terminal basic OH groups at 531.5-532.0 
eV. A large contribution around 530.4 eV attributed to Ti-O bonding was also 
visible and assigned to the TiO2 oxide layer [207]. In contrast, the spectrum of 
the CT-coated sample (CT_aTP_coating) was significantly different: the signal 
attributed to the Ti-O bond disappeared (in agreement with the absence of Ti in 
the survey), confirming the presence of a thick coating. Instead, it showed the 
signals of the phosphate group at about 531 eV (-P=O) [196] and 532.5 eV (-
POH) [208], confirming the findings of the ζ potential and contact angle (see 
next paragraph) measurements, according to which the ionic, hydrophilic 
phosphate group is largely exposed on the outermost layer of the coating. On 
the CT_aTP_fun functionalized samples, the presence of the characteristic TiO2 
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peak was evident (in agreement with the presence of Ti in the survey), 
confirming that the αTP layer is so thin to make the oxide layer still detectable 
by XPS on the functionalized sample. The region of the OH group had several 
contributions coming from the acidic OH groups of the titanium oxide layer 
(around 531 eV), overlapped with the -P=O signal of the phosphate group, and 
the basic OH groups of the titanium oxide layer, overlapped with the -P-OH 
signal (around 532 eV).  

Looking instead at the carbon region, the main signal was at 284.8, which is 
attributed to the C-C and C-H bonds that are always present on the surface of 
titanium due to the presence of hydrocarbon contaminants. These chemical 
bonds were also present in the grafted αTP molecule and, as expected, the 

related peak was higher on the coated CT sample (CT_aTP_coating). The other 
two peaks present in the carbon spectra were associated with the C-O (286.3 eV) 
and C-O-C (286-287 eV) bonds [209]. The spectrum of the functionalized 
sample (CT_aTP_fun) was slightly shifted to the right due to the detection of 
the C-Ca signal [210]. According to the obtained data, it can be concluded that 
the result of the functionalization process was the adsorption of Ca2+ ions by the 
acidic OH groups of the titanium oxide layer, linking a molecular layer of αTP, 

bonded to the substrate through electrostatic attraction with the phosphate group 
of αTP and exposing outwards the hydrocarbon tail. In the case of the coating, 

αTP makes a thicker coating exposing phosphate groups on the outermost layer. 
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Figure  2.25 High-resolution XPS spectra of C and O1s regions of CT, CT_aTP_coating, and CT_aTP_fun 
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2.8.10 Biological evaluation of CT_aT_coating 
 

Biofilm adhesion on α-tocopherol coating 
 
 
The results reported in Figure 2.26 showed that the number of floating bacteria 
unable to adhere to CT_aT_coating after 2 h of direct infection was two orders 
of magnitude higher than those ones observed for the Ti64 controls (p<0.05, 
indicated by #). As a consequence, the metabolic activity evaluated by the 
Alamar blue assay after 24 h of direct cultivation onto control specimens 
resulted in values 1.8 and 1.6 times in comparison with CT_aT_coating 
considering E. coli and S. aureus, respectively (Figure 2.26 c, p<0.05 indicated 
by #). However, the fluorescence live/dead assay (Figure 2.26 b) applied to the 
floating bacteria collected from specimens’ supernatants revealed that >80% of 
bacteria were viable (stained in green) and only a small minority was reported 
as dead (stained in red) for both Ti64 and CT_aT_coating thus suggesting an 
antifouling role of α-tocopherol rather than to an antibacterial effect. As a 
confirmation, images showed that bacteria aggregated with each other forming 
clusters (Figure 2.26 c, indicated by the arrows) that are probably representative 
of poor adhesion because they found an anchorage to other bacteria rather than 
the specimens’ surface.  
To verify that the antifouling activity was mainly due to the presence of aT, 
results were also compared to the chemically treated specimens (CT); the 
significant differences observed for both the CFU count (Figure 2.26 a, p<0.05 
indicated by §) and the metabolic activity evaluation (Figure 2.26 c, p<0.05 
indicated by §) between CT and CT_aT_coating specimens definitely suggested 
a specific role of the α-tocopherol coating in conferring protection from 
infection. Moreover, the similar behavior of the Gram+ S. aureus and the Gram- 
E. coli appears to exclude the role of cytoskeleton rearrangements that is 
normally observed for nanometric topographies that are more effective towards 
Gram+ species. So, the anti-adhesive effect is most likely due to the 
hydrophobicity degree of the α-tocopherol coating as previously described in 
the physico-chemical characterization (Figure 2.26). 
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 (a) Floating bacteria colonies count (CFU) after 2 h of adhesion revealed that the aT coating significantly 
increased the number of non-adherent bacteria in comparison to Ti64 (p<0.05, indicated by #) and CT 
(p<0.05, indicated by §). (b) Live/Dead assay confirming that the detached cells were viable (stained in 
green) as well as (c) the metabolic activity of the cells cultivated onto the specimens’ surface after 24 h 
confirmed a significant reduction of the viable colonies onto CT_aT specimens in comparison to Ti64 
(p<0.05, indicated by #) and CT (p<0.05, indicated by §). Bars represent means±s.d; images bar scale 
=125 µm. 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.26 Antibacterial Assays of CT_aT_coating 



 
 
 

Chapter 2 : Vitamin E 
 

 

110 

 

 
Cells adhesion α-tocopherol coating 
 
 
After demonstrating the α-tocopherol antifouling effect towards pathogens 
colonizing joint implants, the possibility to obtain the same effect with human 
cells was then investigated. Results in Figure 2.27 showed that the number of 
cells detaching from CT_aT_coating was six times higher than that observed for 
the Ti64 controls; accordingly, the αT coating promoted a significant increase 
of the floating cells in comparison with both Ti64 (p<0.05, indicated by #) and 
CT (p<0.05, indicated by §) specimens. As a consequence, the metabolic 
activity evaluated by the Alamar blue assay after 24 h of direct cultivation onto 
the specimens was about three times higher for Ti64 controls in comparison with 
αT specimens (Figure 2.27 ). Again, the observed reduction of the metabolic 
activity resulted as significant between the αT coating and both Ti64 (p<0.05, 
indicated by #) and CT (p<0.05, indicated by §) specimens. 
However, to check whether the cells detachment was due to a toxic or anti-
adhesion effect coming from the α-tocopherol, the cells detached after 6 h 
adhesion were moved to a new polystyrene plate and incubated for 24 h; 
afterward, their morphology and viability were detected by the optical 
microscope and fluorescence live/dead assay (Figure 2.27 c-d). As expected 
from the results obtained by the floating cells count, much more cells were 
detected in the supernatant coming from the α-tocopherol specimens in 
comparison with the control (Figure 2.27 c, left panel). Moreover, cells mostly 
appeared as aggregates, forming clusters that are often representative of poor 
adhesion. However, after cells seeding for 24 h inside a new plate (Figure 2.27 
c, right panel) their morphology was comparable to cells collected from the Ti64 
controls. As a confirmation, the live/dead assay was applied (Figure 2.27 d) and 
>95% of cells were viable (stained in green) while only a small minority was 
dead (stained in red, indicated by the arrow). So, in line with the results, 
previously obtained from the antibacterial evaluation, it is suggested that α-
tocopherol played an anti-adhesive rather than a toxic role that would have 
affected cell viability over the 24 h cultivation. Therefore, the hypothesis to 
apply αT to reduce tissue ingrowth on temporary orthopedic implants without 
introducing toxic was validated. 
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(a) Floating viable cells count after 6 h adhesion revealed that α-tocopherol coating significantly increased 
the number of non-adherent cells in comparison to Ti64 (p<0.05, indicated by #) and CT (p<0.05, 
indicated by §). (b) The metabolic activity of cells cultivated onto specimens’ surface after 24 h confirmed 

a significant reduction of the viable cells onto CT_aT_coating in comparison to Ti64 (p<0.05, indicated 
by #) and CT (p<0.05, indicated by §) whereas (c) optical microscope and (d) live/dead assay confirmed 
that detached cells were viable (stained in green) and more numerous for the CT_aT specimens. Bars 
represent means±dev.st.; images bar scale=125 μm 
 
 
 
 
 
 
 
 
 

Figure  2.27 Cytocompatibility evaluation of CT_aT_coating 
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2.8.11 Biological Evaluations of αTP grafting 

 
Antibacterial evaluation of α-tocopheryl phosphate 
 
 
Taken into consideration that bone represents the target tissue for the titanium 
coated and functionalized specimens, Staphylococcus epidermidis (S. 
epidermidis) was considered as a reference strain due to its common 
involvement in orthopaedic and dental implant contamination [211], [212]. 
Moreover, the selected strain (ATCC 14990) is certified as a pathogen and 
biofilm former, so it was selected to verify the ability of the coating to prevent 
surface colonization and subsequent 3D biofilm-like formation. Accordingly, 
specimens were processed with a direct infection of the surface to simulate 
bacterial colonization of the exposed implant. Results in Figure 2.28 showed the 
metabolic activity of bacteria grown for 24 hs onto the mirror-polished and 
treated samples as control (Ti64 and CT, respectively) and on functionalized 
and coated samples (CT_aTP_fun and CT_aTP_coating, respectively). Results 
are expressed in RFU (relative fluorescent units), and the Ti64 specimens are 
considered as the control material. The process used to create the αTP surface 
layer resulted as a key-point for the molecule efficacy: in fact, only the coating 
(CT_aTP_coating) was effective in reducing the metabolic activity of bacteria 
in a significant manner in comparison to Ti64, CT samples, and the 
functionalized ones (Figure 2.28, p>0.05indicated by #). A such inhibitory 
activity resulted in a 93(±6) % reduction of bacterial viability (Figure 2.28) 
when S. epidermidis colonies were seeded onto CT_aTP_coating surfaces in 
comparison to the Ti64 control. As a confirmation of the inhibitory activity 
determined by αTP after coating, when the number of viable colonies (CFU) 
adhered to the specimens’ surface was counted, a reduction larger than 3 logs 

was observed between CT_aTP_coating and Ti64 control specimens (Figure 
2.26, p<0.05 indicated by #). CT_aTP_fun prevented bacterial proliferation (the 
starting infection number is indicated by the dashed line in Figure 2.28 ), but 
reduced the final number of ≈1 log, thus failing an irrefutable antibacterial 

effect. Finally, SEM imaging was used to investigate bacterial morphology and 
aggregation (Figure 2.28). As expected, from the previous results, the Ti64 and 
CT surfaces showed a high degree of bacterial colonization and a frequent 
appearance of 3D biofilm-like aggregates (appreciable in the higher 
magnification images). On the opposite, the CT_aTP_coating surfaces reported 
a low degree of contamination and only rare aggregates. The CT_aTP_fun 
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results as less contaminated than the Ti64 and CT ones, but more colonies 
(mostly single cells) were detected in comparison with the coated ones. 
Therefore, SEM imaging basically confirmed the Alamar and CFU results, 
confirming the very promising efficacy of αTP deposited by the coating method 
in preventing bacteria colonization of implantable metal devices. 
 

(a) The αTP coating method resulted as highly effective by significantly reducing the metabolic activity of 
adhered bacteria in comparison to the other specimens (#=p<0.05). (b) The efficacy of the coating method 
determined a viability reduction of 93(±6) % with respect to the Ti64 controls. (c) The count of the viable 
colonies (CFU) revealed a > 3 log reduction between the CT_aTP_coating and the Ti64 controls. (d) SEM 
images confirmed the lower bacterial colonization degree for the CT_aTP_coating surfaces as well as the 
reduction of biofilm-like 3D aggregates. Bars represent means±dev.st of replicates=3. SEM images: low 
magnification=1000x, bar scale=10µm; high magnification=5000x, bar scale=1µm. 
 
 
 
 
 
 
 
 
 
 

Figure  2.28 Antibacterial activity of CT_aTP_coating and CT_aTP_fun 



 
 
 

Chapter 2 : Vitamin E 
 

 

114 

 

 
Cytocompatibility evaluation of α-tocopheryl phosphate 
 
 
Tissue growth in tight contact with the device should be expected after the 
implantation of permanent bone implants; progenitor and mesenchymal cells 
play a pivotal role in the formation of such tissue-device connections by firstly 
migrating to the injured site and then by differentiation into the mature bone 
lineage [213]. In fact, the first tissue-device sealing is crucial for the correct 
osteointegration avoiding tissue micro-fracture due to scaffold micro-
displacements. Therefore, the implanted device should improve or at least not 
impair the migration and the following colonization of such cells. Following this 
principle, human mesenchymal stem cells (hMSC) were used to evaluate the 
cytocompatibility of the test materials coated or functionalized by αTP. Figure 
2.29 shows the viability of hMSC cultured directly onto the surface of controls 
(Ti64 and CT), functionalized, and coated samples (CT_aTP_fun and 
CT_aTP_coating, respectively) after 24 (Figure 2.29 a), 48 (Figure 2.29 b) and 
72 hours (Figure 2.29 c) by means of their metabolic activity evaluation that was 
expressed as RFU. The results showed an increase in viability at the different 
time points for the control samples (Ti64 and CT), while the cells seeded onto 
CT_aTP_fun and CT_aTP_coating showed a significant decrease in comparison 
to the controls from day 2 of cultivation (Figure 2.29 # and § p<0.05 vs Ti64 
controls). However, looking at the results reported as lines in function of time 
in Figure 2.29 d, it can be speculated that the cells onto the αTP doped surfaces 
were not induced to an apoptotic phase, since the values did not decrease with 
respect to the first time-point of 24 hours, as it can be expected by a cytotoxic 
effect. It looked pretty that they were slower to grow with respect to the Ti64 
and CT controls where the increase in terms of metabolism was faster 
(appreciable already at 48 hours, Figure 2.29 d) and continuous over days.   
Moreover, an important difference between the coated and functionalized 
samples can be observed by analyzing the images obtained from fluorescence 
staining of the cytoskeleton and nuclei (Figure 2.29 e). The morphology of the 
cells seeded onto the CT_aTP_coating sample resulted as elongated and flat, 
thus being comparable to the ones adhered and spread onto Ti64 control and CT 
as well. In fact, the deposition of lamellipodia through the processes of actin 
filament polymerization and branching was also clearly visible on the coated 
surface. On the other hand, the cells found on CT_aTP_fun sample did not 
display a correct morphology: in fact, they were small, rounded, and not 
interconnected to each other. These results were in line with what was expected: 
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cells resulted as more prone to adhere to the hydrophilic CT_aTP_coating 
surfaces, whereas, on the opposite, they did not successfully colonize surfaces 
with a contact angle greater than 60°, as it was for the functionalized surfaces of 
the CT_aTP_fun specimens. 
Thus, taking into account the objective of this preliminary assessment aimed at 
determining the safety of doped surfaces, results related to the coating 
specimens can be considered promising even if further evaluations are still 
necessary to verify if the specimens will be able to confirm the same 
cytocompatibility in a real physiological environment in contact with bone (in 
vivo). 
 

 

(a-c) hMSC metabolic activity was significantly reduced over time by the presence of the αTP in both 
CT_aTP_fun or CT_aTP_coating with respect to Ti64 and CT controls (p<0.05 indicated by § and #). (d) 
However, results reported as lines in function of time suggested mostly a delayed proliferation rather than 
a toxic effect since values did not decrease over time in CT_aTP_fun and CT_aTP_coating. (e) Fluorescent 
images revealed that cells cultivated onto CT_aTP_coating hold a morphology comparable to the Ti64 
and CT controls even if with a lower density, whereas cells were mostly round shaped on CT_aTP_fun. 
Bars represent means±dev.st of replicates=3. Fluorescence images: red=cytoskeleton (phalloidin), 
blue=nuclei (DAPI), bar scale=100µm. 
 
 
 

Figure  2.29 Cytocompatibility evaluation of CT_aTP_coating and CT_aTP_fun 
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2.8.12 Anti-inflammatory evaluation of α-

tocopherol  
 
 
The following work is intended to be focused primarily on the anti-
inflammatory and immunomodulatory properties of α-tocopherol. As mentioned 
above, several studies have shown that α-tocopherol has anti-inflammatory 
effects as it acts on the immune system, enhancing the immune response and 
increasing resistance against various pathogens. The anti-inflammatory and 
immune-stimulating properties of α-Tocopherol appear to be related not only to 
its antioxidant activity, but also to a set of factors associated with modulating 
signal transduction, altering cytokine production and thus the proliferation of 
certain cells. [81], [87], [214], [72] 
The idea, therefore, is to study in more detail the antioxidant properties of α-
tocopherol once the anti-adhesive coating is created on the titanium surface (see 
paragraph 2.8.9) and its effect on the immune system in vitro. 
 

UV-Vis spectroscopy on the coating before and after soaking 
 
 
Soaking tests were performed to check the stability of the the αT coating in 
contact with fluids. Two solutions were used: PBS to mimic a physiological 
environment and the same solution with the addition of hydrogen peroxide and 
with a pH of 4.5 to mimic an inflammatory condition. UV-VIS spectroscopy 
was used to check that the coating was not destroyed and that it remained 
continuous and homogeneous after the soaking period. With this purpose, 
testing was done on CT and CT_aT_coating samples, used as controls, and 
CT_aT_PBS and CT_aT_H2O2 samplesafter the soaking period. The UV-Vis 
spectra of CT, CT_aT_coating, CT_aT_PBS, and CT_aT_H2O2 are shown in 
Figure 2.30. 
As already discussed (see paragraph 2.8.6), the presence of the coating is 
identified by less pronounced ripples, due to a continuous coating masking the 
substrate surface. The important result was the fact that CT_aT_coating, 
CT_aT_PBS, and CT_aT_H2O2 had comparable UV- Vis spectra. The clear 
similarity between these spectra indicates the presence of a stable coating on the 
surface, even after 28 days of soaking, evidencing that α-tocopherol is not 
significantly released even after a long soaking at both physiological or pro-
inflammatory conditions.   
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Figure  2.30 Reflectance spectra of samples with (CT_aT_coating) and without the coating (CT), and 

after the soaking tests (CT_aT_PBS, CT_aT_H2O2) 
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FTIR-ATR spectroscopy on the coating before and after soaking 

 
 

In this case, FTIR-ATR was used to identify peaks of the coating that remained 
after soaking. Figure 2.31 shows the FTIR spectra of coated samples after 28 
days of soaking (CT_aT_PBS; CT_aT_H2O2) and of liquid α-tocopherol, as a 
reference. Samples with and without the coating (CT, CT_aT_coating) are used 
as references. The samples analysed after 28 days of soaking in PBS, showed 
peaks identical to the coated sample before soaking, evidencing that the coating 
is still on the surface even after a long time at physiological conditions (PBS, 
pH 7.4). A slight shift in the peak corresponding to the CO stretching from 1222 
cm-1 to 1216 cm-1can be evidenced.  
Instead, some significative differences could be evidenced in the spectrum of 
the sample soaked for 28 days in pro-inflammatory conditions (CT_aT_H2O2). 
The spectrum showed both the signals of α -and oxidized tocopherol, that is a 
quinone (α-TOQ), and can be identified by the characteristic C=O absorbance 
at 1650 cm-1. This result showed that partial oxidation of tocopherol occurred in 
presence of hydrogen peroxide. On the basis of the literature, the hypothesis is 
that a hemiketal intermediate compound α-TOQ(OH) was created, which 
became α-TOQ as a long-term oxidation product. [11] 

Figure  2.31 FTIR spectroscopy of samples with and without coating (CT_aT_coating, CT) and 
after release test (CT_aT_PBS, CT_aT_H2O2) 
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DPPH test on the coating before and after soaking  
 
 
In this case, the DPPH test aimed at understanding whether the very high 
scavenging property of αT was lost during the release tests. It was performed on 
specimens after 28 days of soaking at physiological (PBS, pH 7.4) or pro-
inflammatory (PBS+H2O2) conditions. α-tocopherol, since it is a fat-soluble 
molecule, it is very soluble in ethanol. This allows it to react immediately with 
the free radical of DPPH and thus give RSA (radical scavenging activity) values, 
indicated in Figure 2.32. Values of the substrate with and without the coating 
(CT, CT_aT_coating) are reported as references. The RSA of the original 
coating (CT_aT_coating) was very high (about 80%) evidencing a high 
antioxidant ability of α-tocopherol within the coating. After 28 days of 
immersion in PBS and in PBS+H2O2, RSA was still evident, but it significantly 
decreased (p < 0,05) by 30% in physiological conditions and by 40% in the pro-
inflammatory one. Given the strong dependence between concentration and 
absorbance value in spectrophotometric assays, results can be ascribed to a 
partial release or degradation of the tocopherol during soaking.   
 

Figure  2.32 Radical Scavenging Activity measured through DPPH assay, 
before and after release test, p<0,05. 
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DPPH and F&C test of the soaking solutions 
 
 
When measuring the α-tocopherol concentration in the soaking solutions by the 
modified F&C and DPPH assays, after specific periods, the absorbance values 
of both assays were always below the detection limit (that is 0.001 Abs), 
regardless of the elapsed time. These results, coupled with the UV-Vis and 
FTIR-ATR spectra, allowed to exclude of a significant release of α-tocopherol 
in favour of a partial degradation/oxidation of the molecule during the soaking, 
especially in the pro-inflammatory environment in presence of hydrogen 
peroxide [12],[13].  
 
In conclusion, CT_aT_coating showed several features of potential interest in 
view of a chemical and biological anti-inflammatory action. The αT coating was 
not removed by soaking for 28 days in inorganic physiological or inflammatory-
like solutions even if it was partially oxidised by the last one. No release of αT 
occurred. The radical scavenging ability is very high on the as-prepared sample 
and partially maintained after a long soaking.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Chapter 2 : Vitamin E 
 

 

121 

 

 
Biological Evaluations of anti-inflammatory response 

 
Anti-inflammatory properties evaluation 

 
As described in the paragraph 1.3, implanted biomaterials can cause an 
inflammatory response, known as foreign body response (FBR). Despite 
inflammation playing an important role in the early stages of wound healing 
processes, excessive and chronic inflammation cause hostile conditions for 
tissue regeneration and repair [218]. To test anti-inflammatory properties of 
titanium discs treated with aT, hMSC were cultured in 3D conditions in the 
presence of the described biomaterials under physiological or pro-inflammatory 
conditions, mimicked by the treatment with pro-inflammatory cytokines such as 
TNFα/IL1β or IFNγ. To this aim, the cell response was evaluated by measuring 

the expression levels of both pro-inflammatory (IL1β and IL6) and anti-
inflammatory (IDO, COX2, PGE2, TGFβ1) markers. Data shown in Figure 2.33 
indicate a slight upregulation of IL1β expression in hMSC cultured in the 

presence of the discs coated with αT compared to control materials (CT and 
Ti64), which was further enhanced in the case of the addition of pro-
inflammatory cytokines. On the contrary, IL6 expression was downregulated by 
both αT and CT, compared to control (Ti64), under physiological conditions. 
However, no differences were evidenced in presence of pro-inflammatory 
conditions. The analysis of anti-inflammatory markers evidenced a coherent 
upregulation of all markers (IDO; COX2, and TGF-b1) except for PGE2, in cells 
exposed to αT and CT, compared to control in physiological conditions. The 
PGE2 pathway was recently described to promote an anti-inflammatory 
neutrophil phenotype and to determine the outcome of inflammation resolution 
in vivo[219]. 
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The mRNA levels of inflammation mediators were evaluated using RT-qPCR. Expression levels of IL1β, 

IL6, PGE2, TGFβ1, COX2, and IDO were compared between hMSC cultured in the presence of titanium 

discs coated with αT (CT_aT_coating) and two control materials with a chemically treated (CT) or 
mechanically polished surface (Ti64), in pro-inflammatory conditions induced by two different pro-
inflammatory mediators - TNFα/IL1β and IFNγ or not treated cells (CTRL). L34 was used as an internal 

control. Data are represented as ‘fold over control’ (r.l. = relative levels). Bars represent means ± s.d. * 
p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.33 Pro- and anti-inflammatory markers expression in hMSC cultured in the presence 
CT_aT_coating 
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A similar approach was used to test the effect of the presence of chemically 

treated (CT), coated (CT_aT_coating), and control (Ti64) samples on the 
biological stress condition on bone marrow-derived mesenchymal stem/stromal 
cells. The endoplasmic reticulum (ER) stress response is induced by the 
accumulation of unfolded or misfolded proteins. Upon ER stress induction, cell 
activate adaptive mechanisms, known as unfolded protein response (UPR), 
which is aimed to compensate for damage and can eventually trigger cell death 
if ER stress is severe or chronic. Components of UPR regulate numerous 
processes, including cholesterol metabolism, energy homeostasis, and cell 
differentiation [220], [221] Importantly, growing evidence also indicates a key 
role of ER stress and UPR in host inflammation responses[222]. New 
observations suggest that UPR initiates activation of the ‘central mediator’ of 

inflammation NFκB, that results in increased leukocyte recruitment and T-cell 
activation, leading to increased inflammation[221], [223]. Therefore, to better 
define the cells’ response to modified titanium, the levels of the well-
characterized UPR markers. [224]TF4, ATF6, and XBP1 were evaluated in 
hMSC cultured in the presence of bioactive titanium, in the same experimental 
conditions reported above. Results shown in Figure 2.35 indicate no clear 
modulation of both ER stress and downstream UPR by the modified titanium, 
at least in the experiments reported above. 

 
 
 

The mRNA levels of UPR markers were evaluated using RT-qPCR. Expression levels ATF4, ATF6, and 
XBP1 were compared between BMSC cultured in the presence of CT coated with αT (CT_aT_coating) and 
two control materials with a chemically treated (CT) or mechanically polished surface (Ti64), in pro-
inflammatory conditions induced by two different pro-inflammatory mediators - TNFα/IL1β and IFNγ or 

not treated cells (CTRL). L34 was used as an internal control. Data are represented as ‘fold over control’ 

(r.l. = relative levels). Bars represent means ± s.d. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 
 
 
 
 

Figure  2.34 Unfolded protein response markers expression in hMSC cultured in presence of 
CT_aT_coating 
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Immuno-biocompatibility evaluation 
 
Analogously, the effect of the presence of the chemically treated (CT) or coated 
(CT_aT_coating) titanium vs the control (Ti64) was tested on PBMC (human 
Peripheral Blood Mononuclear Cells) which include lymphocytes (T cells, B 
cells, and NK cells), monocytes, and dendritic cells. After 72h of culture in 
contact with the coated discs and the respective controls, the immunophenotype 
of the harvested PBMCs was evaluated by flow cytometry. Among the several 
lymphocyte subsets analysed, no differences were found between the 
CT_aT_coating specimens and either CT or Ti64, except regarding Tregs. In 
this case, a significant decrease was observed in the presence of CT and 
CT_aT_coating. However, since no differences were found when comparing the 
aT-coated discs with the uncoated specimens, we conclude that the αT coating 
did not impact the phenotype of the immune cells and that this treatment has 
high biocompatibility and can be implanted without affecting the immune 
response (Figure 2.34). 
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Multiparametric flow cytometry analysis of PBMCs stained with the following antibodies: monoclonal 
anti-CD45 human antibody (mAb) (leucocytes), anti-CD3 mAb (T cells), anti-CD4 mAb (T helper cells), 
anti-CD8 mAb (cytotoxic T cells) anti-CD45RA and anti-CD197 mAbs (naïve, central memory (CM), 
effector memory cells (EM), and terminally differentiated EM cells), anti-CD25 and anti-CD127 mAbs 
(regulatory T cells, Tregs), anti-CD183, anti-CD194 and anti-CD196 mAbs (Th1, Th2, and Th17). The 
samples were acquired using FACSymphony TM A5 (BD Biosciences) flow cytometer and data were 
analysed using FACSDIVA software (BD Biosciences) and Prism (GraphPad, Version 9.0.0)). Data are 
shown as mean ± SEM. (n=6). Ordinary One-way ANOVA or Kruskal-Wallis multiple comparisons test 
were used. *p<0.

Figure  2.35 Immuno-biocompatibility assay with CT_aT_coating 
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3. Chapter: Polyphenols 
 

3.1 Introduction 
 
 
Polyphenols are a diverse group of phytochemicals found in fruits, vegetables, 

nuts, and other plant-based foods. They have potent antioxidant properties and 
have been shown to have anti-inflammatory effects on the body [225]. 
In addition to their antioxidant properties, polyphenols also have anti-
inflammatory effects on the body. Indeed, polyphenols have gained great 
interest in different industrial fields [226] due to their antioxidant, antibacterial, 
and anticarcinogenic capabilities. Polyphenols are molecules that can be 
extracted from a large number of natural products, including waste products, 
economically and sustainably, representing an important approach to the 
sustainable use of resources. 
This chapter includes a bibliographic part, with particular attention on green tea 
catechins, a family group of polyphenols, including structure, properties, and 
biological roles. The second part concerns a surface functionalization protocol 
optimized to graft tea polyphenols onto a treated titanium surface, previously 
made bioactive (in vitro precipitation of hydroxyapatite) and antibacterial 
through a specific heat treatment and loading of iodine ions. For 
functionalization, a specific focus is on the selection of the solvent medium and 
pH, the effect of Ca2+ ions in the solution on the grafting mechanism, and the 
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concentration of the polyphenols source solution. A preliminary 
characterization of the functionalized surfaces was performed using the Folin–

Ciocalteu photometric test and XPS (X-ray Photoelectron Spectroscopy) 
analysis, to verify the presence and activity of the grafted polyphenols. In vitro 
bioactivity and antibacterial activity, cytocompatibility, and antioxidant 
capacity were evaluated on the functionalized samples. Accordingly, the 
formation of apatite was observed, the ability to prevent the surface colonization 
from the pathogen Escherichia coli was verified, and the antioxidant activity 
was confirmed by the possibility to protect human cells from toxic active species 
in a pro-inflammatory environment by a scavenger mechanism.  

Part of this chapter is included in a published manuscript (F. Gamna et Al. 
“Conferring antioxidant activity to an antibacterial and bioactive titanium 

surface through the grafting of a natural extract”, 2023, Nanomaterials).  
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3.2 Polyphenols classifications:  
 
 

Foods of plant origin contain polyphenols; these compounds have a wide range 
of complex structures. The famous representatives of polyphenols, such as 
resveratrol in red wine, epigallocatechin gallate in green tea, chlorogenic acid in 
coffee, and anthocyanins in colored fruits, have gained great interest not only in 
food science and nutrition but also in many other disciplines, including the 
biomedical field. The polyphenol family counts more than 8000 phenolic 
molecules, which must contain at least one aromatic nucleus and one or more -
OH groups and contain both monomers and polymerized rings. All polyphenols 
are classified into 2 main categories, depending on the number and the type of 
phenolic ring: flavonoids and non-flavonoids, which include phenolic acids, 
stilbenes, and lignans (Figure 3.1) [227]–[229] 
 

 
 
 

Figure  3.1 Classification of polyphenols [226] 



 
 
 

Chapter 3 : Polyphenols 
 

 

129 

 

As Figure 3.1 shows, non-flavonoids are divided into 3 groups:  
Stilbenoids are a subclass of non-flavonoid compounds, and one of the most 

representatives is resveratrol. They occur naturally, especially in grapes, and 
result from a reaction between cinnamic acid and malonyl coenzyme. Being 
very rich in grapes, they are found in abundance in wine. Red wines usually 
contain higher concentrations than rosé or white wines because the contact of 
the must with the skins during fermentation is longer.[230]  

Lignans are dimers or oligomers present in ferns, gymnosperms, and 
angiosperms, in particular, they are localized in woody stems and seeds and play 
a role as insect deterrents [231].  
 

Phenolic acids are abundant in plants and are divided into 2 classes: 
Hydroxycinnamic acids and hydroxybenzoic acids, which are characterized by 
the presence of a carboxyl group substituted on a phenol. The most 
representative polyphenol of this class is gallic Acid, which is a hydroxybenzoic 
acid. Among the various polyphenols, gallic acid has been listed as one of the 
most powerful antioxidants and has been used as a reference for all other classes 
of polyphenols [232]. 

 

A class of non-flavonoids polyphenols is represented by hydrolysable tannins 
so defined because their structure is based on a carbohydrate as a core (glucose 
or quinic acid) with the hydroxyl groups partially or totally esterified with 
phenolic groups such as gallic acid (gallotannins) or ellagic acid (ellagitannins). 
They hydrolyse into glucose and ellagic acid or gallic acid in the presence of 
strong acids at high temperatures. Gallotannins are extracted from galls 
(Quercus infectoria and Rhus semialata), sumac fruits (Rhus coriaria), and tare 
fruits (Caesalpinia spinosa). Tannic acid is one of them. They react with 
molecular oxygen helping to preserve musts and wines from oxidation and act 
as free radical acceptor molecules and are also responsible for the 
deproteinization of the wine thanks to the bonds they can establish with proteins, 
causing their flocculation. Ellagitannins are instead present in oak wood 
(Quercus robur, Quercus petraea, and Quercus alba), chestnut (Castanea sativa), 
and mirabolan (Terminalia chebula).  

 
Flavonoids are characterized by a C6-C3-C6 structure. Among all the 

flavonoids, flavonols are the most diffused in the human diet and the most 
representative is quercetin. 

Flavonoids have a number of biological activities in plants, animals, and 
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bacteria. In plants, flavonoids are responsible for the color and aroma of flowers 
and fruits, as well as pollination, seedling growth and development. They protect 
plants from various external environmental stresses and UV radiation and also 
function as signal molecules and antimicrobial defensive compounds [233]. 
They have miscellaneous favourable biochemical and antioxidant effects 
associated with various diseases such as cancer, Alzheimer’s disease (AD), 

atherosclerosis, etc  
Flavanols are another subclass of flavonoids and exist in two forms, the 

monomer form named catechins and the polymer one named proanthocyanidins 
The proanthocyanidins are polymers of catechins that are bound together to 
form condensed tannins. Catechins are present in green tea, chocolate, red wine, 
and fruits and are further discussed in the next paragraph.  
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3.3 Catechins in Tea 
 
 

As already mentioned, catechins are part of the flavonoid family and are very 
abundant especially in green tea, responsible for its well-known and renowned 
beneficial effects, including the antioxidant capacity. Tea is a very ancient 
beverage, initially drunk in China for more than 5,000 years until the present, 
and now exported and consumed all over the world. The tea drink is made by 
soaking the leaves of Camellia sinensis in hot water [234]. The most widely 
consumed tea is black tea, followed by green, oolong, and white tea. The 
difference between black tea and other teas is fermentation: the fresh black tea 
leaves are dried and crushed to achieve fermentation before final processing. In 
the fermentation step, some catechins combine to form complex theaflanins and 
other flavonoids, with the help of the enzyme polyphenol oxidase, which gives 
black tea a distinctive flavor and color. Polyphenol oxidase is a thermolabile 
enzyme, and its activity is reduced by steam heating during fermentation. In fact, 
to make green tea, polyphenol leaves are heated after harvest to inactivate the 
polyphenol oxidase enzyme [235]. This also leads to green tea has better 
antioxidant properties than black tea [236].Catechins make up 30 % wt of tea 
leaves [237]. The trend of catechins for all types of tea is represented in Figure 
3.2 

Figure 3.2 Catechin and flavin trends depending on the type of tea 
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Catechins are subdivided into several subclasses: epicatechin (EC), (-)-
epigallocatechin (EGC), (-)-epicatechin gallate (ECG), (-)-epigallocatechin 
gallate (EGCG), which vary according to the substituents (Figure 3.3). 

 
In large part, the benefits of green tea have been attributed to the high 

concentration of catechins with the main components being (-)-
epigallocatechin-3-gallate (EGCG), representing approximately 59% of the 
total content, followed by (-)-epigallocatechin (EGC) (approximately 19%), (-)-
epicatechin-3-gallate (ECG) (approximately 13.6%); and (-)-epicatechin (EC) 
(approximately 6.4%) ., [238] 
 

 
 
 
 
 

Figure  3.3 Structure of catechins [226] 
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3.4 The biological role of 
polyphenols 

 
3.4.1 Antioxidant activity and anticancer activity:  

 
 

The primary biological role of polyphenols is surely linked to their antioxidant 
power. 
The antioxidant action is strictly connected to the removal of radical oxygen 
species, and it resolves into an anti-inflammatory behaviour in a biological 
environment. 

As mentioned above, ROS generation is inevitable in aerobic organisms. 
Under normal circumstances, ROS levels are balanced by cells with 
antioxidants. When this balance is disrupted, cellular defenses can be 
overwhelmed and the cell suffers damage, eventually resulting in cell death or 
tumor generation. 

One of the main mechanisms by which polyphenols exert their antioxidant 
effects is by redox chemical action and scavenging free radicals. Free radicals 
are highly reactive molecules that can cause damage to cells and contribute to 
the development of chronic diseases such as cancer and heart disease. 
Polyphenols act as antioxidants and neutralize these free radicals, thereby 
preventing cellular damage [239], [240]. 

Due to their chemical structure, polyphenols can interact with the cytoplasmic 
membrane and nonpolar compounds present in the hydrophobic layer of the 
membrane. In particular, certain flavonoids, including catechins, present in the 
hydrophobic core of the membrane can prevent access to oxidants and protect 
membrane structure and function [68]. 

The antioxidant activity of polyphenols can be direct or indirect. In a direct 
way, polyphenols react with reactive oxidative species (ROS) to form relatively 
stable phenolic oxygen radicals, thus eliminating free radicals. Two main 
mechanisms of antioxidation have been proposed. The first is based on the 
ability of the phenolic functional group to donate a hydrogen atom to a free 
radical R·. In this case, polyphenols act as chain-breaking antioxidants and the 
antioxidant phenol (ArOH·) itself becomes a free radical. The second 
mechanism is the transfer of a single electron from ArOH to a free radical R· 
with the formation of a stable radical cation ArOH·+.[241] (Figure 3.4) 
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In addition to directly scavenging free radicals, polyphenols also protect the 
body from oxidative damage by regulating different types of oxidase and 
antioxidant enzyme activities.   
For example, in this way, tea polyphenols act by preventing the activity of 
certain oxidative enzymes such as Nicotinamide adenine dinucleotide phosphate 
oxidase (NADPH), lipoxidase, and cyclic oxidase, thus reducing the production 
of free radicals  

Similarly, tea polyphenols regulate the expression of some antioxidant 
enzymes, such as superoxide dismutase (SOD), and glutathione s-transferase 
(GSH), which protect mitochondria from oxidative stress[236] 

 
Figure  3.4 Mechanisms of direct antioxidant activity of Polyphenols.[230] 
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Polyphenols are also known for their anticancer activity, and their effect is 
definitely related to two main actions:  

 
1. Antioxidant ability 
2. Interference with key elements in signal transduction pathways related to 

cellular functions. (apoptosis, cell cycle, angiogenesis, metastasis).
 [242] 

 
In fact, in addition to the antioxidant aspect, polyphenols can interrupt or 

reverse the process of carcinogenesis by acting on molecules in the intracellular 
signaling network involved in cancer initiation and/or promotion.[243]  
Basic cellular functions such as apoptosis, proliferation, and differentiation are 
extremely important factors to inhibit tumor initiation and propagation. 

Polyphenols have been shown to have an effect on apoptosis and proliferation 
in human myeloid and lymphoid leukemia cell lines, and, in particular, they have 
antitumor activity against leukemic cells with differentiated effects depending 
on the chemical structure of the molecule.[244]  

Another important phenomenon in tumor growth is angiogenesis, as malignant 
cells are in search of nutrient supply. Polyphenols could have an anti-
angiogenesis effect, through a shared and multi-targeted mechanism consisting 
of the inhibition of COX-2 enzyme expression and metalloproteinases such as 
MMP9, enzymes that degrades extracellular matrix components allowing 
endothelial cells to penetrate and reshape the connective tissue.[245] 

 
The green tea extract has been subjected to numerous studies and has been 

shown to have several antitumoral properties. In particular, the combination of 
EGCG, EGC, and ECG, has been shown to have antitumor preventive activity 
and to have an antiproliferative and proapoptotic effect on prostate cancer 
cells[246]. Harakeh et al, on the other hand, demonstrated similar effects in 
HTLV-1-positive and negative leukemia cells [247]. It has also been reported 
that EGCG controls and promotes IL-23-dependent DNA repair, enhances 
cytotoxic T-cell activities, and blocks cancer development by inhibiting cancer 
signal transduction pathways [248]. It also modulates and inhibits several 
biological pathways, including, overexpression of cyclooxygenase, proteasome 
activity, and insulin-like factors [249]. As can be seen, ECGC has a variety of 
effects on modulating cancer cell growth, metastasis, angiogenesis, and other 
aspects of cancer progression by affecting different mechanisms and interfering 
with different molecules and enzymes (Figure 3.5)[250]. 
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Figure  3.5 Mechanism of action of Green Tea [240] 
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3.4.2 Antimicrobial Activity 

 
 

The antimicrobial activity of polyphenols has been extensively studied in the 
literature and hundreds of papers have been published recently on the 
antimicrobial activity of polyphenols. In an era of increasing antibiotic 
resistance, the development of new strategies to combat bacteria is welcome. 
Polyphenolic compounds, including flavonoids and flavonols, hydroxybenzoic 
acid, and derivatives from various plants, have shown potent antimicrobial 
activities against pathogens in food, sometimes to a similar extent as standard 
antibiotics [251]. 

Phenolic extracts of tea, especially catechins, have been found to have great 
antimicrobial properties. Their antibacterial activity was discovered more than 
a hundred years ago by an experiment conducted by J. G. McNaught, who 
studied the antibacterial property of tea and observed that the number of Bacillus 
typhosus decreased sharply when immersed in cold tea.[252]. The mechanism 
of the antibacterial action of catechins has been widely discussed and 2 different 
hypotheses have been proposed: 

  
1. Mechanism of expansion: due to their charge, catechins accumulate in the 

bacterial membrane, increasing the space between lipids and altering the 
permeability of the membrane, disrupting it.  

2. Mechanism of H2O2 formation: Catechins react with oxygen and produce 
hydrogen peroxide through autoxidation, which can damage the bacterial 
cell [253] (Figure 3.6). 
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Among all catechins, special attention has been paid to EGCG as the main 
molecule found in green tea. Xin Xu et Al. Demonstrated that some catechins 
from green tea, especially epigallocatechin gallate (EGCG), are able to inhibit 
the growth and glucosyltransferases activity of S. mutans. They found that 
EGCG can inhibit S. mutans planktonic cells’ growth at a MIC of 31.25 µg/ml 
and inhibit biofilm formation at 15.6 µg/ml [254]. Hara K and al have studied 
the effect of EGCG on oral health and discovered that EGCG is effective in 
inhibiting the formation of caries, interacts with salivary proteins, and has an 
antimicrobial effect against the periodontal bacterium Aggregatibacter 
actinomycetemcomitans. [255] Similarly, in a study by Jieqiong Hu et al., 
EGCG was incorporated into a glass ionomer cement for dental application and, 
in addition to having an antibacterial effect, EGCG was able to improve 
mechanical properties [256]  
 
 
 

Figure  3.6 Antibacterial mechanisms of catechins[243] 
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Since EGCG is excreted in urine at a high enough concentration to be 
potentially effective as an antimicrobial agent, Wanda Reygaert et al. even 
suggest that green tea ingestion could potentially have antimicrobial effects on 
infections caused by E. coli [257].  

Other studies have demonstrated the effective antimicrobial activity of EGCG 
against E. coli. Diego O. Serra et Al. have shown that the molecule is an 
effective agent against biofilms by interfering with the assembly of curli-
subunits into amyloid fibres [258]. In addition to its ability to inhibit biofilm 
formation, EGCG has also been shown to alter extracellular AI2 activities, and 
swarm motility, and to impair infectivity by reducing the transcription of key 
virulence genes of E.Coli [259]. Moreover, Yoshiko Sugita-Konishi et Al. 
indicated a capacity of inhibition of extracellular release of Vero toxin from E. 
Col.[260] In addition to having an antibacterial effect against E.Coli, EGCG has 
demonstrated the ability to inhibit the growth of P. Aeruginosa at a MIC level 
of 200∼400 μg/ml and has been proposed as an adjuvant for infections resistant 

to traditional antibiotic therapies [261]. Speaking of antibiotic-resistant bacteria: 
Acetinobacter is a bacterium that is often resistant to antibiotics, and N. Hosseini 
Jazani et al. showed that the water-soluble green tea extracts have a bactericidal 
effect against the bacterial isolate, which is resistant to several groups of 
antibiotics [262]. Again, the antibacterial effect of tea polyphenols extracted 
from Korean green tea was investigated against clinical isolates of methicillin-
resistant Staphylococcus aureus (MRSA) and, in particular, protein expression 
in MRSA after exposure to tea polyphenols. This study showed that exposure to 
TPP dramatically affected the expression of several important proteins in 
MRSA.[263] Up to this point, it is clear that polyphenols not only have a 
bactericidal effect but also intervene in protein and gene expression and 
generally in the life cycle of bacteria. Indeed, EGCGs have been shown to 
interfere with the quorum sensing of bacteria, which is crucial for the stage of 
biofilm formation, in particular by interfering with AHL-mediated signaling of 
bacterial strains such as Pseudomonas putida and Burkholderia cepacia[264].  
Literature works on the antibacterial effect of Tea polyphenols are summarized 
in Table 3.1 
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Table 3.1 Antibacterial effect of Tea Polyphenols extract 

Molecule Concentration Effect Bacteria/Fungi Ref 
EGCG 31.25 µg/mL 

15.6 µg/mL 
Inhibition of 
planktonic cells 
growth and 
inhibition of 
biofilm formation 

Streptococcus  
mutans  

[254] 

EGCG >0.5 mg/mL Bactericidal Aggregatibacter 
actinomycetemcomitan 

[255] 

EGC 500 µg/mL Inhibition of the 
growth of 
infection in the 
urinary tract  

E. Coli in the urinary 
tract 

[257] 

EGCG >12.5 µg/ml Inhibition of 
biofilm formation 

E.Coli [258] 

Green tea 
extract 

- Bactericidal Acinetobacter  [262] 

Green tea 
polyphenols 

50 to 180 µg/mL Downregulation 
of several 
proteins 
expressed in the 
bacteria 

S. Aureus (MRSA) [263] 

EGCG 25 µg/ml Reduction of 
transcription of 
the major 
virulence gene 
and inhibition of 
biofilm formation  

E.Coli O157:H7 [259] 

Tea 
Polyphenols 

- Inhibition of 
biofilm formation 
and quorum 
sensing  

Pseudomonas putida and 
Burkholderia cepacia 

[264] 

EGCG 300 to 650 
µg\ml 

Bactericidal Klebsiella pneumoniae [264] 

EGCG and 
GCG 

- Inhibition of the 
extracellular 
release of Shiga 
toxin 

E.Coli [260] 

EGCG >0,4 mg/mL Inhibition of 
bacteria growth 

P. aeruginosa and E.Coli [261] 
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3.4.3 Bone Health 

 
 

As already mentioned in chapter 1, the process of bone remodeling is 
influenced by the effect of cytokines such as RANKL, OPG, and nuclear factor 
κB (NF-κB) which regulate the balance between osteoclastogenesis and 
osteoblastogenesis. 
Osteoporosis is a progressive medical condition in which bone mineral density 
(BMD) slowly decreases with advancing age. Osteoclasts release free radicals 
such as reactive oxygen species (ROS) that induce the apoptosis of osteoblasts 
and osteocytes, favoring osteoclastogenesis and inhibiting mineralization and 
osteogenesis. The strong antioxidants, by counteracting the action of free 
radicals, contribute to inhibiting the activity of osteoclasts and therefore the 
process of bone resorption.[265] 

The effects of polyphenols on bones in animal experiments have been widely 
examined with a broad and heterogeneous spectrum of findings [266]. The bone-
protective capacity is certainly due to their antioxidant properties, although 
flavonoids and their metabolites have been shown to act on cells independently 
of their antioxidant capacity, interacting with specific proteins involved in 
intracellular signaling pathways[267] 

Green tea polyphenols seem to have special properties to improve bone density 
and reduce the risk of fractures by attenuating the phenomenon of bone 
resorption. In addition, they could counteract the development of osteoclasts 
thanks to their good antioxidant properties, which act on inflammation and 
promote osteoclast apoptosis. Catechins therefore may have a direct effect on 
osteoclasts or an indirect effect through the modulation and activation of various 
cytokines that influence the process of osteoclastogenesis [268]. It has also been 
found that green tea catechins have a direct cellular effect on mesenchymal cells. 
EGCG has stimulating effects on the activity of ALP and cellular mineralisation, 
further confirming its positive influences on osteogenesis [269]. A hypothetical 
mechanism of influence on osteogenesis is illustrated in Figure 3.7 
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Figure  3.7 Green tea polyphenols in bone health[258] 
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3.4.4 Chemical stability of polyphenols 

 
 

Polyphenols, given their structure and very reactive groups, may have 
problems with chemical stability: Epi-merization and autoxidation, for example, 
are reactions that can cause polyphenols to lose their stability. These reactions 
could affect their structural variations even without the presence of external 
factors such as temperature, light, pH, and so on.  

Epimerization is one of the most important mechanisms leading to the 
instability of polyphenols and occurs due to external factors, particularly the 
temperature; it affects ECGC and takes place, for example, during tea 
processing. It involves the conversion of ECGC to GCG, in which the  2,3-cis 
bond of the EGCG is converted into a 2,3-trans bond in GCG (Figure 3.8) [270], 
[271]. 

 
Autoxidation is another reaction that causes the instability of polyphenols and 

can occur in presence of oxygen (Figure 3.9)[272] 

Figure  3.8 Conversion of EGCG to GCG through epimerization [260] 

Figure  3.9 Autoxidation of polyphenols[262] 
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3.5 Biomedical applications of 
polyphenols  

 
 

Thanks to their properties, polyphenols are found in the literature to be used in 
various biomedical applications in combination with different biomaterials. It is 
possible to use them to improve the mechanical properties of biomaterials, as in 
the case of collagen. In this case, polyphenols were used as cross-linkers to 
stabilise the material in dental tissue engineering. They can be used as enzyme 
inhibitors, as in the case of matrix metalloprotease (MMP-2) when used in 
dentin or remineralisation of root caries. They can be used in wound healing as 
antimicrobials to improve the wound healing process or grafted with polymers 
for antidiabetic scaffolds [273]. 

Their properties also make it possible to improve the surfaces of biomaterials 
and make them bioactive, with antibacterial, antioxidant, or osteogenic 
properties. Polyphenols are applied to the surface in different ways, either by 
coating or by immobilisation and functionalisation. They also have the ability 
to reduce metal ions, which makes them good alternatives for the formation of 
nanoparticles, such as silver nanoparticles. Finally, they are used for drug 
delivery, either as drugs or to form hydrogels [274].  
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3.5.1 Coupling of polyphenols with titanium alloys   

 
 

This section is intended to present the biomedical applications of polyphenols 
in combination with titanium as a biomaterial, which is the biomaterial used in 
this thesis.  
Many different applications of polyphenols with titanium are found in the 
literature, with different purposes and properties. Riccucci et al. used 
polyphenols extracted from red grape pomace to functionalize a chemically 
treated and nano-textured titanium surface. The research group investigated 
molecular grafting by physical/chemical characterisation and found that a good, 
homogeneous, and stable layer was formed on the surfaces. [210],[275]. The 
same substrates were used to produce grafting with gallic acid, using Ca2+ as a 
crucial linker for the binding mechanism. In this study, Ferraris et al. explored 
also the role of pH and ionic composition on the graft ability of gallic acid. [276]. 
Also in this case, they found a physical/chemical characterization protocol that 
revealed a good adhesion of the layer to the substrate [191]. As for the biological 
effect of the surface modified with polyphenols, several studies confirm that 
polyphenols have the ability to promote osteointegration. Cazzola et al. have 
shown that Ti6Al4V samples functionalised with green tea polyphenols have 
the ability to exhibit osteoinductive behaviour using KUSA A1 cells[277].  

Although polyphenols are said to have an antimicrobial effect, they seem to 
lose their effect when they are deposited on the surface. Weber et al. have done 
extensive research on this and found no significant inhibition of C. albicans 
growth and biofilm formation, suggesting that the release of the active 
molecules from the coatings does not reach relevant inhibitory concentrations 
[278]. The same dubious effect was found in a study by Douglas et Al. who 
prepared a coating on titanium substrates with polyphenols and chitosan. 
Antibacterial studies showed that both chitosan and polyphenols did not inhibit 
Methicillin-resistant Staphylococcus aureus (MRSA) growth. [279] 
Polyphenols have also been combined with other molecules to create coatings 
with additional properties. Phenolic enriched fibrillar collagen was used to 
create a coating on titanium alloy that promoted osteogenic activities while 
reducing inflammation in vitro. Cells appeared to attach and spread well on the 
coatings, and the presence of polyphenols significantly reduced gene expression 
of inflammation markers. Furthermore, the expression of markers of osteoclast 
activation may be directly dependent on polyphenol concentration [280]. The 
ability of polyphenols to complex metal ions has also been exploited to bind 
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silver ions, agents with renowned antibacterial properties, to the metal substrate. 
H. Zhang et Al. used tannic acid with polydopamine to introduce Ag into a 
coating on a titanium substrate. In order to load Ag ions, the already prepared  
titanium samples coated with polydopamine/tannic acid were immersed in a 
solution of AgNO3 for 1 day at 20°C. Dopamine was used here to allow the self-
polymerisation of the tannic acid, resulting in the coating [281]. S. Lee et al. 
instead, created a metal-polyphenol network between Mg2+ as a metal ion and 
EGCG as a polyphenol. They tried the osseointegration of EGCG-Mg2+ coating 
in a rabbit tibia model and found positive behaviour of hMSCs and hADSCs 
cells and saw enhanced osteogenic differentiation in hADSCs cultured on 
EGCG-Mg2+-coated Ti, rather than with either element, confirming the synergy 
between EGCG and Mg2+.[282]  
The table below (Table 3.2) shows a collection of research on polyphenols 
combined with titanium. 
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Table 3.2 Polyphenols combined with titanium and its alloy 

Molecules Material Deposition 
method 

Applications Effects of  
Polyephnol 

Ref. 

Polyphenols 
from red grape 
pomace 

Chemical 
treated 
Ti6Al4V 

Functionalizati
on 

Orthopedic/dental 
implants  

Successful grafting [210] 

Polyphenols 
from red grape 
pomace 

Nano-
Textured Ti 

Functionalizati
on 

Orthopedic/dental 
implants 

Successful grafting [275] 

Gallic Acid Chemical 
treated 
Ti6Al4V 

Functionalizati
on 

Orthopedic/dental 
implants 

Successful grafting [276] 
[191] 

Tannic Acid and 
pyrogallol 

Ti Coating Prevention of 
fungal colonization 
in dental implants. 

No inhibition to the 
growth of  
C.Albicans  

[278] 

Phenolic 
enriched 
collagen 

Titanium Coating Increase the 
osseointegration of 
titanium implants. 

Reduction of the 
inflammatory 
response, 
promotion of 
osteoblast and 
fibroblast adhesion. 

[280] 

Green Tea 
Polyphenols 

Chemically-
treated 
Ti6Al4v 

Functionalizati
on 

Increase the 
osseointegration of 
titanium implants. 

Enhancement of 
cell differentiation 
and stimulation of 
biological 
mineralization. 
 
 

[277] 

Ag-Incorporated 
Polydopamine/T
annic Acid 

Titanium Coating Orthopedic 
implants 

Complex with 
metal ions and graft 
of Ag ions onto the 
surface 

[281] 

EGCG-Mg2+ Ti6Al4V Coating Increase the 
osseointegration of 
titanium implants. 

Osteogenic 
differentiation, 
antiosteoclastogene
sis, 
osseointegration 
 

[282] 

Polyphenols and 
Chitosan 

Titanium Coating Bone contact 
application 

No marked increase 
or decrease in Hela 
cell number or 
antibacterial action 

[279] 
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The following section is intended to present my experimental research in 
which green tea polyphenols are chosen to functionalize a titanium surface for 
bone implant applications. In this work, a surface functionalization protocol has 
been optimized to graft tea polyphenols onto a treated titanium surface, 
previously made bioactive (in vitro precipitation of hydroxyapatite) and 
antibacterial through a specific heat treatment and loading of iodine ions.  
This reasearch aims to improve an already extensively studied titanium surface 
that already showed exceptional osseointegration capacity and antimicrobial 
properties by incorporating the renowned anti-inflammatory properties of tea 
polyphenols to create a multifunctional surface with antimicrobial, anti-
inflammatory, and osseointegration capabilities.[283], [284] 
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3.6 Materials and methods  
 

3.6.1 Polyphenols Extraction 
 
 

Green tea leaves (Longjing) were imported from Hangzhou, China, and dried 
in an oven at 60°C for 36 hours and ground to a powder in a ceramic mortar. 
Conventional solvent extraction with a 20:80 water-to-ethanol solution ratio was 
used. The solid-liquid ratio used was 1:50 (g:mL) [226]. The dried and ground 
tea leaves were placed in the extraction solvents in a glass bottle covered with 
aluminum to protect the tea from UV light and kept for 1 hour at 60°C shaking 
in a thermal bath. The solution was then filtered and placed in an incubator at 
37°C overnight to ensure total evaporation of ethanol. Finally, the extracts were 
collected and suspended in double-distilled water and freeze-dried (Figure 
3.10). The extracted natural polyphenols were named TPH. 
 

 

Figure  3.10 Extraction of polyphenols. Left: minced tea leaves, Right: lyophilized extract of tea leaves 
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3.6.2 Surface Treatment 

 
 

Commercially pure titanium (Ti) samples of rectangular shape (10x10x1 mm3) 
were polished with a 400-grain diamond plate. After being cleaned with acetone, 
2-propanol, and ultrapure water in an ultrasonic bath for 30 min each, they were 
dried at 40 ◦C in an incubator overnight. Following this, a thermal-chemical 
surface treatment was performed, obtaining a calcium titanate surface layer. 
Briefly, the samples were initially immersed in an aqueous solution of NaOH 5 
mol/L at 60 ◦C for 24 hours, and then in CaCl2 100 m mol/L at 40 ◦C for 24 

hours in a shaking oil bath at 120 rpm. The samples were then heated to 600 ◦C 

for 1 hour. To introduce iodine ions on the surfaces, some samples were 
immersed in an iodine-containing solution of 10 mM/L ICl3 and then placed in 
an oil-shaking bath at 80°C for 24 hours. Other samples were placed in water at 
80°C for 24 hours and used as controls. For bacterial tests, however, the 
treatments were conducted in the same way as described above, but the samples 
have a larger size (25 x 25 x 1 mm^3).   
Prepared samples were named Ti_Ca+I and Ti_Ca, respectively. 
 

 
 
 
 
 
 
 
 
 

Figure  3.11 Treatment for the samples Ti_Ca and Ti_Ca+I 
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3.6.3 Surface functionalization 

 
 

Ti_Ca and Ti_Ca+I samples were then functionalized in clean conditions with 
TPH, depositing a 100 µL/10mm2 drop of TPH solution on the surfaces for 3 h 
at 37 ◦C in dark conditions. The TPH solution for functionalization was obtained 

with a concentration of 1 mg/mL by dissolving TPH in TRIS/HCl at 7.4 pH and 
stirring for 1 h. After the solution was prepared and the polyphenols were well 
dissolved, the solution was filtered with a syringe and 0.2 µm filter to avoid 
bacterial contamination. The filtered solution was used for functionalization, 
which lasted 2 hours. Finally, the samples were rinsed with double-distilled 
water twice and dried under a fume hood. The functionalized samples were 
named Ti_Ca+TPH and TI_Ca+I+TPH. The method of surface 
functionalization is illustrated in Figure 3.12. 
 
 

 
 
 
 
 

Figure  3.12  Method of functionalization with the TPH solution 
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3.6.4 X-ray Photoelectron Spectroscopy  

 
 

The surface chemical composition of the functionalized and non-
functionalized samples (Ti_Ca+I+TPH and Ti_Ca+I) were analyzed using X-
ray photoelectron spectroscopy (XPS, PHI 5000 Versaprobe II, ULVAC-PHI, 
Inc., Kanagawa, Japan), with an Al-Kα beamline as the X-ray source at a take-
off angle of 45◦. The binding energy of the observed spectra was calibrated by 

referring to the C1s peak of the CH2 groups on the substrate, which occurs at 
284.8 eV. 
 

3.6.5 Zeta Potential Measurements 
 
 

The zeta potential titration curve was measured by an electrokinetic analyzer 
(SurPASS, Anton Paar GmbH, Graz, Austria) for both functionalized and non-
functionalized samples (Ti_Ca+I+TPH and Ti_Ca+I). Two samples were 
prepared for each type of titration curve (acid and basic) and the ζ potential was 
measured as a function of pH in a 0.001 M KCl electrolyte solution. and the pH 
value (which starts at approximately 5.5) was varied by adding 0.05 M HCl or 
0.05 M NaOH using the automatic titration unit of the instrument. The 
isoelectric point (IEP) was established as the intercept of the titration curve with 
the x-axis (zeta potential = 0 mV). 
 

3.6.6 Ion Release 
 
 

To measure the release of Iodine from Ti_Ca+I and Ti_Ca+I+TPH samples, 
the mentioned samples were immersed in 2 ml of PBS under continuous shaking 
(50 rpm) at 36.5 °C in dark conditions. After the planned periods (for 1 h, 6 h, 
24 h, 5 days, and 1 week), the concentrations of iodine ions were measured by 
inductively coupled plasma emission spectroscopy (ICP, SPS3100, Seiko 
Instruments Inc., Chiba, Japan). The measurement was done in triplicate and 
average and standard deviations were calculated. 
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3.6.7 Hydroxyapatite Formation 

 
 

Ti_Ca+I+TPH and Ti_Ca+I were soaked in 24 mL of SBF with ion 
concentrations close to those of human blood plasma, according to the work of 
Kokubo [285], for 1, 3 days and 1 week at 36.5 ◦C. After these periods, the SBF 

was removed and apatite formation on the substrate was observed at FE-SEM. 
 

3.6.8 SEM 
 
 

The surfaces of the prepared titanium samples soaked in SBF, Ti_Ca+I and 
Ti_Ca+I+TPH were observed under a scanning electron microscope (FE-SEM, 
S-4300, Hitachi Co., Tokyo, Japan) at an acceleration voltage of 15 kV.   
 

3.6.9 Polyphenols quantification and distribution on 
surfaces 

  
Fluorescence microscopy 
 
 

To observe the distribution of surface-grafted polyphenols, their fluorescent 
property was exploited [286]. To observe the red fluorescence, a confocal 
microscope (LSM 900, ZEISS) with a red filter and an excitation wavelength 
(573 nm) with a 1-second exposure time and a magnification of 100X was used.  
The test was used to observe the surfaces of Ti_Ca+I and Ti_Ca+I+TPH.  
 

Spectrophotometric analysis 
 
 

A modified Folin - Ciocalteu method was used to verify and evaluate the 
amount of polyphenols grafted onto the surface samples (Ti_Ca+I+TPH and 
Ti_Ca+TPH). The samples were soaked for 2 hours under dark conditions in a 
solution with 8 ml of water, 0.5 ml of Folin - Ciocalteu reagent, and 1.5 ml of 
20% (w/V) Na2CO3 solution [287]. After this time, photometric measurement 
was performed at 760 nm. To quantify the polyphenol amount, a standard 
calibration curve was previously prepared using solutions with different gallic 
acid concentrations (i.e., 0.0025, 0.005, 0.01, 0.02, 0.03, and 0.04 mg/ml) as 
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described in [288]. 
 

3.6.10 Biological evaluation 
 

Antibacterial Activity Test: 
 
 

The antibacterial activity of untreated titanium (Ti), Ti_Ca+TPH, Ti_Ca+I, 
Ti_Ca+I+TPH against Escherichia coli (E. coli; IFO3972) was estimated 
according to the ISO22196 standard [289]. Drops of bacterial cell suspensions 
(100 µL) in RPMI 1640 broth were injected onto the 25 × 25 × 1 mm3 sized 
samples and covered with a 20 × 20 mm2 sterile flexible polypropylene film so 
that the solutions were firmly in contact with the substrate. The samples thus 
prepared were stored in Petri dishes in an incubator with controlled humidity 
and temperature (95% and 35°C, respectively) for 24 hours. After 24 hours, the 
samples were removed from the incubator and rinsed with 10 mL of soybean 
casein digestion bar containing lecithin and polyoxyethylene sorbitan 
monooleate (SCDLP) to collect bacteria grown during incubation. Finally, the 
number of bacterial cells was calculated using the dilution factor and the number 
of colonies counted on the Petri dish. 
 

Cytocompatibility evaluation 
 
 

Biological characterizations were performed using square specimens (10 × 10 
× 1 mm3) sterilized by UV light (2 hours). Specimens’ cytocompatibility was 

tested in vitro towards Human bone marrow-derived stem cells (hMSC); cells 
were obtained from Merck (Promo Cell C-12974) and cultivated in low-glucose 
Dulbecco’s modified Eagle Medium (DMEM, Sigma Aldrich, Milan, Italy) 
supplemented with 15% fetal bovine serum (FBS, Sigma Aldrich, Milan, Italy) 
and 1% antibiotics (penicillin/streptomycin) at 37°C, 5% CO2 atmosphere. Cells 
were cultivated until 80-90% confluence, detached by a trypsin-EDTA solution 
(0.25% in PBS), harvested, and used for the experiments.  

For cytocompatibility studies, specimens were gently located into a p24 
multiwell plate and cells were dropwise seeded in a defined number (1x104 
cells/specimen) onto the specimens’ surface and allowed to adhere for 4 hours 
at 37°C before being submerged with 1 ml of medium. After 24 hours of 
cultivation in direct contact with the specimens’ surface, the cells’ viability was 

evaluated in function of their metabolic activity by the colorimetric metabolic 
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alamar blue assay (alamarBlue™, ready-to-use solution from Life 
Technologies, Milan, Italy). Briefly, after introducing the alamar solution the 
plate was incubated in the dark for 4 hours at 37°C; then, supernatants were 
collected and the fluorescence signals were evaluated with a spectrophotometer 
(Spark®, Tecan Trading AG, Zürich, Switzerland) using the following set-up: 
fluorescence excitation wavelength 570 nm, fluorescence emission reading 590 
nm. Moreover, cells adhered to the specimens’ surfaces were investigated for 
their viability by the fluorescent Live/Dead assay (LIVE/DEAD, from 
Invitrogen, Milan, Italy); briefly, after washing with PBS the solution was added 
to each specimen and then incubated for 45 min. After incubation specimens 
were washed with PBS and fluorescent images were collected by a confocal 
microscope (Leica SP8 confocal platform, Leica Microsystems, Germany).  
 

Antioxidant properties evaluation 
 
 

Specimens’ ability to act as antioxidants by a scavenger activity was evaluated 

towards their ability to protect cells’ survival in a pro-inflammatory 
environment. Accordingly, the inflammation was chemically induced by adding 
hydrogen peroxide (H2O2, 3 hours, 300 mM) in the medium with the aim to 
generate oxidative stress by toxic active species as previously shown by the 
Authors [290]. Accordingly, H2O2 was added before the cells’ seeding to 

resemble a pre-implant inflammation or after the seeding to simulate a post-
operative inflammation. Afterward, cells’ metabolic activity was evaluated by 

the alarm blue assay as previously detailed. Moreover, to demonstrate that the 
toxic effect was due to the internalization of toxic active species, the specific 
CellRox reagent (CellROX™ Deep Red Reagent kit, from Thermo Fisher 

Scientific, Milan, Italy) was used to visualize the species in the intracellular 
compartment; cells were further co-stained with phalloidin (Alexa Fluor 488 
Phalloidin, from Thermo Fisher Scientific, Milan, Italy) and 4,6-diamidino-2-
phenylindole (DAPI, Sigma Aldrich, Milan, Italy) to visualize cytoskeleton F-
actin filaments and nuclei, respectively. Cells cultivated in the regular medium 
were considered as a positive control. 
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3.7 Results and discussion 
 
 

The first part of the research has been devoted to verifying the effective 
presence of both polyphenols and iodine ions on the functionalized surface and 
to their characterization. The Ti_Ca+I surface has already been characterized 
in [283] and it is here used as a reference.  

This substrate is extensively characterized in previous works and its 
osseointegration ability is already verified. In fact, in vivo mechanical and 
histological experiments are performed on the specimens, confirming a high 
long-term sustainable bone-bonding capacity [284], [291]. 

 
3.7.1 X-ray Photoelectron Spectroscopy  

 
 

The atomic percentages of the elements are shown in Table 3.3 as detected by 
XPS on the surfaces before and after functionalization. The functionalized 
samples showed a reduction in the atomic percentage of titanium with respect 
to Ti_Ca+I, evidencing that a layer, attributable to polyphenols, covered the 
titanium oxide surface. In addition, the functionalized samples (Ti_Ca+I+TPH) 
showed a 60 % reduction in the atomic percentage of iodine. One explanation is 
that the organic molecules covered the surface, thus also covering the surface-
exposed iodine ions as it occurred for titanium. A second explanation could be 
that the functionalization method led to an ionic release at the interface between 
the sample surface and the drop of the polyphenols solution, thus leading to a 
possible decrease of iodine on the functionalized surface. The ratio between the 
titanium and iodine percentages was similar on both surfaces (respectively 21 
on TiCa+I+TPH and 18 on Ti_Ca+I) suggesting that the first explanation was 
more reliable and the iodine release during the functionalization was quite 
limited. 

Confirming this, the analysis survey also showed an important increase in the 
percentage of carbon, the main element that composes polyphenols. Oxygen, on 
the other hand, did not change drastically because, polyphenols, being OH-rich, 
exposed oxygen on the functionalized surface as the titanium oxide did before 
functionalization. As last, both surfaces contained calcium. This can be 
explained considering that the chemical treatment used for obtaining Ti_Ca+I 
induced a calcium enrichment of the titanium oxide layer as well as the 
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functionalization with polyphenols was performed in a solution with Ca2+ ions.  
 

To identify the specific chemical groups exposed on the surfaces, the high-
resolution spectra of carbon and oxygen (C1s and O1s) were measured, as 
shown in Figure 3.13, which represent the main elements that characterize 
polyphenols.   
After TPH grafting, different contributions can be detected in the carbon region 
(Figure 3.13b). In particular, although the peak of C-C and C-H bonds at 284.7 
is the highest in both cases, the peak related to C-O at 287.5 eV [27] became 
more intense after functionalization, as expected when polyphenols are 
compared to adventitious organic contaminations (mainly hydrocarbons). 
Moreover, a new signal can be observed, at about 288 eV. This can be attributed 
to C=O bonds, already detected on surfaces functionalized with polyphenols 
[277] and explained by partial oxidation of the molecule creating a quinone 
bond. The presence of a peak due to carbonates can be due to some impurities. 
In the oxygen region, the difference between the functionalized and 
nonfunctionalized samples is clearer and more visible. (Figure 3.13a). Three 
peaks were present on the Ti_Ca+I sample at 530.44 eV, 531.5, and 532.5 eV 
and can be correlated with the Ti-O bond of the titanium oxide, with the –OH 
acid (OHa) and basic (OHb) groups exposed by the surface titanium oxide layer 
after the treatment, respectively [284], [292]. In the spectrum of the 
Ti_Ca+I+TPH sample, these peaks were still present, but a new peak was visible 
at 533.8 eV, related to the OH aromatic band that was attributable to polyphenols 
[292]. It is of interest that the ratio between the area of the peaks related to OHb 
and OHa is almost the same before and after functionalization (OHb/OHa is 3 
after functionalization, and 4 before it), confirming that these functional groups 
belong to the titanium oxide layer. Analogously, the ratio between the area of 
the peak related to TiO and the sum of the peaks related to OHb and OHa does 
not significantly change before and after functionalization (TiO/(OHa+OHb) is 
0.4 after functionalization and it is 0.3 before it). Both these ratios shown in 
Table 3.4, confirm that the OH groups of the polyphenols are related to the 

Table 3.3 The atomic percentages of the elements detected on the surface of samples Ti_Ca+I+TPH and Ti_Ca+I. 

Atomic percentage 
 

C1s O1s Ca2p Ti2p I3d5 

Ti_Ca+I+TPH 41.24 45.28 1.75 11.2 0.53 

Ti_Ca+I  13.79 59.49 1.57 23.79 1.36 

 

 
Figure  3.13 XPS high resolution (HR) spectra of (a) O1s and (b) C1s of the samples Ti_Ca+I+TPH and Ti_Ca+I. X-Asis: 

(eV binding)Table 3.4 The atomic percentages of the elements detected on the surface of samples Ti_Ca+I+TPH and 

Ti_Ca+I. 

Atomic percentage 
 

C1s O1s Ca2p Ti2p I3d5 

Ti_Ca+I+TPH 41.24 45.28 1.75 11.2 0.53 

Ti_Ca+I  13.79 59.49 1.57 23.79 1.36 
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phenolic signal while the others belong to the titanium oxide layer. In both cases, 
a signal related to Ca-O is evidenced: it is due to the calcium titanate on Ti_Ca+I 
and to the Ca2+ ions linking the polyphenols on Ti_Ca+I+TPH. 
 

Table 3.5 The ratio of the peak area of the XPS curves for the Ti_Ca+I+TPH and Ti_Ca+I samples.  

 
 
 

 
OHa/OHb TiO/(OHa+OHb) 

Ti_Ca+I+TPH 3 0.4 
Ti_Ca+I 4 0.3 

Figure  3.13 XPS high resolution (HR) spectra of (a) O1s and (b) C1s of the samples 

Ti_Ca+I+TPH and Ti_Ca+I. X-Asis: (eV binding) 

 
Figure  3.14 Zeta Potential titration curve of Ti_Ca+I and Ti_Ca+I+TPHFigure  3.13 XPS 

high resolution (HR) spectra of (a) O1s and (b) C1s of the samples Ti_Ca+I+TPH and 

Ti_Ca+I. X-Asis: (eV binding) 
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3.7.2 Zeta Potential Measurements 

 
 

Figure 3.14 shows the zeta potential titration curves of titanium samples with 
(Ti_Ca+I+TPH) and without polyphenols (Ti_Ca+I). The surface before 
functionalization had an isoelectric point (IEP) at about 5.3 and it was negatively 
charged at physiological pH (about -34 mV at pH = 7.4). The curve shows an 
evident plateau in the acidic range (with positive zeta potential values), which 
can be explained by the presence of basic functional groups (supposedly basic 
OH). The beginning of the acidic plateau is at pH ≈ 4 and indicates that the 

functional groups behave as a very strong base, in fact, they protonate at a low 
pH value. On the other hand, the surface was also rich in acid functionalities 
(presumably OH acid groups), confirmed by the presence of a plateau in the 
basic range beginning at pH 8.5. In fact, surface treatment, in addition to creating 
basic groups, created some acidic groups, but they acted as a weak acid and are 
deprotonated only at very high pH. The prevalence of the basic groups in 
determining the surface charge and zeta potential, because of the stronger 
reactivity, was evidenced by a shift of the IEP towards a higher value (5.3) with 
respect to untreated titanium (expected IEP at pH 4). A contribution by basic 
and acidic functionalities due to iodine (HOI as an amphoteric functional group) 
may also be supposed [293]. The presence of acidic and basic groups are 
confirmed also by XPS (see paragraph 3.7.1). 

On the other hand, looking at the curve of the functionalized sample 
(Ti_Ca+I+TPH), the shift of the isoelectric point toward the acidic range and 
disappearance of the plateau at acidic pH can be explained by the polyphenols 
covering the surface and basic functional groups of Ti_Ca+I while the 
functionalized surface exposed many more acidic OHs, characteristic of 
polyphenols molecules. This fact also led to the appearance of a much more 
pronounced plateau from the pH value of 4.5, indicating that the acidic OHs 
behave as a strong acid. This is expected for some of the OH groups of 
polyphenols (EGCG, in particular) which have a pKa value lower than 7 [294]. 
The standard deviation of the zeta potential was very small for the entire 
measurements (the error bars are hardly visible in the graph), both for the 
reference and functionalized sample, demonstrating the good surface chemical 
stability [295] and the efficacy of polyphenol grafting on the surface. 

Looking at the XPS data and comparing them with the zeta potential curves, 
we can say with certainty that the acidic and basic functional groups of the 
Ti_Ca+I samples are given by the basic and acidic OH groups exposed on the 
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surface as a result of the treatment. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Zeta potential titration curve for Ti_Ca+I and Ti_Ca+I+TPH 

 
Figure  3.15 Iodine concentration released from Ti_Ca+I and Ti_Ca+I+TPH as a function of the soaking time in PBS (in 

hours).Figure 3: Zeta potential titration curve for Ti_Ca+I and Ti_Ca+I+TPH 

Figure  3.14 Zeta Potential titration curve of Ti_Ca+I and Ti_Ca+I+TPH 
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3.7.3 Ion Release 

 
 

Figure 3.15 shows the concentration of iodine released from the treated 
Ti_Ca+I and Ti_Ca+I+TPH samples as a function of immersion time in PBS. 
The graph shows that the treated Ti_Ca+I initially released 4.0 ppm of iodine 
within 6 hours and then slowly released another 1.6 ppm over one week. In 
contrast, the functionalized sample (Ti_Ca+I+TPH) showed a significant 
decrease in the ionic release, about half the amount of the reference sample, 
indicating that the functionalization mode probably reduces the kinetic of the 
ion release and slightly reduces the amount of iodine available on the sample 
surface, as confirmed by XPS. Interestingly, the presence of polyphenols did not 
alter the mechanism of the ion release: the release trend remains the same even 
if with a lower absolute value in terms of concentration. The standard deviation 
was also lowered after the functionalization evidencing a lower but probably 
more stable release. 
 

 
 
 

Figure  3.15 Iodine concentration released from Ti_Ca+I and Ti_Ca+I+TPH as a 

function of the soaking time in PBS (in hours). 
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3.7.4 Hydroxyapatite Formation 

 
 

Figure 3.16a shows the formation of apatite on the functionalized samples 
(Ti_Ca+I+TPH) after 1, 3, and 7 days. After immersion in SBF, the samples 
formed numerous spherical particles on their surface, which on day 7 covered 
almost the entire surface. In contrast, Figure 3.16b shows the formation of 
apatite on a reference sample (Ti_Ca+I) after 3 days. Polyphenols would seem 
to slow the growth of hydroxyapatite, as it is clear that after 3 days fewer and 
smaller particles are found on the functionalized sample. In fact, in general, 
polyphenols interact with hydroxyapatite by binding to the surface of the apatite 
crystals. This binding can affect the nucleation and growth of the apatite 
crystals, leading to changes in the size, morphology, and shape of the crystals 
[296], [297]. In any case, the surfaces had a remarkable ability to induce 
hydroxyapatite precipitation during soaking in simulated body fluid, as it 
appeared after 7 days of soaking. 
 

Figure  3.16 FE-SEM images of the surfaces soaked in SBF of (a)Ti_Ca+I+TPH  for 1, 3, and 7 days, (b) Ti_Ca+I  

for 3 days 
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3.7.5 Polyphenols quantification and distribution on 

surfaces 
 
 

The distribution of polyphenols on the sample surface was studied by 
exploiting the autofluorescent abilities of polyphenols. Figure 3.17a shows the 
fluorescence microscope observations on the Ti_Ca+I sample before and after 
functionalization. On the surface of the reference sample (Ti_Ca+I), the 
fluorescent signal was absent, confirming that the surface itself was not 
fluorescent. On the other side, the surface of the functionalized sample 
(Ti_Ca+I+TPH) showed a uniform intensity of the emitted fluorescent signal, 
due to the grafted polyphenols with a uniform distribution on the surface of the 
material, forming a thin but homogeneous layer. It is also important to note from 
the SEM images of the functionalized and reference surfaces, Ti_Ca+I-TPH and 
Ti_Ca+I, respectively (Figure 3.17b), that although polyphenols were uniformly 
present on the sample surface, they did not alter the nanotextural morphology 
created by the treatment, which is important for osseointegration.  
 
 
 

 

 

 

 

 

 

 
 

 
 
 
 

 

 
 

Figure  3.17 Morphology of Ti_Ca+I and Ti_Ca+I+TPH samples a) 
Fluorescence microscopy observations on the surfaces,  b) Surface 

FE-SEM  images. 
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Quantification of surface polyphenols, on the other hand, was studied by 
exploiting the antioxidant capacity of polyphenols, using spectrophotometric 
methods such as the Folin-Ciocolteau analysis test modified to be applied to 
surfaces As shown in Figure 3.18, the absorbance at 760 nm was around 0.07, 
evidencing a redox activity of surface polyphenols equivalent to a solution with 
a gallic acid concentration of 0.003 mg/ml (GAE). Considering a “calibration 

curve” of TPH, an absorbance of 0.07 corresponded to a concentration of TPH 

of 0.0038 mg/ml, which was close to the one obtained in terms of GAE. This 
result evidenced also that the grafted polyphenols maintained their redox 
chemical activity after grafting.  
 

 

 
 
 
 
 
 
 
 
 
 

Figure  3.18 Redox activity of polyphenols grafted on the surfaces, measured through the 

Folin – Ciocalteu modified method, of Ti_Ca+I+TPH and Ti_Ca+I samples. 
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3.7.6 Biological evaluation 

 
Antibacterial effect  
 
 

The antibacterial effect of iodine is well known and has been already studied 
in previous works [284]. The antibacterial test was carried out according to 
ISO22196 standard on Ti, Ti_Ca+TPH, Ti_Ca_I+TPH, and Ti_Ca_I samples. 
A larger set of samples (with also Ti_Ca+TPH) has been used for this test to 
understand whether the presence of polyphenols affected the antibacterial effect 
of iodine. Figure 3.19 shows that functionalized and reference samples, without 
iodine ions on the surface (Ti and Ti_Ca+TPH), had no antibacterial effect 
against E.Coli, being free of the antibacterial agent. It was also evident that the 
presence of polyphenols on the surface did not inhibit bacterial colonization, 
showing no antibacterial effect. Samples with iodine on the surface (Ti_Ca+I 
and Ti_Ca+I+TPH), on the other hand, did not show colony formation either 
before or after functionalization, indicating a potent antibacterial activity of 
iodine on E. Coli (with a percentage reduction > 99%), as shown in Table 3.5 
The presence of polyphenols, therefore, did not inhibit the antibacterial capacity 
of iodine, which remained intact, even if the ion release was reduced. 
 

 
 
 
 
 
 
 
 
 

Figure  3.19  Optical images of colony formation on Ti, Ti_Ca+TPH, Ti_Ca+I+TPH, and Ti_Ca+I 
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Cytocompatibility evaluation 
 
 

To exclude any toxic effect, cytocompatibility was verified before moving to 
the antioxidant properties evaluation. Given the potential application of the here 
developed specimens for bone repair, human mesenchymal stem cells (hMSC) 
were considered as a target model in view of their pivotal role in the healing 
process. Moreover, cells were seeded in direct contact with the control and 
functionalized surfaces to study their ability to properly adhere, spread, and 
exploit metabolic activity, thus simulating possible colonization of the device 
after implantation by the cells recruited from the neighbor tissue towards the 
injury site [298].  

The metabolic activity was considered the parameter to determine the viability 
of the cells adhered to the specimens’ surface after 24 hours of cultivation; 
results are reported in Figure 3.20. None of the treated surfaces (Ti_Ca+I or 
Ti_Ca+I+TPH) determined a reduction of the hMSC metabolic activity in 
comparison to the untreated Ti control (p>0.05) that was considered as a positive 
control given the large literature demonstrating its biocompatibility [299]. On 
the opposite, the presence of polyphenols (TPH) determined an increase (≈15%) 

in the metabolism in comparison to the Ti control that was assumed as 100% as 
prior discussed (Figure 3.20b). It can be hypothesized that the bioactivity of the 
functionalized specimens was improved thus being hypothetically able to 
improve/speed up the healing process. Similar pro-regenerative results were 
obtained in literature by using for example resveratrol and curcumin; Prakoeswa 
et al. [300] demonstrated that resveratrol can boost hMSC to release growth 
factors in non-healing wounds whereas Chen et al. [301] showed that curcumin 
improves hMSC BMP-2 and TGF-β production ameliorating osteogenesis in a 

pro-inflammatory environment. On the opposite, the iodine contribution 
appeared insignificant in terms of hMSC metabolism boost (≈5% improvement 
in comparison to Ti control); however, no previous literature reported a 
significant pro-regenerative or pro-healing activity of iodine towards stem cells. 

Table 3.6 Antibacterial activity value of Ti_Ca+TPH, Ti_Ca+I+TPH, Ti_Ca+I and Ti against 
E.Coli 

 
Figure  3.20 Cytocompatibility evaluation of Ti_Ca+I and Ti_Ca+I+TPHTable 3.7 Antibacterial 
activity value of Ti_Ca+TPH, Ti_Ca+I+TPH, Ti_Ca+I and Ti against E.Coli 
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It is mostly recognized as a strong antioxidant compound [302] as well as a 
potential antibacterial agent as previously demonstrated in this work, too. 
Finally, to give a visual confirmation of the specimens’ successful colonization, 

Live/Dead fluorescent imaging (Figure 3.20c) was applied to confirm that cells 
were viable (stained in green) showing a correct fibroblast-like morphology and 
comparable surface density between the control and functionalized samples. 
 

Surface functionalization with iodine (Ti_Ca+I) and polyphenols (Ti_Ca+I+TPH) did not decrease hMSC metabolic 
activity in comparison to the Ti controls (a, p>0.05) giving a positive boost of ≈5% and ≈15%, respectively. Live/dead 

images confirmed that cells were viable (stained in green) with a proper morphology and comparable surface density. 
Bars represent means±dev.st, replicates=3. Images bar scale=125µm 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.20 Cytocompatibility evaluation of Ti_Ca+I and Ti_Ca+I+TPH 

 
Figure  3.21  Pre-inflammatory evaluation of Ti_Ca+I and Ti_Ca+I+TPHFigure  3.20 Cytocompatibility 

evaluation of Ti_Ca+I and Ti_Ca+I+TPH 
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Antioxidant properties evaluation 
 
 

We imposed an oxidative stress to the hMSC seeded onto the control (Ti) and 
functionalized specimens (Ti_Ca+I and Ti_Ca+I+TPH) by the generation of 
active species through a medium doped with H2O2 to verify if any scavenger 
action was performed by the surfaces. In the first experimental set-up, the pro-
inflammatory environment was induced before the cells’ seeding to verify if the 

functionalization was effective in reducing the amount of free toxic active 
species affecting the cells migrating towards the implant site; the protocol was 
first validated using polystyrene as a gold standard substrate for cells’ 

cultivation. 
Results related to the specimens’ test are reported in Figure 3.21. As expected, 

the lowest value in terms of cells’ metabolic activity was registered by the 

untreated Ti controls (Figure 3.21a); the lack of any protective effect determined 
a toxic environment driving cells mostly to the apoptotic stage as clearly seen 
by the SEM images (Figure 3.21b) where they appeared mostly in the typical 
apoptotic round-shape. On the opposite, iodine (Ti_Ca+I) provided first 
protection showing a significant improvement in comparison to the Ti control 
(Figure 3.21a, p<0.05 indicated by §), but the best results were achieved by the 
combination of iodine + polyphenols (Ti_Ca+I+TPH) that were significant 
towards both controls and iodine (Figure 3.21a, p<0.05 indicated by § and #, 
respectively). SEM images (Figure 3.21b) confirmed that cells seeded onto such 
functionalized surfaces were able to adhere, spread, and maintain a proper 
fibroblast-like morphology as well as their metabolism was the highest when 
the Alamar blue assay was applied. So, it can be hypothesized that iodine and 
polyphenols worked in synergy to maximize the capture of the active species 
thus protecting cells from their toxic effect. To confirm this hypothesis, the 
specific fluorescent assay CellRox was applied to visualize the active species 
internalized by the cells. As displayed in Figure 3.21c, most of the cells 
cultivated onto Ti were positive to the red color of the dye (indicated by the red 
arrows) whereas the number of positive cells decreased when iodine and iodine 
+ polyphenols surfaces were analyzed. Moreover, as previously observed by 
SEM, cells onto Ti controls displayed mostly a round-shaped morphology 
forming clusters. On the opposite, cells cultivated onto Ti_Ca+I+TPH 
specimens showed the highest density, proper morphology, and lowest number 
of red-positive signals thus giving a clear demonstration of the starting 
hypothesis. 
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When the inflammatory environment was generated before the cells’ seeding, the presence of iodine + 

polyphenols (Ti_Ca+I+TPH) protected cells by oxidative stress showing the highest metabolism (a, 
p<0.05 in comparison with Ti and Ti_Ca+I, indicated by § and #, respectively) and a proper morphology 
at SEM images (b). The toxic effect was due to the active species internalization as shown in the CellRox 
staining (c, positive cells stained in red) where most of the cells resulted as protected by the iodine and 
polyphenols. Bars represent means±dev.st, replicates=3. SEM images: 180x magnification, bar 
scale=100µm; fluorescent images bar scale = 125µm. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  3.21  Pre-inflammatory evaluation of Ti_Ca+I and Ti_Ca+I+TPH 

 
Figure  3.22 . Pro-inflammatory evaluation of Ti_Ca+I and Ti_Ca+I+TPHFigure  3.21  Pre-inflammatory 

evaluation of Ti_Ca+I and Ti_Ca+I+TPH 
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In a very similar way to the first experimental set-up, the lowest value in terms 
of cells’ metabolic activity was reported by the untreated Ti controls (Figure 

3.22a); however, in this second pro-inflammatory condition only the 
functionalization based on the iodine + polyphenols reported significant results 
in comparison to both Ti controls and Ti-Ca+I iodine functionalized (Figure 
3.22a, p<0.05 indicated by § and #, respectively). Probably, the presence of the 
cells seeded prior to the H2O2 administration reduced the scavenger activity of 
the surfaces by “screening” some of the surface-exposed iodine ions and 
polyphenols; therefore, only the combination was effective in protecting the 
cells from oxidative stress. So, it was confirmed the very promising protective 
effect of the iodine + polyphenols combination that allowed cells to maintain 
the correct morphology as seen by the SEM images (Figure 3.22b) and minimize 
the toxic effect of the internalization of active species as confirmed by the 
CellRox fluorescent dye (Figure 3.22c). 

The results agree with the literature. Iodine has been largely demonstrated to 
hold an intrinsic antioxidant activity that can be exploited to reduce 
inflammation in situ upon implantation for tissue engineering purposes. In fact, 
iodine is internalized by a facilitated diffusion system that is evolutionary 
conserved and it directly neutralizes free radicals, induces the expression of type 
II antioxidant enzymes, or inactivates proinflammatory pathways [302]. 
Moreover, iodine was here combined with polyphenols, molecules conferring 
strong antioxidant activity to the functionalized surfaces as previously 
demonstrated also by the authors [303], [304]. In fact, polyphenols have been 
shown as a very promising chemical improving tissue repair under pro-
inflammatory conditions; dealing with bone repair, representing the target of 
this study, polyphenols have been found to stimulate bone formation, 
mineralization, as well as the proliferation, differentiation, and survival of 
osteoblasts by a protective effect against oxidative stress and inflammatory 
cytokines [273]. In addition, polyphenols inhibit the differentiation of the 
osteoclast cells thus favoring bone repair over resorption[273]. 
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When the inflammatory environment was generated after the cells’ seeding, the presence of iodine + 
polyphenols (Ti_Ca+I+TPH) protected cells by oxidative stress showing the highest metabolism (a, 
p<0.05 in comparison with Ti and Ti_Ca+I, indicated by § and #, respectively) and a proper morphology 
at SEM images (b). The toxic effect was due to the active species internalization as shown in the CellRox 
staining (c, positive cells stained in red) where most of the cells resulted as protected by the iodine and 
polyphenols. Bars represent means±dev.st, replicates=3. SEM images: 180x magnification, bar 
scale=100µm. fluorescent images bar scale = 125µm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.22 . Pro-inflammatory evaluation of Ti_Ca+I and Ti_Ca+I+TPH 

 
Figure  3.22 . Pro-inflammatory evaluation of Ti_Ca+I and Ti_Ca+I+TPH 
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4. Chapter: Peptoids 
 

4.1 Introduction 
 
 

Antimicrobial peptides (AMPs) have gained great interest in scientific research 
in recent years, particularly in biomedical applications such as drug delivery and 
orthopaedic applications. The main limitation of AMPs concerns their easy 
degradation in the physiological environment, which is rich in proteolytic 
enzymes. Recently, scientific research is attempting ways to make AMPs more 
stable, as easy degradation may be a problem when the antimicrobial agent is 
desired to have a longer-term effect. 

My experimental research involved a collaboration with the EU project 
PREMUROSA where functionalization with the polypeptide nisin was 
successfully performed on a chemically treated titanium surface [305]. The 
experimental results are reported in Appendix A, because they were not the 
focus of my Ph.D. thesis. 

Peptoids are synthetic oligomers of N-substituted glycines that mimic the 
structure of peptides, they were created more than fifteen years ago and, in this 
time, research on them is greatly increased due to their biological capabilities, 
so today there is a very rich database of tested and proven peptoids. In fact, 
peptoids, not having the peptide bond, have a structure that does not allow 
proteolytic degradation, making them much more stable, while maintaining 
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antimicrobial activity. In addition, this structure brings many advantages to the 
molecule, including greater diversity and specificity, making them more suitable 
for biological applications.  

This chapter includes a bibliographic part, with particular attention on 
antimicrobial peptides (AMPs), with a brief overview of their biomedical 
applications and their limitations which lead to an introduction to peptoids. The 
second part concerns a surface functionalization protocol optimized to graft a 
peptoid onto a treated titanium surface. A preliminary characterization of the 
functionalized surfaces was performed using the contact angle measurement and 
ζ potential titration curves. Finally, the ability to prevent surface colonization 
and biofilm formation by the pathogen Escherichia coli and S. epidermidis was 
verified. 
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4.2 Peptides 
 
 

Peptides are short chains of amino acids that are joined together by peptide 
bonds, usually with a molecular weight of 500-5000 Da.[306] The peptide bond 
is a covalent bond that forms between the carboxyl group (-COOH) of one 
amino acid and the amino group (-NH2) of another amino acid. It is formed 
through a dehydration reaction, in which a water molecule is removed, leaving 
a peptide bond and a dipeptide (two amino acids joined together) (Figure 4.1). 
The peptide bond is a strong and stable bond that is essential for the formation 
of protein structures. Indeed, the backbone of a protein is made up of a long 
chain of amino acids joined together by peptide bonds, with the side chains of 
the amino acids extending out from the backbone. The sequence of amino acids 
in a protein, as determined by the order of peptide bonds, is known as its primary 
structure. The properties of the peptide bond, such as its strength and rigidity, 
are determined by the nature of the chemical bonds involved in the chemical 
surrounding and geometry of the bond. It has a partial double bond character, 
which restricts its rotation and gives it a planar geometry. This planar geometry 
is important for the formation of secondary structures in proteins, such as alpha 
helices and beta sheets [307][308]. 
 

Figure 4.1 Amino acid structure and peptide bond [308] 
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There are 20 common amino acids that are used to synthesize proteins, each 
with a unique chemical structure and set of properties. The R group, also known 
as the side chain, is a unique component of each amino acid that differentiates 
from other amino acids. The R group can vary in size, shape, polarity, and 
charge, and it determines the chemical properties of the amino acid. The 
sequence and arrangement of the amino acids in a protein, and the properties of 
their R groups, ultimately determine the protein's overall structure and function. 
Amino acids are classified based on the properties of their R group, which can 
be nonpolar, aromatic, polar, basic, or acid.  
Nonpolar amino acids, like valine and alanine, are hydrophobic and stabilize 
protein structures through hydrophobic interactions. Proline is also hydrophobic 
and reduces peptide chain flexibility due to its cyclic side chains. Aromatic 
amino acids, such as phenylalanine and tryptophan, have nonpolar and 
hydrophobic R groups. 

On the other side, tyrosine has a polar OH group that can deprotonate at high 
pH (weak acid) and is a fluorophore residue in proteins. Polar amino acids, like 
serine and threonine, have hydrophilic R groups with polar moieties. Cysteine 
contains sulfhydryl groups responsible for disulfide bonds. Asparagine and 
glutamine have amide groups. Basic amino acids, like lysine, histidine, and 
arginine, are positively charged at neutral pH due to their N-containing R 
groups. Acidic amino acids, like aspartic acid and glutamic acid, have a 
prevalence of negatively charged carboxyl groups at physiological pH. Basic 
and acidic amino acids are the most hydrophilic [308],[309], [310]. 

In general, there is a wide variety of peptides with different structures, 
functions, and properties. This diversity makes peptides an important area of 
research for drug discovery and other applications [311]. 

Here are some of the important properties and functions of peptides: 
1. Protein building blocks: Peptides are the basic building blocks of proteins. The 

sequence of amino acids in a peptide or protein determines its unique structure 
and function [312]. 

2. Signaling: Many peptides act as signaling molecules in the body, transmitting 
information between cells and tissues [313]. Examples include neuropeptides 
like endorphins and the hormone insulin that regulates the blood glucose level.  

3. Antibacterial activity: Some peptides, such as antimicrobial peptides (AMPs), 
have antibacterial properties and can kill or inhibit the growth of 
microorganisms [314] 

 
Peptides with functions like these described above are called bioactive peptides 
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and can have specific physiological functions, potentially benefiting human 
health and protecting against the development of various diseases. There are 
several sources of bioactive peptides which can be broadly classified as 
endogenous or exogenous. Endogenous bioactive peptides are naturally 
occurring peptides that are produced by the body, whereas exogenous bioactive 
peptides are derived from external sources, such as food or supplements [315]. 
In this thesis, we will focus on a specific type of bioactive peptides, 
antimicrobial peptides (AMPs)  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 
 

Chapter 4 : Peptoids 
 

 

177 

 

 
4.2.1 AMPs 

 
 
AMPs are ancient host defense molecules that are well-preserved in eukaryotes. 
They are a component of the innate immune system and are produced faster and 
more efficiently than antibodies. AMPs also act faster than immunoglobulins 
and are particularly important in organisms that lack a lymphocyte-based 
immune system, such as insects. AMPs have been found in a wide range of 
organisms, including microorganisms, plants, invertebrates, fish, amphibians, 
reptiles, birds, and mammals [316].  
AMPs are typically short peptides, typically consisting of 10-50 amino acids, 
and they have a broad spectrum of activity against microorganisms [317]. In 
contrast, bacteria produce AMPs in order to kill other bacteria competing for the 
same ecological niche [317].  
AMPs can kill bacteria by disrupting their membranes or penetrating them. The 
positively charged AMPs have a strong attraction for the negatively charged 
components of bacterial and fungal membranes, leading to their destruction 
[304],[306].   

Figure 4.2 Interaction between AMPs and bacterial membrane [308] 
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In particular, AMPs could insert themselves into the bacterial membrane 
through hydrophobic and electrostatic interactions and they are believed to form 
pores in the inner membrane with two different modes of action: toroidal pore 
and barrel stave [319](Figure 4.2). 

AMPs have a broad range of effects on membranes and intracellular 
components, making it difficult for bacteria to develop resistance to them. This 
makes AMPs an attractive option for combating antibiotic resistance.[320]  
Recent studies have shown that AMPs not only have direct antimicrobial 
activity but also possess immunomodulatory and wound healing properties 
[321]. AMPs can modulate the host immune system by regulating the production 
of cytokines, chemokines, and growth factors [322]. Moreover, some AMPs can 
stimulate angiogenesis,[323] have anticancer activity [324], anti-inflammatory 
effects, and accelerate wound closure [325]. These additional properties of 
AMPs make them promising therapeutic candidates for the treatment of various 
infectious and inflammatory diseases.  

Table (4.1) shows the different and potential activities of AMPs selected from 
the Antimicrobial Peptide Database (APD)  
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Table 4.1 AMPs from APD with their potential activity [315] 

 
Table 4.2 AMPs from APD with their potential activity [315] 
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4.2.2 Nisin 

 
 
Nisin is a 34 amino acid polypeptide produced by the bacterium Lactococcus 
Lactis that contains three unusual amino acids: lanthionine (Lan), 
methyllanthionine (MeLan), and dehydroalanine (Dha). These unusual amino 
acids are formed by post-translational modification of specific residues during 
biosynthesis, which gives nisin its unique structure and stability. The presence 
of lanthionine and methyllanthionine residues in the peptide's structure is 
believed to contribute to its stability by forming a network of intramolecular 
hydrogen bonds that help to maintain the peptide's secondary structure. The 
peptide is divided into five distinct regions and structures involving disulfide 
bridges.: A, B, C, D, and E, each of which has a specific role in the peptide's 
antimicrobial activity (Figure 4.3)[326],[327]. 

 
Nisin exhibits potent antimicrobial activity against a broad range of Gram-

positive bacteria, including many foodborne pathogens such as Listeria 
monocytogenes, Staphylococcus aureus, and Bacillus cereus which makes it an 
attractive antimicrobial agent for use in the food industry as a food preservative 
[328], [329]. 
Like all the other AMPs, it works by disrupting the bacterial cell membrane, 
leading to cell death. In particular, it exerts its biocidal activity through both the 
pore formation in the membrane and disruption of the cell wall biosynthesis by 

Figure 4.3 Structure of nisin [316] 
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binding to lipid II, which is an essential intermediate in peptidoglycan 
biogenesis[330].  

It has been shown to exhibit synergistic activity with other antimicrobial 
agents, including organic compounds, such as carvacrol, eugenol, cinnamic 
acid, and thymol [331] essential oils [332] other AMPs, or antibiotics [333] 
which may enhance its antimicrobial activity.  

However, the effectiveness of nisin is often affected by environmental factors 
such as pH and temperature. It seems stable at high temperatures, but its 
antibacterial activity was reduced to 25% under treatment at 160°C [327]. 
Moreover, nisin is most stable at a pH range of 4.5 to 5.5. At pH values above 
7.0, nisin can be rapidly degraded and loses its antimicrobial activity and 
solubility. This is because the structure of nisin is dependent on the presence of 
unsaturated amino acids Dhb2, Dha5, and Dha3 residues that can be negatively 
affected by high pH values.[334] 
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4.2.3 Biomedical application of AMPs 

 
 

Due to their properties, AMPs today find many types of biomedical 
applications. Wound healing and drug delivery are two fields in which AMPs 
find great applications. In the wound healing field, amphiphilic antimicrobial 
peptides such as Jelleine-1 could self-assemble into hydrogels having at the 
same time antimicrobial activity against both Gram-positive and Gram-negative 
bacteria [335]. They also could be used as molecules encapsulated in 
nanoparticles in biodegradable polymers for drug delivery systems. In this case, 
AMPs are used as a drug with anti-biofilm properties.[336]   
AMPs are often conjugated with biomaterials. In particular, peptides are often 
covalently immobilized on a biopolymer through various immobilization 
techniques for different applications [337]. For example, chitosan is a 
biopolymer widely used thanks to its biodegradability and amino-hydroxyl 
functional groups and it is suitable to create a covalent bonding with 
antimicrobial peptides [338]. Moreover, PEG, another biodegradable 
biopolymer, has been extensively used to functionalize peptides [339].  

AMPs are also conjugated with metal surfaces to create antibacterial coatings 
to prevent biomaterial-related infections. Two different approaches are used for 
surface modification: covalent binding or non-covalent immobilization, even if 
the covalent bindings are preferred, exploiting the functional groups of the 
peptide [340]. There are three ways studied in the literature to pursue a peptide 
coating. One requires a binding sequence incorporated into the peptide for 
ensuring a bonding with the substrate. The second requires coating the substrates 
firstly with linker layers that offer different functional groups for covalent 
coupling of peptides. The third one provides that peptides are immersed in a 
material matrix (nanotubes or porous surface) from which they should be 
released over time (Figure 4.4) [341]. 
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Coupling AMPs with titanium and its alloys 
 
 

Although the biomedical applications are diverse and biomaterials conjugated 
to AMPs that have been found in the literature are multiple, this section wants 
to focus on the AMPs in combination with titanium and its alloys. 
Functionalization of AMPs onto titanium surfaces can be achieved through 
various methods, such as covalent bonding [342]–[346], [346]–[356] or physical 
adsorption[357]–[359]. Once the AMPs are functionalized onto the titanium 
surface, they can provide a potent antimicrobial barrier against bacterial 
infections.  
The most popular method to combine AMPs with titanium is the covalent 
immobilization method. Different covalent coating methods have been used and 
explored and they are briefly illustrated in Figure 4.5. 

Figure  3.4 Coating of medical devices through 3 different techniques Figure 4.4 Coating of medical devices through 3 different techniques  [341] 

 

Figure 4.5 Covalent immobilization of AMPs on titanium surfaces [340] 
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The most popular covalent bonding method is the use of silane coupling 
agents, which can covalently bind titanium surfaces and form a stable chemical 
bond with the AMPs. For example, LL-37, a human cathelicidin-derived AMP, 
has been functionalized onto titanium surfaces and demonstrated effective 
antimicrobial activity against Escherichia coli [355]. In another study, GL13K 
was functionalized onto titanium surfaces and inhibited the biofilm formation of 
P. gingivalis, a putative pathogen of peri-implantitis [351]. 

Although the covalent immobilization method is the most widely used, it has 
been reported that the immobilization process on the surface of the implant may 
hinder the antimicrobial activity of the AMP. It's assumed that the incorporated 
AMPs don't reach the target microorganisms because they're released with 
difficulty.In addition, altering the stereochemistry or orientation of the peptide 
molecule resulted in lower antimicrobial efficacy than in the solution [356].  

Physical adsorption involves the absorption of AMPs onto the titanium surface 
without the use of chemical linkers or covalent bonding, it is a simple method 
that is highly dependent on the composition and morphology of the titanium 
surface [360]. An example of physical adsorption is the loading of AMP Tet213 
onto a Ca-P coating on a titanium surface for the prevention of implant-
associated infections [358]. Although the non-covalent interactions are weaker 
than covalent bonds, the formed films can be stable, depending on the peptide-
surface system and experimental conditions [361]. 
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4.3 Peptoids 
 
 

As we have seen so far, AMPs have become increasingly important in 
biomedical applications due to their different and multiple abilities. However, 
AMPs are not without limitations, particularly with regard to their stability. One 
of the major limitations of peptides in biomedical applications is proteolytic 
degradation. Peptides can be rapidly degraded by proteases in the body, which 
can result in a short half-life and reduced bioavailability [362]. 

Proteases are enzymes found in the body that catalyze the breakdown of 
peptide bonds, leading to the fragmentation of peptides. When peptides are 
administered for therapeutic purposes, proteases can quickly degrade them, 
resulting in a reduction in their therapeutic effectiveness. Additionally, certain 
tissues in the body, such as the liver and kidneys, contain high levels of proteases 
that can rapidly degrade administered peptides, further limiting their half-life 
and bioavailability [363].  

Other limitations regard chemical reactions, such as oxidation, hydrolysis, and 
racemization which can affect the AMPs’ stability and functionality [364], 
[365]. Moreover, some peptides have poor solubility in water or biological 
fluids, which can limit their bioavailability and efficacy [366]. Additionally, 
peptides can be sensitive to temperature changes, which can affect their stability 
and functionality [367]. Another limitation of peptides in biomedical 
applications is their potential for immunogenicity. Some peptides can be 
recognized by the immune system as foreign bodies, leading to an immune 
response that can limit their effectiveness and cause adverse reactions [364]. 

To overcome these limitations, efforts are being made to develop new 
strategies focused on the improvement of peptides’ stability. For these reasons, 
peptoids have been introduced as an alternative to peptides. Peptides and 
peptoids are two classes of molecules that are similar in structure but differ in 
several key features. As we have already seen, peptides are short chains of amino 
acids that are linked together by peptide bonds. Peptoids, on the other hand, are 
synthetic molecules that resemble peptides but have their side chains (R) 
attached to the nitrogen atoms instead of the alpha-carbon atoms. (Figure 4.6) 
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This difference in structure gives peptoids several advantages over peptides, 

including increased stability, diversity, and specificity. Peptoids are more stable 
than peptides because the side chains are not susceptible to cleavage by protease 
or acid hydrolysis, they are more bioavailable and have more stability to salt and 
pH variations [368]. These properties make peptoids more suitable for use in 
biological applications that require long-term stability, such as drug 
development. 

Moreover, peptoids are highly diverse and can be synthesized with a wide 
range of side chains. This diversity allows for the creation of large libraries of 
peptoids that can be screened for specific biological activities. Peptoids have a 
high degree of specificity due to their unique structure [369], [370]. 

Current peptoid syntheses are not unique and involve a trade-off between 
sequence specificity and scalability.  

The synthesis used for peptoids obviously mimics that implemented for 
peptides and can be of different methodologies: solution synthesis (CSS), solid-
phase synthesis (SPS) and liquid-phase synthesis (LPS). [371] 

Solid phase synthesis of peptoids is the most widely used method. It offers 
high specificity, easy purification, precise sequence control and can be 
automated [372] It is the synthesis also used to create the peptoid used in my 
work and typically involves the use of resin. The resin is a non-soluble, polymer-
based material, which is prefunctionalized so the starting building block can 
easily bind. The building blocks are generally protected once they are added 
onto the resin, and they can be easily deprotected and treated with the next 
desired building block in solution. Once the desired peptoid has been 
synthesized, it can easily be cleaved from the resin. 
 
 
 

Figure 4.6 Chemical structure of peptides (left) and peptoids (right) 



 
 
 

Chapter 4 : Peptoids 
 

 

187 

 

 

4.3.1 Role of Lysine and Tryptophane 
 
 

Lysine and tryptophan are important amino acids for the design of antibacterial 
peptoids. These amino acids can be incorporated into peptoids to enhance their 
antimicrobial activity against a range of bacterial pathogens. Lysine residues are 
positively charged at physiological pH and can interact with the negatively 
charged bacterial cell membranes. In addition, lysine residues can also interact 
with bacterial DNA and could lead to the inhibition of bacterial replication 
[373]. Tryptophan (Trp), on the other hand, is a hydrophobic amino acid that 
can insert into the bacterial membrane and disrupt its structure. Tryptophan-
containing peptoids can also induce the formation of pores in the bacterial 
membrane, causing the leakage of cellular contents and ultimately leading to 
bacterial death [374]. 

Based on these considerations and given the paucity of scientific research on 
peptoids used in combination with biomaterials for bone-contact applications, 
in the next section a peptoid is used to functionalize a chemically treated 
titanium surface for antibacterial purposes. The peptoid was chosen from a 
library of novel N-substituted glycines designed by Biljana et al. in which they 
analyzed for each peptoid the direct effect of hydrophobicity on the 
antimicrobial activity and cytotoxicity of the peptoid [375]. 
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4.4. Materials and methods 
 
 
4.4.1. Peptoid synthesis: 
 
 

The peptoid GN2-Npm9 was synthesized using solid-phase Fmoc chemistry 
with amidation at the carboxyl end and purified by reversed-phase HPLC using 
a C18 column (Higgins Analytical Inc. 10 µm 250x10 mm) and a 
water/acetonitrile gradient. The correct mass and purity > 95% were verified by 
Dionex Ultimate 3000 RP-UHPLC (C18 Kinetex 100 x 2.1 mm, 100 Å) 
electrospray ionization mass spectrometry (Finnigan LTQ). The selected 
peptoid had already been synthesised and tested for its antibacterial activity and 
cytocompatibility [375]–[377] and it is formed by lysine and tryptophan as the 
2 main amino acids. (Figure 4.7). 

 

Figure 4.7 GN2-Npm9 
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4.4.2. Surface treatment 

 
 

The substrate chosen for the surface modifications is titanium alloy Ti6Al4V 
(ASTM B348, Gr5, Titanium Consulting and Trading, 10 mm diameter discs). 
All discs were polished with SiC paper (up to 400 grit). To clean the surface, 
the samples were first immersed in acetone for 5 minutes and then twice for 10 
minutes in high purity Milli-Q (MQ, Millipore) water in an ultrasonic bath. To 
expose a high density of acidic hydroxyl groups and increase roughness to 
improve the adhesion of the coating to the substrate, the samples were subjected 
to a patented chemical treatment [24], [187] involving initial acid etching in 
dilute hydrofluoric acid followed by controlled reoxidation with hydrogen 
peroxide. Before functionalisation, the treated samples were irradiated with UV 
light for 1 hour to reduce the water content and carbon impurity and to improve 
the reactivity of the hydroxyl groups. From now on, the samples treated as 
described above will be referred to as chemically treated (CT), while the samples 
polished to a grain size of 4000, which served as a control, will be referred to as 
mirror polished (Ti64). 
 
4.4.3. Surface functionalization 

 
 
A solution of PBS and GN2_Npm9 1mg/mL was previously prepared by 

stirring the molecule in PBS for 5 minutes and then filtering through a 0.2µ filter 
to leach out bacterial contamination. With the solution prepared, the CT samples 
were withdrawn from UV irradiation and placed on a Petri dish. A 100-µl drop 
of the solution was dropped onto the sample so that the entire surface of the 
sample was covered, taking care not to break the drop. The samples were left in 
an incubator at 37°C for 2 hours. The samples were then rinsed in double 
distilled water to remove the non-adherent peptoid on the surface and dried 
under a hood. From now on, functionalized samples will be named CT_GN2-
Npm9. Figure 4.8 shows the functionalization method of the sample. 
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Figure 4.8 functionalization method 

 
 

Figure 4.9 functionalization method 
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4.4.4.UV-Vis Spectroscopy 

 
 

The spectrophotometric analyses were performed by means of a UV-Vis 
spectrophotometer (UV2600 Shimadzu). A solution of water and Gn2-Npm9 at 
a concentration of 1mg/ml was analyzed and its absorbance was measured in a 
wavelength range of 200 to 600 nm, and the absorption peak of peptoid was 
plotted using Versa Studio software. 
 
 
 
 
4.4.5. Zeta Potential Measurements: 

 
   

The zeta potential titration curve was measured by an electrokinetic analyzer 
(SurPASS, Anton Paar GmbH, Graz, Austria) equipped with an adjustable gap 
cell for both functionalized and non-functionalized samples (CT and 
CT_GN+Npm9). The Zeta potential was determined as a function of pH in an 
electrolyte solution of 0.001 M KCl, for two different couple of samples and the 
pH value (which starts at approximately 5.5)  was varied by adding 0.05 M HCl 
or 0.05 M NaOH using the automatic titration unit of the instrument. The 
isoelectric point (IEP) was established as the intercept of the titration curve with 
the x-axis (zeta potential = 0 mV). 

 
 

4.4.6. Contact Angle measurement   
   
 

Surface wettability was assessed by measuring the contact angle with the 
sessile drop method. After depositing a 10 µl drop of water on the treated side 
of the sample, the contact angle was measured through Image J software after 
acquiring images with a microscope (Kruss DSA 100). The contact angle was 
measured on CT, CT_GN2-Npm9, and CT_ PBS. 

 
 
 
 
 



 
 
 

Chapter 4 : Peptoids 
 

 

192 

 

 
4.4.7.Biological evalutation 

 
 

Cytocompatibility evaluation 
 

 
Specimens were sterilized by UV-light exposure (30 minutes) before 

biological experiments. To test specimens’ cytocompatibility, human bone 

marrow-derived stem cells (hMSC) were obtained from Merck (Promo Cell C-
12974) and cultivated in low-glucose Dulbecco’s modified Eagle Medium 
(DMEM, Merck) supplemented with 15% fetal bovine serum (FBS, Merck) and 
1% antibiotics (penicillin/streptomycin, Merck) at 37°C, 5% CO2 atmosphere. 
Cells were cultivated until 80-90% confluence, detached by a trypsin-EDTA 
solution (0.25% in PBS, from Merck), harvested, and used for the experiments.  
Cells were directly dropwise seeded onto specimens’ surface at a defined 

concentration (2.5 x104 cells/specimens) and cultivated for 1 and 2 days; at each 
time-point, the viability of the cells has been deduced in the function of their 
metabolic activity by the colorimetric assay alamar blue (alamarBlue™, ready-
to-use solution from Invitrogen™) following Manufacturer’s instructions: 

accordingly, fluorescence signals were evaluated with a spectrophotometer 
(Spark®, Tecan Trading AG, CH) using excitation wavelength 570 nm, 
fluorescence emission reading 590 nm. Results are expressed in relative 
fluorescence units (RFU). Untreated mirror-polished Ti specimens were 
considered as a positive control (100% viability). 

To verify cells’ spreading and confluence onto specimens’ surface, on day 2 

specimens were washed with PBS, fixed with 4% paraformaldehyde (20 min, 
room temperature), permeabilized for 20 minutes with Triton (0.5% in PBS), 
and then stained with Texas Red™-X Phalloidin (Thermo Scientific; Invitrogen: 
T7471) and 4,6-diamidino-2-phenylindole (DAPI, Sigma, Aldrich) to visualize 
f-actins cytoskeleton filaments and nuclei, respectively. Images were collected 
by a confocal microscope (Leica SP8 confocal platform, Leica Microsystems, 
Germany). 

Finally, to better appreciate the adaptation of cells to the surfaces’ morphology, 

scanning electron microscopy (SEM) was applied; accordingly, cells were fixed 
with 2.5% glutaraldehyde, dehydrated by the alcohol scale (50%, 70%, 90%, 
and 100%, 2 h each) and finally treated with hexamethyldisilazane (from Alfa 
Aesar, Waltham, MA, USA). Then, specimens were mounted onto aluminum 
stubs, surface metalized by gold, and observed with an SEM-EDS JEOL JSM-
IT 500. 
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Antibacterial properties 

 
  

Specimens’ ability to prevent surface bacterial infection was verified towards 

the Gram-positive Staphylococcus epidermidis (S. epidermidis) and the Gram-
negative Escherichia coli (E. coli) pathogens. Strains were obtained from the 
American Type Culture Collection (S. epidermidis ATCC 14990, E. coli ATCC 
25922) and cultivated following the manufacturer’s instructions. Fresh broth 

cultures were prepared before each experiment in order to test bacteria in their 
exponential growth phase; the final number of bacteria was adjusted to 1x105 
bacteria/ml by optical density (0.001 at 600 nm).  

Specimens’ infection was performed according to the ISO 22196 standard; so, 

an aliquot of 100 µl of the above-mentioned bacterial suspensions was gently 
seeded onto the specimens’ surface, covered with a sterile polyethylene film, 

and placed in an incubator at 35°C for 24 h. Then, the cover film was gently 
removed, specimens were washed 3 times with PBS to remove non-adherent 
bacteria, and alamar blue was applied to determine bacterial viability in the 
function of the metabolic activity as prior detailed. Moreover, SEM imaging was 
applied to check the formation of biofilm-like 3D aggregates in the function of 
the surfaces’ properties. 

 
Selectively targeted activity 
 
 

Specimens’ ability to preserve cells from infection was evaluated by a cell-
bacteria co-culture assay as prior reported by the Authors[65]. Briefly, 2.5×104 
cells/specimen of hBMSC were seeded onto the specimens’ surface and allowed 

to adhere and spread for 24 hours. The day after, specimens were infected with 
1 ml of antibiotics-free DMEM containing 1×103 S. epidermidis colonies. After 
48 hours of infection, specimens were collected, and surface-adhered cells and 
bacteria were detached by trypsin digestion; viable cells were counted by a 
Bürker chamber and trypan blue stain to determine the viable number, while 
bacteria were evaluated by the colonies forming unit (CFU) by seeding them 
into Luria Bertani semi-solid agar plates after serial dilutions. The final number 
of CFU was calculated according to Harrison et al.[378] by the following 
formula: 
CFU = [(number of colonies × dilution factor)^(serial dilution)] 
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4.4.8.Statistical Data Analysis 

 
Biological evaluations were performed using triplicates. Results were analyzed 

by using SPSS software (v25, IBM, New York City, NY, USA) by means of 
one‐way ANOVA followed by Tukey’s test as post hoc analysis. The 

significance level was set at p < 0.05 
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4.5. Results and discussions 
 
 
4.5.1. UV-Vis Spectroscopy 

 
 

The peptoid solution (1 mg/ml) was analyzed by UV–Vis spectroscopy before 
performing functionalization on CT samples (Figure 4.9). This characterization 
of the solution was made to verify the success of the purification process and 
make a qualitative measurement of the concentration of the peptoid by 
measuring the UV absorption at 280 nm. As the figure below shows, a single 
strong peak can be observed in the spectrum, which is due to the absorption of 
the tryptophan residues (commonly referred to as A280). This proves the proper 
purification of the peptoid, which can then be used for the functionalization of 
the sample and physicochemical and biological characterizations. 
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Figure 4.10 UV-VIS absorpion peak of the peptoid water solution (1 mg/ml) 
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4.5.2. Zeta Potential Measurements: 

 
 

The Figure 4.10 displays the titration curves of the CT and functionalized 
samples (CT, CT_GN2-Npm9). At a glance, the curve of CT_GN2-Npm9 
appears considerably different from that of CT confirming the effectiveness of 
the functionalization process. This is the first key information from this 
measurement. 

The CT curve has an IEP at a very low pH (≈ 3), a low slope in the acid range 

of the titration, and a stable plateau (around -45 mV ), with an onset at a pH 
value of about 5.5, in the basic range. These features are due to the CT surface's 
chemistry. The CT sample, after undergoing the chemical treatment, acquired a 
hydrophilic surface with a high density of OH groups. The hydroxyl groups were 
exposed and exhibited a highly acidic behavior, being deprotonated at pH values 
as low as 3-5.5. An IEP at around 4 is expected for a surface without acidic/basic 
functional groups or a balance of them, while a shift towards lower values is 
expected in presence of acidic functional groups: the prevalence of the 
negatively charged OH functional groups on the surface justified the low IEP of 
CT. Water molecules adhered firmly to the hydrophilic CT surface and were not 
easily replaced by ions in the solution as the pH changed: this was the origin of 
the low slope of the curve in the acidic range of the titration. The OH groups 
became completely deprotonated at pH values higher than 5.5: this justified the 
presence of the plateau. 

The IEP of the functionalized surface shifted towards more basic values, 
reaching a pH of around 6, which confirmed the presence of the grafted 
molecule on the CT substrate. As will be explained below, the isoelectric point 
we expect should be more basic, indicating that the molecule does not form a 
continuous layer on the substrate, since the surface has a zero potential at an 
average pH between the surface CT and the peptoid. However, this shift was 
likely due to the positive surface charges (amine groups): a shift of the IEP 
towards values higher than 4 is expected when basic groups are prevalent on the 
surface. The peptoid’s IEP point is expected to have a value higher than 4, 
because of the following considerations.  

  
Firstly, we can think of the analogous peptide. Lysine has an IEP of 9.7, the 

pKa of the alpha carboxylic group is 2.2, that of the ammonium group is 8.9, 
and that of the side chain is 10.5 [379]. Tryptophan has an IEP of 5.9, the pKa 
of the alpha carboxylic group is 2.5, and that of the ammonium group is 9.4; it 
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has an apolar and hydrophobic side chain. The expected titration curves of the 
monomers are reported in Figure 4.10 (a) and (b). The IEP of the dipeptide 
lysine-tryptophan is expected to be at pH 10 and it moves towards higher values 
by increasing the length of the peptide (see Figures 4.10 (c) and (d)) because 
more carboxylic groups are engaged into the peptide bond by adding more units, 
and are not available for deprotonation, while the number of the basic side chain 
of lysine increases and they are all available for protonation.  
 

The titration curve is not expected to change by changing the sequence of the 
monomers inside the chain. 
The titration curve of the peptide can be described as follows. A high and 
constant value of the zeta potential occurs at very low pH, due to the exposition 
of the protonated ammonium groups: it increases as the number of lysine 
monomers in the chain increases, in this specific dipeptide. A small decrease of 
the zeta potential is expected in the titration curve of the dipeptide when the 
dissociation of the carboxylic terminal groups occurs. A first plateau is reached 
when they are completely dissociated. At last, the second larger decrease of the 
zeta potential occurs when the ammonium groups dissociate, the second plateau 
is reached when dissociation is completed. This second decrease is larger by 
increasing the number of lysine monomers in the chain while a minor 
contribution is due to the ammonium terminal groups. 
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Moving from the peptide to the peptoid, the absolute value of the expected 

features of the titration curve can change because of the position of the side 
chains was moved from the alpha carbon to the nitrogen and the pKa values can 
change. In any case, a similar trend is expected.    

Some evident differences can be observed in the measured titration curve of 
the grafted peptoid with respect to what was expected. The IEP of the grafted 
peptoid was significantly lower (close to pH 6) than expected: a minor 
contribution of the side chain of lysine could be deduced and a preferential (not 
unique) exposition of tryptophan could be supposed. Some terminal carboxy 
groups were exposed: this is different from what was expected based on the 
supposed structure). The curve did not reach a plateau at high values of pH.: it 
could mean that a variety of ammonium groups are exposed with different acid-
basic strengths. At this stage, these hypotheses need confirmation from other 
techniques or zeta potential measurements such as the suspension of the peptoid, 

Figure 4.11 Expected titration curves of (a) Lysine residue (b) Tryptophane residue (c) dipeptide Lys-Trp and (d) with 10 residues 
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peptoid grafted to a hydrophobic substrate, and a comparison among different 
peptoids grafted to the same substrate). 
 

At the pH value chosen for the functionalization process (7.4), the CT substrate 
had a negative surface charge with completely deprotonated -OH groups, 
whereas the peptoid has an overall positive charge. Based on these conditions, 
it can be predicted that there will be an electrostatic attraction between the 
substrate and the biomolecule.  

The difference in slope between the titration curves of the functionalized 
surface and CT can be attributed to the higher hydrophobicity of the grafted 
peptoid, despite its hydrophilic nature in solution. This phenomenon can be 
explained by examining the structure of the peptoid, which has a hydrophilic, 
charged section composed of lysine and a hydrophobic, neutral part composed 
of tryptophan. In this case, it can be assumed that the hydrophilic section of the 
peptoid, which should be attracted to the substrate surface, was facing the 
surface, while the hydrophobic portion was facing the solution. This agreed with 
the measured IEP. 
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Figure 4.12 ζ Potential titration curve of CT and CT_GN2-Npm9 
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4.5.3. Contact Angle measurement   

 
 

The surface properties of functionalized samples were expected to differ from 
the control sample (CT) due to the presence of various functional end groups on 
their surfaces. Figure 4.12 illustrates the water contact angles measured on CT, 
surface-functionalized titanium (CT_GN2-Npm9), and a reference sample 
(CT_PBS) onto which a drop of PBS (without the addition of the peptoid) was 
placed using the same functionalization method and conditions used for 
CT_GN2-Npm9. The CT sample exhibited a contact angle of approximately 
40°, indicating a hydrophilic surface, as supported by the Z-potential curve and 
the expected high density of OH groups. The functionalized sample 
demonstrated a more hydrophilic behavior than the CT control sample. The 
CT_PBS sample had a contact angle of approximately 5°. It appeared that 
functionalization caused the sample to adsorb PBS (that means mainly 
phosphate groups) on its surface, leading to a superhydrophilic behavior. 
Comparing the CT_PBS and CT_GN2-Npm9 samples, the presence of the 
peptoid was confirmed by the different contact angles. Thus, it can be inferred 
that the CT_GN2-Npm9 sample exhibited a hydrophilic behavior, owing to the 
contemporary adsorption of PBS and the peptoid (exposing hydrophobic 
moieties) and the exposure of the molecule significantly increased the contact 
angle, reaching values of approximately 30°, which was statistically different 
from the controls (p<0.05). 



 
 
 

Chapter 4 : Peptoids 
 

 

202 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

10

20

30

40

50

60
C

o
n

ta
ct

 A
n

gl
e 

(°
)

CT

CT_GN-Npm9

CT_PBS

Figure 4.13 Contact angle of CT, CT_GN2-Npm9, and CT_PBS 
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4.5.4.Biological evaluation 

 
Cytocompatibility evaluation 
 
 

Cytocompatibility evaluation was performed on mesenchymal stem cells as 
they represent a frequent and consolidated pattern to test in vitro the ability of 
an implantable device to support the recruitment and colonization from the 
progenitor cells migrating towards the injured site. Bulk titanium has been 
considered a positive control due to the large literature, including clinical 
revisions, suggesting its biocompatibility and successful osteointegration after 
months upon implantation. Accordingly, it has been considered as 100% 
viability to rank the results coming from CT and CT_GN2-Npm9 specimens. 
Results are reported in Figure 4.13. 

In general, the presence of the peptoid did not impair the ability of the hMSC 
to colonize specimens’ surface, thus being metabolically active at both 1 or 2 

days after seeding as demonstrated by the alamar blue assay (Figure 4.13) where 
the reported RFU were not significantly reduced comparing the CT and the 
CT_GN2-Npm9 with the Ti64 control (p>0.05). So, the % of viable cells was 
always >90% as reported in Figure 4.13b. As a confirmation of the presence of 
viable cells, SEM imaging (Figure 4.13c) showed that cells were able to adapt 
to the CT_GN2-Npm9 surface in a similar manner to the untreated Ti64 controls 
reporting a similar morphology despite the presence of the coating and the 
microtopography due to CT pre-treatment. Fluorescence staining of cells’ 

cytoskeleton and nuclei (Figure 4.13 d) provided further evidence of the cells-
friendly behavior of the test CT_GN2-Npm9 surfaces; in particular, the density 
of the DAPI-stained nuclei demonstrated a comparable cellular confluence 
between the Ti64 control and the CT_GN2-Npm9 thus confirming the ability of 
the test specimens to support the colonization of progenitor cells, albeit with all 
the limitations relating to an in vitro experiment. 
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(a) Cells seeded onto peptoid-doped surfaces (CT_GN2-Npm9) reported a comparable metabolic activity 
in comparison to the Ti64 control and the CT ones (p>0.05). (b) Accordingly, the viability ranged between 
90 and 100% in comparison with Ti64 controls. (c) SEM images confirmed the ability of cells to adapt 
onto the CT_GN2-Npm9 surface as well as (d) fluorescent staining demonstrated a comparable cell density 
between test and control specimens. Bars represent mean±sdev.st; replicates n=3. SEM bar scale=5µm 
(2700x); fluorescence bar scale=125µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14 Cytocompatibility evaluation of CT, Ti64 and CT_GN2-Npm9 

 
Figure 4.15 Cytocompatibility evaluation of CT, Ti64 and CT_GN2-Npm9 
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Antibacterial properties 
 
 

Beyond their recognized biocompatibility, Ti and its alloys are also known to 
be easily colonized by bacteria as they do not hold intrinsic antibacterial 
properties unless an antibacterial element is specifically added to the alloys. 
When an infection occurs, it represents a devasting event since it is extremely 
complicated to mechanically remove bacteria from the device upon implantation 
as well as most of the bacteria related to clinical infections are drug resistant, 
thus making pharmacological administration of common antibacterial 
practically useless. So, it is of worthy importance to confer antibacterial 
properties to the materials per se in order to prevent bacterial colonization and 
the evolution into a 3D biofilm-like structure representing a sort of “shield” 

where bacteria shelter from drugs. 
Here, peptoids have been applied to coat the surface of oxidized Ti (named 

CT) that was previously demonstrated by the authors being able to reduce 
bacterial adhesion due to the obtained nanotopography; in fact, such nano-
porous like structures reduce the anchorage point for bacteria in comparison to 
the smooth polished surfaces thus preventing massive first colonization[205]. 
Moreover, the surface irregularities provided by the random nano-pores force 
bacteria to stretch the cytoskeleton in an attempt to fit the surface; this forcing 
often results in a deadly event for bacteria due to irreversible pores formation 
occurring when the cytoskeleton is mechanically stressed too much. The 
presence of the peptoids is hypothesized to add a second further antibacterial 
bioactive element; in fact, literature report about the ability of different peptoids 
to act as strong antibacterial active principles with a broad range of activity 
including both Gram-negative and Gram-positive pathogens. 
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Based on these promises, specimens were infected by S. epidermidis (Gram-
negative) and E. coli (Gram-positive); they are often involved in orthopedics 
infections as well as both the Gram species. 

Results are reported in Figure 4.14. 
In general, the CT nanotopography reduced the metabolic activity of both 

pathogens but only E. coli was significant in comparison with Ti64 controls 
(Figure 4.14 a-c, p<0.05 indicated by #). This is a predictable difference as the 
Gram-positive strains are expected to be more sensitive to the surface 
morphology due to the membrane thickness and the relative difficulty of 
modifying the cytoskeleton based on topography. 

The presence of the peptoids improved significantly the ability of the CT 
specimens to reduce the colonization; in fact, CT_GN2-Npm9 resulted as 
significant towards both Ti64 control and CT for S. epidermidis and E. coli 
(Figure 4.14a-c), thus confirming their bioactivity and their broad-range 
activity. As a consequence, bacterial viability was reduced by ≈77% for S. 
epidermidis (Figure 4,14b) and by  ≈89% for E. coli (Figure 4,14d). 

Finally, SEM images (Figure 4.14e, representative for the S. epidermidis 
strain) validated results obtained by the metabolic assay; while Ti64 reported a 
highly colonized surface with bacteria aggregated into dense and thick biofilm-
like 3D structures, only a few colonies mostly arranged in small aggregates were 
observed onto CT_GN2-Npm9 specimens. 
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The nanotopography of the CT specimens determined a significant reduction of E. coli metabolic activity 
(c, p<0.05 indicated by #) but only the introduction of peptoids significantly decreases bacterial metabolic 
activity in comparison to both Ti64 controls (a-c, p<0.05 indicated by #) and CT (a-c, p<0.05 indicated 
by §). This led to a reduction of bacterial viability ranging between 70 and 90% in comparison with Ti64 
controls (b-d). SEM images confirmed the strong reduction of colonies into the CT_GN2-Npm9 surfaces 
as well as the prevention of dense 3D biofilm-like aggregates (e, representative for S. epidermidis). Bars 
represent mean±sdev.st; replicates n=3. SEM bar scale=5µm (5000x). 

 
 
 
 
 
 
 
 
 
 
 

Figure 4.16 Antibacterial properties of CT, Ti64 and CT_GN2-Npm9 

 
Figure 4.17 Antibacterial properties of CT, Ti64 and CT_GN2-Npm9 
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Selectively targeted activity 
 
 

After demonstrating peptoids-doped CT specimens’ cytocompatibility and 

antibacterial activity, the co-culture method previously reported by the Authors 
was applied to verify whether the effect was selective towards bacteria 
preserving cells’ viability in an environmental competition between hMSC and 

S. epidermidis. 
Results are reported in Figure 4.15 

In general, such experiments confirmed previous findings. In fact, in absence of 
any antibacterial tool, bacteria proliferated and infected the Ti64 controls; so, 
the number of viable cells decreased by ≈47% (Figure 4.15a), while, on the 
contrary, the number of bacteria increased by >2 logs (Figure 4.15b). SEM 
images (Figure 4.15c) confirmed the presence of bacterial aggregates (indicated 
by the red circle) in proximity to apoptotic cells (indicated by the black arrows). 
The CT specimens reported mostly a bacteriostatic effect since the number of 
viable bacteria increased by <1 log (Figure 4.15b) and the number of viable cells 
was reduced (Figure 4.15a). SEM images reported the presence of cells with a 
proper morphology, but also the accumulation of biofilm aggregates 
overhanging cells’ cytoskeleton (indicated by the red circles). Finally, the 

presence of peptoids was effective in reducing the number of viable bacteria of 
≈ 1 log (Figure 415b) as well as the number of cells increased by ≈ 17% with 

respect to the starting number. SEM images (Figure 4.15c) confirmed the 
presence of cells displaying regular morphology and only a few bacterial 
colonies which appear not to interact with cells. So, the CT_GN2-Npm9 
surfaces seem to be a very promising combination of nano-topography and 
bioactive compound selectively preventing bacterial infection while preserving 
cells’ ability to colonize the device in view of tissue engineering applications. 
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The peptoid doping allowed for a parallel increase of the cells seeded onto the surface (a, the dashed line 
indicates the starting number of cells) and a decrease of bacteria colonizing the surface (b, the dashed line 
indicates the starting number of bacteria) in this competition model. Bars represent mean±sdev.st; 
replicates n=3. SEM bar scale=10µm (1300x). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18 Peptoid’s selective targeted activity. 

 
Figure 4.19 Peptoid’s selective targeted activity. 
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Conclusions and future 
perspectives 
 

Resuming the conclusions, the protocols of functionalization of a bioactive 
titanium alloy with the two forms of Vitamin E (alpha tocopheryl phosphate and 
alpha tocopherol), green tea polyphenols, and a synthetic peptoid were 
successfully designed and tailored. 

Alpha tocopherol was used for the first time as a coating on a chemically 
treated Ti6Al4V and creates a thin (1.7 μm), compact, and continuous coating. 

The coating strongly adhered to the substrate, it was chemically stable in a wide 
range of pH, it had a large negative surface potential, and exposed -OH groups 
acted as a weak acid. The coating had low surface energy, even if it was not 
highly hydrophobic, and imposed properties in the anti-adhesive range. 
Biological investigation revealed a strong antifouling and anti-adhesive effect 
owing to the alpha tocopherol coating being able to prevent surface colonization 
both by human cells and bacterial pathogens without the release of toxic 
elements. This investigation opens a new scenario of coatings and surfaces 
which are both not adhesive and not cytotoxic and are promising for temporary 
bone implants thanks to the possibility to prevent unintended osseointegration, 
in addition to reducing the risk of implant-associated infections.  

Alpha tocopheryl phosphate was used to create both a thin coating (<0.2 µm 
thick) and functionalized molecular layer on chemically treated Ti6Al4V for 
permanent bone contact applications. Physico-chemical characterizations of the 
functionalized and coated samples were carried out in parallel to study their 
similarities and differences and to understand which one might be more 
successful in a future medical application. The studies performed demonstrated 
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the presence of the αTP molecule as a continuous layer that does not cover the 
topography of the substrate, thus not altering its pro-osteogenic properties, on 
both surfaces. It is a thinner and hydro-phobic molecular layer on the 
functionalized surface, while it is thicker, hydrophilic, and rich in phosphate 
groups in the outermost layer when a coating is formed. The biological tests 
confirmed very promising anti-bacterial properties of αTP and the lack of 

evident toxic effects in both cases, at least at this preliminary in vitro stage in 
direct contact with human mesenchymal stem cells. In particular, the coating 
appeared to be more promising due to its higher antibacterial effect and cell 
adhesion. In this sense, the coating can be thought for permanent implant 
applications, with antibacterial properties. However, a more in-depth study on 
the stability of the coating and its release kinetics needs to be carried out in the 
future as well as the delayed cell growth should be considered to render such 
surfaces more cells friendly.  

Green tea polyphenols have been successfully grafted onto the surface of 
titanium on which a heat chemically treatment introducing iodine ions with an 
antibacterial effect has been previously performed. Specifically, 
physicochemical characterization was performed, and the presence, amount, 
distribution, and release of the grafted polyphenols were evaluated. The reported 
results show a stable molecular grafting, uniform on the surface, and allowing 
hydroxyapatite precipitation. The polyphenols showed a good antioxidant effect 
in the biological environment and did not alter the antibacterial effect of iodine 
or the morphology of the surface, thus succeeding in obtaining a multifunctional 
surface with anti-inflammatory, antibacterial, and osseointegration capabilities. 
Finally, cell assays confirmed that the functionalization was cytocompatible 
towards human mesenchymal stem cells as well as the combination of iodine + 
polyphenols demonstrated a strong ability to protect cells from chemically-
induced oxidative stress thus representing a promising strategy to provide 
support to the healing process under pro-inflammatory conditions. 

Finally, GN2-Npm9 was used to functionalize Ti6Al4V, a preliminary 
physical-chemical characterization shows a hydrophilic surface, suitable for cell 
proliferation and adhesion, and a stable functionalization that coated the surface 
while changing its reactivity, as shown by the ζ potential and contact angle. 
Antibacterial tests showed a strong antibacterial action of the adsorbed peptoid 
activity without showing any cellular cytotoxicity, as coculture models 
evidenced. The functionalized surface seemed to be a very promising 
combination of nano-topography and bioactive compound selectively 
preventing bacterial infection while preserving cells’ ability to colonize the 

device in view of permanent bone contact applications. A more in-depth 
physical-chemical analysis is required to better understand the orientation of the 
grafted peptide on the surface, study its exposed groups, and image its 
distribution on the surface, whether homogenous or not. The study of the release 
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kinetics is also required to study how and whether the molecule is released from 
the surface. 

 
The surfaces created in this work, depending on the type of molecule used, 

have different physicochemical properties. The physical and chemical 
characterizations chosen vary according to the molecule used, and research 
work has been done on the right characterization so that an appropriate protocol 
is chosen for each molecule. Finally, each molecule gives different biological 
responses leading to different biomedical applications, briefly illustrated and 
collected in the table below.  
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Abstract: Implant-associated infections are a severe global concern, 
especially in the case of orthope- dic implants intended for long-term or permanent 
use. The traditional treatment through systemic antibiotic administration is often 
inefficient due to biofilm formation, and concerns regarding the development of 
highly resistant bacteria. Therefore, there is an unfulfilled need for antibiotic-free 
alternatives that could simultaneously support bone regeneration and prevent 
bacterial infection. This study aimed to perform, optimize, and characterize the 
surface functionalization of Ti6Al4V-ELI discs by an FDA-approved antimicrobial 
peptide, nisin, known to hold a broad antibacterial spectrum. Accordingly, nisin 
bioactivity was also evaluated by in vitro release tests both in physiological and 
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inflammatory pH conditions. Several methods, such as X-ray photoelectron 
spectroscopy (XPS), and Kelvin Probe atomic force microscopy confirmed the 
presence of a physisorbed nisin layer on the alloy surface.  The functionalization 
performed at pH 6–7 was found to be especially effective due to the nisin 
configuration exposing its hydrophobic tail outwards, which is also responsible for 
its antimicrobial action. In addition, the first evidence of gradual nisin release both in 
physiological and inflammatory conditions was obtained: the static contact angle 
becomes half of the starting one after 7 days of soaking on the functionalized sample, 
while it becomes 0◦ on the control samples. Finally, the evaluation of the antibacterial 

performance toward the pathogen Staphylococcus aureus after 24 h of inoculation 
showed the ability of nisin adsorbed at pH 6 to prevent bacterial microfouling into 
biofilm-like aggregates in comparison with the uncoated specimens: viable bacterial 
colonies showed a reduction of about 40% with respect to the un-functionalized 
surface and the formation of (microcolonies (biofilm-like aggregates) is strongly 
affected. 
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1. Introduction 

 
Metallic materials are one of the main categories of biomaterials employed 

for muscu- loskeletal applications. Especially, titanium-based alloys, such as 
Ti6Al4V typically used for medical implants, and its extra-low interstitial version 
Ti6Al4V-ELI with improved fracture toughness and corrosion resistance [1], are 
suitable for medical use. In general, titanium and its alloys are well tolerated by the 
human body. However, there are still challenges associated with infection, acute and 
chronic inflammation, osteolysis, implant loosening, and failure [2]. 

One of the main issues of modern orthopedics is to promote osteointegration 
and simultaneously prevent infection and biofilm formation. In addition, the 
increasing threat of antimicrobial resistance has shifted the research focus toward 
antibiotic-free alternatives [3]. 

 
 

Conventionally, antibiotics are administered systemically to the patient, but 
since the desired site is often covered by biofilm preventing antibiotic penetration, 
local delivery of an antibacterial agent or initial prevention of the bacterial adhesion 
would be more viable options [4]. In addition, local delivery of antibacterial agents 
could reduce the risk of toxic dosage and resistance building because a lower 
concentration of antimicrobials would be needed compared to systemic antibiotics 
[4]. 

To respond to the medical need for biocompatible and antibacterial orthopedic 
de- vices, several strategies to tailor metal implant surfaces are being studied. The 
surface modification strategy can either indirectly inhibit bacterial adhesion and 
biofilm formation (antiadhesive or anti-microfouling action) or directly kill adhered 
bacteria (bactericidal action) [5]. Currently investigated approaches include surface 
coatings, modification of surface chemistry and topography of the material, and the 
incorporation of antimicrobial agents into biomaterials [3]. Regarding the non-
antibiotic antimicrobial agents, there are several options investigated, such as metal 
ions and oxides, polymers, enzymes, quorum sensing drugs, bacteriophages, or 
antimicrobial peptides [3,6–11]. 

Antimicrobial peptides (AMPs) are small, usually cationic peptides with a 
broad antimicrobial spectrum and immunomodulatory activity against bacteria, 
viruses, and fungi [12]. One of the most studied and used AMP is nisin, first identified 
in 1928 in fermented milk cultures. It is better known as a food preservative used in 
several products including dairy products. Nisin is FDA-approved and implemented 
worldwide in several food-related applications [13]. 
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Regarding its structure, nisin (C143H230N42O37S7) is a pentacyclic post-
translationally modified peptide composed of 34 amino acids with a weight of 
3354.12 Daltons [14]. It is a class I A lantibiotic bacteriocin produced by Lactococcus 
lactis. Lantibiotics refer to ribosoma- lly synthesized antimicrobial compounds of 
bacterial origin, which contain unusual amino acids, such as, in the case of nisin, 
didehydroalanine, didehydroaminobutyric acid, lanthio- nine, and β-methyl-
lanthionine [14]. In addition, the structure of nisin is characterized by several internal 
disulphide bridges. There are several characterized forms of nisin, nisin A being the 
most active [15]. Nisin can be considered an amphiphilic molecule since it has 
both hydrophilic and hydrophobic residues in its structure [15]. 
The hydrophobic residues of nisin are identified to be responsible for its antimicrobial 
activity [16,17]. Concerning its stability, nisin is known to be highly stable in acidic 
pH, in which it can also withstand high temperatures [12]. The chemical structure of 
nisin is displayed in Figure 1A. 

  
Figure 1A. Chemical and primary structures of the nisin polypeptide. 
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Nisin is known to exhibit antimicrobial activity mainly against Gram-positive 
bacte- ria. Gram-negative bacteria are problematic because nisin hardly penetrates 
their outer membrane barrier, and thus reaching its target lipid II in the inner 
membrane could be chal- lenging. However, nisin is effective also against Gram-
negative bacteria when combined with chelating agents, such as 
ethylenediaminetetraacetic acid (EDTA), citrate monohy- drate, trisodium 
orthophosphate, or with heat treatments, or freezing [16]. The nisin mechanism of 
action is widely characterized and consists of several steps. Firstly, nisin binds to the 
anionic phospholipids (lipid II) on the cytoplasmic membrane of the bacteria, 
inhibiting their cell wall formation. Subsequently, the peptide forms an ion channel 
or a pore on the membrane, leading to a fatal efflux of intracellular products, such as 
adenosine triphosphate (ATP) and potassium [18]. 

Recently, in addition to its exploitation as a preservative in the food industry, 
the potential of nisin in biomedical applications has gained interest [4]. In the context 
of infections, the antimicrobial effects of nisin have been reported against mastitis 
[19], respira- tory [20], gastrointestinal [21,22], and skin infections [23]. Moreover, 
nisin has been found to exhibit selective cytotoxicity toward cancer cells and 
influence tumor growth [24–26]. In addition, besides antimicrobial properties, several 
studies suggest that nisin can also show immunomodulatory properties mainly by 
affecting cytokine production [27]. Some evidence of the effect of nisin on innate and 
adaptive immune cells also has been observed [28]. However, due to various 
discrepancies between the results and high variability in the experimental models, 
more studies are therefore required to verify the effect [15]. 

AMPs can be grafted on the surface with covalent bonds thanks to the amines, 
car- boxylic acids, thiols, and hydroxyls in their inherent structure [29]. Ideally, the 
peptide should stay stable and in its active form in the coating, without the impact of 
the envi- ronmental conditions on the contact surface that is exposed. Simultaneously, 
the peptide should be possible to be released from the surface so that it will provide 
antimicrobial performance [30]. Covalent bonding of nisin has been implemented to 
stainless steel sur- faces by previously applying a chitosan layer to increase the 
affinity, and the adsorbed peptides were found to decrease bacterial adhesion on the 
functionalized surface [31]. Immobilization and release of nisin nanoparticles have 
also been studied from the cracked and uncracked oxide films on stainless steel and 
titanium [30,32]. In addition to metal- lic materials, nisin has also been grafted onto 
glass substrates by using dopamine as a coupling agent [33]. 

In terms of incorporating AMPs as a coating to biomaterial surfaces, current 
challenges are related to the possible hydrolysis and denaturation of the coating due 
to pH and temperature, which could compromise their antimicrobial activity. It is also 
possible that the activity of AMP decreases because of its functional groups essential 



 
 

Appendix A 
 

 

 

 

 

for antimicrobial action covalently linking to the surface, rendering the peptide 
inactive [29]. 

 
This work aims to develop a biocompatible and antibacterial surface by nisin 

func- tionalization. To the extent of our knowledge, there is no work adsorbing nisin 
on the surface of Ti64ELI alloy. In this work, the surface functionalization process of 
the Ti64ELI titanium alloy with antimicrobial peptide nisin has been optimized, 
without the addition of any toxic linker, varying the process parameters such as the 
pH value of the nisin solution during the functionalization process. The surface 
functionalization is evidenced by several methods, followed by release tests both in 
physiological and inflammatory mimicking con- ditions assessing the expected 
mechanism of antibacterial action. Finally, the antibacterial 

performance of the adsorbed nisin-coating has been assessed towards the 
Staphylococcus aureus (S. aureus) strain for 24 h showing promising anti-
microfouling activity. 
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2. Materials and Methods 

 
2.1. Sample Preparation 

 
Ti6Al4V-ELI (Grade 23, Titanium Consulting and Trading S.r.l., Firenze, 

Italy) 10 mm diameter 2 mm thickness discs were employed for the experimental 
study. Discs were polished with SiC abrasive papers up to 4000 grit. The polished 
discs were then sonicated once for 5 min in acetone, and successively twice for 10 
min in ultrapure (Milli-Q) water to remove contaminations eventually present on the 
sample surfaces. From now on, these samples will be named TI64ELI-MP 
(mechanically polished). 

 
2.2. Functionalization of Sample Surfaces with Nisin 

 
TI64ELI-MP samples were UV-C-irradiated (UV-C 40 W, 253.7 nm, Philips 

TUV T8) for one hour before functionalization to activate the surface. Antimicrobial 
peptide nisin (Nisin Ready Made Solution, 20,000–40,000 IU/mL in 0.02 N HCl, 
Sigma-Aldrich, Milan, Italy) was used for biological functionalization. A nisin 
concentration of 1 mg/mL in ultrapure water was used for the study in solutions with 
three different pH: pH 5, pH 6, and pH 7. The pH was adjusted by buffering the initial 
solution with 1 M NaOH and 1 M HCl, monitoring it with a pH meter (Edge pH, 
HANNA Instruments Italia S.r.l., Padova, Italy). An amount of 5 mL of the 
functionalization solution was used to treat each sample. Samples were left to 
functionalize for 24 h at room temperature in closed containers. After 
functionalization, samples were washed twice in ultrapure water and left to dry in the 
air. From now on, nisin-functionalized samples are referred to as TI64ELI-MP NISIN 
pH= 3/5/6/7. In addition, control samples (TI64ELI-MP CTRL pH = 5/6/7) were 
prepared by soaking the TI64ELI-MP samples in 5 mL of ultrapure water, previously 
pH-adjusted according to the respective pH values. 
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2.3. Physical-Chemical Characterization 

 
2.3.1. Energy-Dispersive X-ray Spectroscopy (EDS) 

 
EDS (JCM-6000 Plus Benchtop SEM, Jeol, equipped with EDS, Tokyo, 

Japan) was performed on both bare and nisin-functionalized samples to assess the 
changes in elemental composition using the accelerating voltage of 15 kV. 

 
2.3.2. UV–Vis Spectroscopy and Reflectance 

 
Reflectance measurement was performed for both bare and nisin-

functionalized sam- ples by means of a UV–Vis spectrophotometer (UV-2600 
Shimadzu, Kyoto, Japan, equipped with ISR-2600Plus integration sphere).  The 
spectrum of 190–750 nm was evaluated in the measurements. 

 
2.3.3. Surface Wettability 

 
The surface wettability of the samples was evaluated utilizing static contact 

angle measurement by the sessile drop method (Krüss DSA 100, KRÜSS GmbH, 
Hamburg, Germany). Ultrapure water was used as a wetting fluid. A drop of water (5 
µL) was deposited on the surface with a pipette and the contact angles were measured 
through the instrument software (DSA-100, Dropshape Analysis, KRÜSS GmbH, 
Hamburg, Germany). 

 
2.3.4. Zeta Potential 

 
The zeta potential measurements were performed using an electrokinetic 

analyzer (SurPASS 2, Anton Paar, Graz, Austria), equipped with an adjustable gap 
cell. The surface zeta potential was measured as a function of pH in a 0.001 M KCl 
electrolyte solution. Separate couples of TI64ELI discs were used for the two 
titrations to avoid artifacts due to possible surface reactions occurring during the 
measurements. First, acidic titration was performed by adding 0.05 M HCl. Secondly, 
basic titration was performed with 0.05 M NaOH. Four parallel measurements were 
carried out for each pH point measured. 

In addition to solid sample zeta potential measurements, the zeta potential of 
1 mg/mL nisin solution was measured using a dynamic light scattering (DLS) particle 
size and zeta potential analyzer (Nanosizer Nano Z, Malvern Instruments Ltd., 
Malvern, Worcestershire, UK). Concerning the functionalizing solution, the zeta 
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potential curve was obtained through the measurement of the electrophoretic mobility 
changing pH step by step from pH 2.5 to 9 by adding HCl 0.05 M or NaOH 0.05 M. 

 
 

2.3.5. Kelvin Probe Force Microscopy (KPFM) 
 

Nisin 1 mg/mL solution (pH 6) was added on top of the polished sample as a 
drop and left to functionalize overnight. The goal was to create an interface between 
bare and functionalized areas on the same sample surface. KPFM (Bruker Innova 
AFM, Billerica, MA, United States) in tapping mode was used to measure the surface 
potential of bare and nisin functionalized Ti64ELI, data were elaborated by the 
software Gwyddion (Gwyddion Version 2.62, Brno, Czech Republic). 

 
2.3.6. X-ray Photoelectron Spectroscopy (XPS) 

 
XPS (Kratos Axis UltraDLD, Kratos Analytical Co., Ltd., Manchester, UK) 

measure- ments were performed (survey spectra and high-resolution analyses of 
elemental regions) on the bare and nisin-functionalized samples to investigate the 
chemical composition of the outermost layer and, in addition, the presence of 
characteristic chemical groups for nisin. The hydrocarbon C 1s peak (284.80 eV) was 
used for the calibration of the binding energy scale. 

 
2.3.7. Release Test 

 
Release tests were performed following the procedure described in [34]. 

Shortly, tests were performed both in PBS (pH 7.4, Sigma Aldrich, Milan, Italy) and 
in hydrogen peroxide (50 mM H2O2, 30% w/v, PanReac Applichem, Monza, Italy; in 
PBS) with pH adjusted at 4.50 to mimic both physiological and inflammatory 
conditions, respectively. Each nisin- functionalized sample was soaked in a 5 mL 
solution for 7 days at 37 ◦C. The considered time points were 1 and 7 days. Afterward, 
the samples were washed once with ultrapure water and let to air dry. In addition, the 
contact angles of the samples were measured after soaking. 

 
2.4. Antibacterial Properties Evaluation 

 
2.4.1. Strain Growth Condition 

Bacteria were purchased from the American Type Culture Collection (ATCC, 
Man- assas, VA, USA). Specimens’ antibacterial properties were assayed towards the 

methi- cillin/oxacillin (MRSA) resistant Staphylococcus aureus strain (Gram-
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positive, ATCC 43300). Bacteria were cultivated in trypticase soy agar plates (TSA, 
Sigma-Aldrich, Milan, Italy) and incubated at 37 ◦C until round single colonies were 
formed; then, 2–3 colonies were collected and spotted into 15 mL of Luria Bertani 
broth (LB, Sigma-Aldrich, Milan, Italy) and incubated overnight at 37 ◦C under 
agitation (120 rpm). The day after, a fresh broth culture was prepared before the 
experiments by diluting bacteria into a fresh medium to a final concentration of 1 × 
103 bacteria/mL, corresponding to an optical density of 0.00001 at 600 nm 
wavelength using a spectrophotometer (Spark, from Tecan Trading AG, Mannedorf, 
Switzerland) [35]. 

 
2.4.2. Bacterial Metabolism, Number of Viable Colonies, and Morphology 

Evaluation 
 

The International Standard ISO 22196 was applied to evaluate specimens’ 

antibacterial properties [36]. Accordingly, the specimens (Ti64ELI-MP nisin pH6, 
Ti64ELI-MP nisin pH3, and Ti64ELI-MP, considered as control) were located into a 
24-multiwell plate; then, 50 µL of the bacterial suspension was adjusted at a final 
concentration of 1 × 103 bacteria and it was directly dropped onto the specimens’ 

surfaces. To confirm the nisin bioactivity at pH = 6, the samples prepared with the 
pH = 3 nisin stock solution from the manufacturer were also evaluated for their ability 
in preventing bacterial colonization. 

The inoculated specimens were placed in an incubator at 37 ◦C for 24 h. 
Afterward, the colorimetric Alamar blue assay (AlamarBlue™, Life Technologies, 

Milan, Italy) was applied to test viable bacteria metabolic activity by 
spectrophotometry following the manufacturer’s instructions. Briefly, the ready-to-
use Alamar solution at concentration 0.0015% in PBS was added to each well 
containing the test specimen (1 mL per specimen), and the plate was incubated in the 
dark for 4 h at 37 ◦C allowing resazurin dye reduction into fluorescent resorufin upon 
entering living cells. Then, 100 µL were spotted into a black-bottom 96-well plate to 
minimize the background signal. The metabolic activity of bacteria was measured via 
spectrophotometer (λex = 570 nm and λem = 590 nm), and the results were presented 

as relative fluorescent units (RFU). 
Then, to investigate the number of viable bacteria adhered to the samples’ 

surface the colony forming unit (CFU) count was performed. Briefly, after washing 
2 times with PBS to remove non-attached bacterial cells, the samples were submerged 
into 1 mL of PBS, sonicated, and vortexed for 5 min and 30 s, respectively (three 
times each).  Next, an aliquot of 200 µL of the bacteria suspension was collected and 
transferred to a new 96 wells plate; here, 6 serials 1:10 dilutions were performed by 
mixing progressively 20 µL of the bacterial suspension with 180 µL of PBS. Then, 
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20 µL of each serial dilution were spotted into an LB agar plate and incubated for 24 
h until round colonies were visually checked; the final number of CFU was calculated 
by using the following formula [37]: 

CFU = [(number of colonies × dilution factor) (serial dilution)]. 
Finally, scanning electron microscopy (SEM, JSM-IT500, JEOL, Tokyo, 

Japan) imaging was used to investigate the bacterial microcolonies formed on the 
samples’ surfaces; briefly, specimens were dehydrated by the alcohol scale (70–90–

100% ethanol, 1 h each), swelled with hexamethyldisilazane, mounted onto stubs 
with conductive carbon tape and covered with a gold layer. Images were collected at 
different magnifications (2000× and 5000×) using secondary electrons. Additionally, 
the presence of single microcolonies or 3D biofilm- like aggregates on the samples’ 

surfaces as well as their distribution were analyzed through 3D reconstructed images 
extracted from SEM images using the SMILE VIEWTM map software (JEOL, Tokyo, 
Japan). 

 
 

2.5. Statistical Analysis of Data 
 
Experiments were performed in triplicate. Results were statistically analyzed using 
the SPSS software (v.20.0, IBM, New York, NY, USA). Groups were compared by 
the one-way ANOVA using Tukey’s test as a post hoc analysis.  Significant 

differences were established at p < 0.05. 
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3. Results and Discussion 

 
3.1. Physical-Chemical Evaluation 

 
First, this research is aimed at verifying the effectiveness of the surface 

functionaliza- tion of the Ti6Al4V-ELI alloy with nisin and comparing different 
functionalization processes at different pH values (pH = 5/6/7). The pH range 
of interest has been selected considering that strong acidic or basic solutions 
could corrode the titanium alloy. The presence of nisin on the functionalized 
surfaces was evaluated through EDS, XPS (survey quantitative analysis), UV–

Vis reflectance, and KPFM. 
The EDS analysis of the bare and nisin-functionalized samples (Figure 

2A) evidences the presence of all the elements characteristic of the surface of 
the titanium alloy: Ti, Al, V, and O. A slight increase in nitrogen (N) is noticed 
comparing the bare and functionalized surfaces, suggesting the presence of 
the nisin polypeptide on the sample surface; this enhancement is much more 
significant for the sample functionalized at pH 6, where an increase in carbon 
(C) is also detectable. Considering the high penetration depth of EDS (higher 
than 1 micron) and the expected low thickness of the functionalized surface 
layer, the high standard deviation obtained by this analysis is not surprising. The 
surface chemical analysis was confirmed through XPS quantitative analysis, 
which is much more suitable for the chemical characterization of the 
outermost surface layer thanks to its nanoscale sampling depth, which makes 
it a more sensitive surface analysis technique [38]. 
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Figure 3A. EDS analysis of MP samples, both bare and functionalized 
surfaces with processes at different pH values (pH = 5/6/7). 

The XPS quantitative analysis of the bare and functionalized surfaces, 
with processes at different pH values, is reported in Table 1. 
 
Table 1A. XPS quantitative analysis of the bare MP sample and surfaces 
functionalized with processes at different pH values. Error for all the values is 
indicated at 0.1 at-%. 
 

 
 

The more detailed high-resolution spectra are discussed later in the 
article. A significant increment of C and N is observed after the 
functionalization at any pH, with respect to MP as a control. This is coherent 
with the expected formation of a polypeptide surface layer. Conversely, there 
is a decrease in Ti, O, and Al on nisin-functionalized surfaces, which is 
explainable because the titanium oxide layer and metal alloy are covered by 
the adsorbed nisin layer. S is detected in a too low amount compared to the 
amount on the MP control sample to be considered significant. No relevant 
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difference among the surfaces functionalized at the different pH is registered 
by this technique, apart from a slightly higher contribution from the adsorbed 
polypeptide (C and N) and lower from the elements of the titanium alloy in 
the case of the sample functionalized at pH 5–6. 

The UV–Vis spectra of the bare and functionalized samples have been 
measured in reflectance (Figure 4A). 

These data evidence an attenuation, after functionalization, of the surface 
reflectance along all the measured ranges of wavelength. This agrees with the 
presence of a surface adsorbed layer able to reduce the high reflectance of the 
metal surface. No significant difference among the surfaces functionalized at 
different pH values can be detected by this technique. 

In addition, KPFM has been used for imaging the functionalized surface. 
A sample functionalized at pH 6 has been chosen for this experiment due to its 
highest amount of the adsorbed nisin evidenced by EDS and XPS 
measurements. An internal control surface is needed for this analysis. For this 
purpose, a sample functionalized only on the half surface and with a sharp 
border between the functionalized and un-functionalized area has been 
prepared. When comparing the bare (lighter area) and functionalized (darker) 
areas of this sample, a clear difference in the surface electrical potential is 
detected across the interface (Figure 5A). This is a further confirmation of the 
presence of the functionalized surface layer. No evident formation of nisin 
micrometric aggregates on the surface can be evidenced while the covering 
seems not homogeneous. 

Figure 4A. UV–Vis reflectance spectra of the MP samples both bare and 
surfaces functionalized with processes at different pH values. 
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Figure 5A. KPFM surface potential as a function of the distance across the 
interface between a bare (light area) and nisin-functionalized (darker area) 
region (functionalization at pH 6). 

In addition to evidencing the presence of the nisin layer on sample 
surfaces, further analyses have been performed to characterize the 
functionalized surfaces: contact angle measurement, zeta potential titration 
curves, and profile fitting of the XPS data (high- resolution spectra) have 
been acquired. 

The modification in wettability due to the functionalization was 
verified by static contact angle measurements (Figure 6A). 

It must be considered an eventual contribution due to a modification of 
the titanium oxide layer during the soaking in solutions at different pH, 
regardless of the presence of nisin. This effect has been considered by 
considering some control samples soaked, at any pH value, in analogous 
solutions without nisin (TI64MP-CTRL, blue bars in Figure 6A). As displayed 
in Figure 6A, the contact angle of the control samples decreases by increasing 
the pH of the solution. The opposite phenomenon is observed for the samples 
function- alized with nisin. At first, these data confirm the presence of nisin 
on the functionalized samples because of a different wettability than the bare 
and the control ones. Overall, all the functionalized samples are more 
hydrophilic than the bare substrate MP, with a maximum 
difference for the sample functionalized at pH 5. In this case, the presence of 
nisin induces an increase in wettability even larger than the relative control. A 
conformation of the ad- sorbed nisin exposing the hydrophilic moieties 
outwards is then hypothesized.  

Contrarily, the presence of nisin on the surface of the samples functionalized 
at pH 6 and 7 induces a lower wettability with respect to the control samples: 
a conformation of the adsorbed nisin exposing the hydrophobic moieties 
outwards can be supposed in these cases. Considering that the hydrophobic 



 
Appendix A 
 

 

 

 

 

tail is the active antibacterial functionality of nisin [39], it can be speculated 
that this process is much more effective for antimicrobial applications. 
 

 

Figure 6A. The contact angles measured on the bare MP sample (grey), 
samples functionalized with processes at different pH values (orange), and 
control samples soaked in solutions at different pH without nisin (blue). 

Through DLS, the hydrodynamic diameter and zeta potential of nisin 
in aqueous suspensions (1 mg/mL) at different pH were measured (Figure 
7A). 

 

Figure 7A. The hydrodynamic diameter of nisin, measured by DLS analysis, 
in aqueous suspension as a function of pH. 
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The hydrodynamic diameter is about 400–600 nm at pH between 3 and 7, 
while it abruptly grows up to 1.2 microns above pH 8 evidencing that the 
colloidal suspension  
becomes less soluble and unstable at alkaline pH values. According to 
these data, the functionalization process cannot be performed at pH equal 
to or higher than 8, if the formation of agglomerates must be avoided. This 
is also in agreement with the literature reporting the solubility of nisin to 
decrease with increasing pH value [40]. 

The zeta potential titration curves of the bare and nisin-functionalized 
samples are shown in Figure 8A, together with the zeta potential titration 
curve of the nisin solution obtained by DLS. 

 

 
 

Figure 8A. Zeta potential titration curves of the bare MP sample, surfaces 
functionalized with processes at different pH values, and a solution of nisin. 
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Different information can be extracted from these curves: the isoelectric 
point (IEP), the chemical stability of the surface as a function of pH (related to 
the error bars of the zeta potential), and the expected difference of net charge 
between the biomolecule and titanium surface during the functionalization 
process. 

The IEP of the bare MP sample is close to 4.5, which is expected for a 
surface without functional groups with a strong acid–basic behavior. The 
expected IEP value of nisin is approximately 8.5, based on the literature [40]. 
It has been experimentally detected here at pH 7.5, the difference with the 
literature data can be due to the low absolute value of the measured zeta 
potential and high sensitivity of IEP by changing the electrolytic solution. In 
agreement with the detected IEP, an increase in the hydrodynamic radius has 
also been registered above this value of pH, as previously reported. 

The IEP of the nisin-functionalized samples can be seen to shift to more 
basic pH values than the MP sample, in the direction of the nisin IEP, 
indicating a successful and similar functionalization with nisin on all surfaces. 
The IEP of the functionalized samples is different from the nisin one, 
suggesting that there is not a covering coating on the surface, but a layer of 
adsorbed molecules that allow the exposition of the substrate to the solution. 
The error bars of all the functionalized surfaces are the lowest  in  the  pH  
ranging from 7.5 down to 4.5, which is the region of pH expected to occur 
in physiological and inflammatory conditions, respectively. This means that 
the adsorbed nisin is expected to be chemically stable on the surface even if the 
surrounding chemical environment changes in 
pH after implantation. 

Lastly, it is crucial to highlight the difference in the sign of the net 
charge detected on the MP sample and the one characterizing nisin solution 
at the pH values used for functionalization (pH 5, 6, 7). Physisorption with 
an electrostatic attraction between the negatively charged metal surface and 
the overall positively charged polypeptide can be expected during the 
functionalization processes. 
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Considering that nisin at pH 7 is close to its IEP (almost no net charge on the 
biomolecule at pH 7) and, on the other side, that the absolute value of the zeta 
potential of the bare TI64ELI-MP is the lowest at pH 5 (minimum surface charge 
of the substrate within the explored range of pH for functionalization), the 
highest electrostatic interaction between the substrate and the physisorbed 
biomolecule can be expected to occur at pH 6. 

The high-resolution spectra of the C 1s, N 1s, O 1s, and S 2p region of 
the bare MP sample and surfaces functionalized with processes at different 
pH values are reported in Figure 9A. 
 

Figure 9A. High-resolution spectra of (A) C 1s, (B) N 1s, (C) O 1s, and (D) S 2p 
regions of the bare MP sample and surfaces functionalized with processes at 
different pH values. Black line (-): spectrum line, red dashed line (- - -): 
composite line. 
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Concerning the C peak (Figure 9A(A)), the peaks around 286 eV (C-O) 
and 285 eV (C-C) are higher on all the functionalized samples compared to the 
bare sample. An additional peak around 289 eV is evident on the bare sample, 
and it could relate to -COOH groups, while the one around 288 eV might be 
due to deprotonated ones. 

The N peak (Figure 9A(B)) is significantly higher on the functionalized 
samples, as already noticed, according to the presence of an adsorbed layer of the 
polypeptide. The peak coming 
from the charged/protonated amino groups (NH3

+) at 401.9 ± 0.2 eV is always 
very low with respect to the peak of the neutral aminic groups (NH2) at 400.1 ± 
0.2 eV, as evidenced by the profile fitting. This can be explained by 
hypothesizing a physisorption mechanism 
for the functionalization, which would be coherent with the absence of any 
functional group with a net charge or high chemical reactivity on the 
substrate. 

The presence of the adsorbed layer on the functionalized samples as a 
non-covering layer is confirmed by the profile fitting of the oxygen region 
(Figure 9A(C)). The peak due to the Ti-O bond (~530 eV) of the titanium 
oxide layer is always observable. The peak at around 531.5 eV can be 
attributed to the OH -functional groups exposed by MP. This analysis 
consequently shows that the MP substrate is not completely lacking in 
functional groups.  
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Considering also the information obtained from the zeta potential titration 
curve,it can be concluded that the MP substrate has hydroxyl groups, but they 
do not have a strongly acidic or basic behavior and are not easily protonated 
or deprotonated in contact with liquid media. Consequently, they are not 
available for a chemisorption mechanism. A shift of this peak due to the 
presence of the peptide bond is observed in the functionalized samples. This is 
more evident in the case of the sample functionalized at pH 5, in agreement with 
the higher C and N amount detected on this sample in the survey chemical 
analysis. 

Concerning the profile fitting of the S region (Figure 9A(D)), a contribution 
of the thioether bridges -C-S-C- coming from the nisin backbone is observable on 
the functionalized samples. Regarding S high-resolution XPS data, each 
chemical state corresponds to a double of peaks, in the case of C-S-C (163 
eV and 164 eV) [41]. The other detected S state, with the peak doublet 
approximately at 168 eV and 169 eV, could be due to the contribution of 
sulphonate groups (C-SO3-H). However, as shown in the XPS survey scan 
(Table 1), no sound conclusion about the S contribution can be made due to 
the low detected amount similar to control samples without nisin. 

Once characterized by the functionalized surfaces, two release tests have 
been per- formed to investigate the expected mechanism of action of the 
functionalized surface once in contact with a liquid environment chemically 
close to the physiological one. The samples functionalized at pH 6 have been 
used as an example, based on their expected high nisin content and the highest 
electrostatic difference between the substrate and the polypeptide, as 
discussed earlier. A control MP sample (without any functionalization layer) 
has been soaked in the same solution. The solution used for the first release 
test is PBS to mimic the physiological chemical environment. A second 
solution has been exploited to mimic an inflammatory chemical environment. 
It was obtained by adding hydrogen peroxide to PBS and reducing pH down 
to 4.5 [42]. The eventual change in the surfaces after the release tests has been 
monitored by the static contact angle measurements. The contact angle results 
of the release test are reported in Figure 10A. 
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Figure 10A (a) The contact angles measured from non-soaked (0 d) and PBS- 
soaked (1 d, 7 d) samples. (b) The contact angles measured from non-soaked 
(0 d) and H2O2- soaked (1 d, 7 d) samples. Functionalization has been 
performed at pH 6. 
 

A decrement in the contact angle is observed over the soaking time in both 
solutions. However, the contact angles of the functionalized and control samples 
are notably different, both after 1 and 7 days of soaking: this could mean that 
nisin is only partially released even after a week of soaking. According to these 
data, a double mechanism of action can be expected from the functionalized 
surface in a biological environment, through both release in the surrounding 
liquids (for a time longer than 1 day) and direct contact with cells and tissues 
(for a time shorter than 1 day). These data agree with the titration curves of 
the functionalized samples, where the surfaces show a stable zeta potential 
even changing the pH. Finally, a long-lasting effect can be expected by the 
functionalized surfaces, even longer than one week, which is not common 
concerning other functionalized surfaces [43]. 
To summarize, the presence of a physisorbed layer of nisin on the surface of 
func- tionalized samples was confirmed by several methods, such as EDS, 
XPS, and KPFM. In addition, the functionalization performed at pH 6 was 
found to favor the nisin configura- tion exposing its hydrophobic tail 
outwards, which is also known to be responsible for its antimicrobial action 
and to maximize the physisorption through electrostatic attraction. Fi- nally, as 
confirmed by the in vitro nisin release tests both in physiological and 
inflammatory conditions, evidence of gradual nisin release was obtained. 
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3.2. Physical-Chemical Evaluation 

 
 

Finally, the antibacterial evaluation of the nisin-functionalized surfaces 
concerning Ti64ELI-MP (control specimen) was performed towards 
Staphylococcus aureus (S. aureus) which was selected as a reference strain due 
to its common involvement in bone infections. Moreover, specimens obtained 
by functionalization in the diluted stock solution of nisin at the original pH 
(pH = 3) were here exploited as a reference due to the known nisin sensibility 
to pH variation. Therefore, the Ti64ELI-MP nisin pH 6 was compared both 
to the bulk material and to the Ti64ELI-MP nisin pH 3 as well. The results of 
the colorimetric metabolic assay Alamar blue and SEM images are reported 
in Figure 11A (A,B), respectively, whereas Table 2 shows the viable bacterial 
colonies number (at serial dilution 105) from the CFU assay. 
 

Figure 11A. Antibacterial activity evaluation of Ti64ELI-MP functionalized 
with nisin at pH 3 and pH 6 after 24 h; (A) metabolic activity of bacterial cells 
normalized towards bare substrate Ti64ELI-MP; 
(B) SEM images at two magnifications: 2000× (scale bare = 10 µm) and 5000× 
(scale bar = 5 µm). 
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Table 2A. Viable bacterial colonies number (CFU count, means ±dev.st) after 
24 h specimens’ direct infection 

 
In general, according to the metabolic activity assay, the samples 
functionalized with nisin at both pH 3 and pH 6 do not seem to show any 
statistically significant differences concerning bare Ti64ELI-MP substrates 
(Figure 11 A A, p > 0.05). However, viable bacterial colonies counting at serial 
dilution 105 (Table 2A) showed a reduction of about 40% and 28% in colonies 
number for Ti64ELI-MP nisin pH 6 in comparison to bare Ti64ELI-MP and 
Ti64ELI-MP nisin pH 3 samples’ surfaces, respectively; this reduction is 

clearly noticed in SEM images collected from sample surfaces after 24 h of 
direct infection with bacteria (Figure 11A B). In fact, mostly single-round 
colonies were detected on the nisin-functionalized surfaces at pH 6 (Ti64ELI-
MP nisin pH 6) whereas on the control (Ti64ELI-MP) and nisin- functionalized 
surfaces at pH 3 (Ti64ELI-MP nisin pH 3) the formation of many 3D micro- 
colonies (biofilm-like aggregates) was observed. Therefore, a promising anti-
microfouling activity preventing the formation and maturation of microcolonies 
(biofilm-like aggregates) seems to be obtained by the functionalization with 
nisin, and the efficacy of the protocol at pH 6 is confirmed. 

To investigate this activity in detail, 3D reconstructed images were 
prepared from SEM images at magnification 2000× and shown in Figure 12A. 
As reported in the cross- section of 3D reconstructed images of Ti64ELI-MP 
(Figure 12A C,D, extracted from SEM 
image of Ti64ELI-MP shown in Figure 12A A) and Ti64ELI-MP nisin pH 3 
(Figure 12A A G,H; extracted from SEM image of Ti64ELI-MP nisin pH 3 
shown in Figure 12A E), almost all S. aureus formed 3D microcolonies 
aggregates on the samples’ surfaces; in fact, Figure 11B,F show that the size of 
such microcolonies range between 4–5 µm for both Ti64ELI-MP and Ti64ELI-
MP nisin pH 3 samples in comparison to the size of S. aureus of about 1–1.5 µm 
in- dicating that these 3D microcolonies are made up of about 3–4 layers of 
bacterial cells. The calculation of occupied surfaces with biofilm-like 
aggregates revealed 19.1% and 16.39% on the Ti64ELI-MP and Ti64ELI-MP 
nisin pH 3 were colonized by S. aureus, respectively (these data were extracted 
from the field of view of Figure 12A B,F as representatives of whole samples’ 

surfaces). Surface analysis of 3D reconstructed images of Ti64ELI-MP nisin pH 
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6 (Figure 12A K,L; extracted from SEM image of Ti64ELI-MP nisin pH 6 shown 
in Figure 12A I) indicates that few bacterial colonies were able to form 
aggregates of more than 4 µm and most S. aureus remained as single cells 
(Figure 12A J,K,L); additionally, only 6.8% of the sample surface was 
occupied by bacterial microcolonies (these data were extracted from the field 
of view of Figure 12A J as a representative of whole samples’ surfaces) in 

comparison to 19.1% for Ti64ELI-MP and 16.39% for Ti64ELI-MP nisin pH 3. 
From the results obtained from the metabolic activity, viable bacterial colonies 
count (at serial dilution 105), SEM, and 3D reconstructed images analysis it 
can be concluded that Ti64ELI-MP functionalized with nisin at pH 6 have no 
bactericidal activity; however, it successfully prevented the bacterial 
aggregation into 3D biofilm-like aggregates thus reporting a promising 
antifouling activity. Similar results were found in another study where the 
synergistic antifouling properties of nisin and dopamine adsorbed to 
microstructured glasses with different sizes of grooves were reported against 
Bacillus sp. with respect to the control sample after 16 h [33]. Additionally, 
this similar effect was previously obtained by the authors intro- ducing a 
controlled nano-topography onto Ti alloys by electron beam technology 
that prevented aggregates formation through a physical hindrance [44]; here, 
the nisin seems to play a similar role but via biochemical induction acting 
as an anti-aggregation sig- nal for adhered bacteria. Few comparable 
works can be found in the literature, but the presence of nisin was previously 
shown by Blackman et al. [45] to reduce the surface con- tamination from 
bacterial aggregates in combination with a specific patterning as well as Kim 
et al. [46] demonstrated that the presence of nisin conferred outstanding 
fouling resistance to ultrafiltration PDMA membranes when infected. 
One possible explanation for the observed ability of the nisin layer to prevent 
bacterial aggregates is the impact on biofilm maturation. In general, the 
formation of biofilm is known to consist of several steps including bacteria 
adhesion, irreversible attachment, biofilm maturation, bacteria dispersal, and 
bacterial migration. In addition, materials can behave as either anti-
microfouling with bacteriostatic action, or as bactericides, acting with different 
mechanisms and on different stages of biofilm formation [47]. It can be 
speculated that the nisin-functionalized surface influences the maturation of 
the biofilm, therefore preventing the aggregation of bacteria. In the literature, 
nisin is also found to affect the composition and structure of the biofilm. 
Andre et al. evidenced the presence of nisin to result in a reduction of S. aureus 
biofilm polysaccharides and extracellular DNA, which can be associated with 
disrupted or decreased biofilm formation [48]. 
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Figure 12A. Three-dimensional reconstructed images of bacterial 
microcolonies on samples’ surfaces extracted from SEM images with SMILE 
VIEWTM software. Ti64ELI-MP: (A) SEM image at magnifica- tion 2000× 
(scale bar= 5 µm); (B) reconstructed 3D image extracted from (A); (C) cross-
section image of the bacterial microcolonies on the sample surface; (D) whole 
view of bacterial microcolonies from the selected section; Ti64ELI-MP nisin pH 
3: (E) SEM image at magnification 2000× (scale bar= 5 µm); 
(F) reconstructed 3D image extracted from (E); (G) cross-section of the bacterial 
microcolonies on the 
sample surface; (H) whole view of bacterial microcolonies from the selected 
section; Ti64ELI-MP nisin pH 6: (I) SEM image at magnification 2000× (scale 
bar= 5 µm); (J) reconstructed 3D image extracted from (I); (K) cross-section of 
the bacterial microcolonies on the sample surface; (L) whole view of bacterial 
microcolonies from the selected section. Bars indicate the height of 
microcolonies (µm). 
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However, it seems evident that even though adsorbed nisin at pH 6 could 
prevent the formation of bacterial aggregates on the surface to some extent, the 
well-known antibacterial potential of nisin was not here fully maintained after 
surface functionalization. Similar results were found in another study where 
the antibacterial properties of nisin adsorbed to stainless steel against Listeria 
monocytogenes were similar with respect to control after 24 h [49]. The results 
obtained from the functionalization by using the nisin solutions at pH 3 and 
pH 6 seem to exclude the hypothesis that the low antibacterial activity is due 
to the molecule’s sensitivity to pH variation: the functionalization at pH6 is 

revealed to be more effective in surface grafting and against microfouling and 
biofilm maturation. The contact-killing activity of nisin is mainly due to its 
binding with the bacterial membrane causing irreversible deadly pores [50]. 
So, further studies are still needed to improve the antibacterial efficacy of 
nisin, as well as other functionalization mechanisms, which could also be 
investigated to improve either the exposure of nisin’s antibacterial groups or 

the release of the peptide to the solution. 
 
Conclusions 

  
 

The goal of this study was to characterize and optimize the surface 
functionalization of Ti6Al4V-ELI discs by the antimicrobial peptide nisin. The 
presence of nisin as a physisorbed layer on the surface was confirmed by 
different methods. It exposes the hydrophobic and anti-bacterial functionality 
toward the external environment when functionalization is performed at pH 
6–7. In addition, the first evidence of gradual nisin release both in 
physiological and inflammatory conditions and as well as an anti-
microfouling activity against bacteria, and the possible effect on biofilm 
maturation was preliminarily obtained. 
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