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INTRODUCTION

Metallic materials are widely used in medical applications because of their
ability to osseointegrate, biocompatibility, and corrosion resistance.

On the other side, biodegradable metal materials used as temporary implants,
such as screws, plates, wires, or for bone fixation are useful to avoid secondary surgery.

For better biocompatibility, antibacterial activity, adhesion, and cell proliferation,
coatings can be used on both biodegradable and non-biodegradable alloy surfaces.
Coatings can serve as drug encapsulation structures and lead to controlled drug release.

Given that bacteria are aggressive, leading to dangerous infections and even
implant rejection, drug-encapsulated materials are the ideal solution.

Therefore, the research supporting the present Ph.D. thesis includes different
coating procedures on biodegradable and non-biodegradable metal substrates and their
characterizations, including microstructure, electrochemical stability, adhesion,
encapsulation-drug release, and antibacterial activity.

The principal objective of the Ph.D. thesis is to investigate the potential of new
biodegradable (AZ31 alloy) and non-biodegradable (TiZr alloy) materials with polymer
coatings to provide structures for controlled drug release.

The first part of this Ph.D. thesis, bibliographical research, contains three
chapters representing generalities about materials and their characterizations.

Chapter I includes literature data on current trends in biodegradable and non-
biodegradable metallic biomaterials. Also, to improve the characteristics of alloys,
biocompatibility, and antibacterial activity, their surfaces can be physically and
chemically modified.

Chapter II discusses aspects of drug encapsulation in structures deposited on the
alloys studied in this thesis.

Chapter III focuses on the most important experimental methods for obtaining
and characterized uncoated and coated alloys, such as electrochemical methods,
morphological and functional characterizations.

The second part of the Ph.D. thesis, original research, contains chapters IV-IX,
which include the results of the original experimental research, their processing, and
interpretation, conclusions, as well as bibliographical sources, and a list of publications.

Chapter IV contains the biodegradable and non-biodegradable materials used as
substrates in the experiments, the surface preparation of the substrates, and the solutions
and equipment used for the electrochemical and physicochemical characterizations of
the coatings.

Chapters V and VI present surface modifications of AZ31 biodegradable alloy
by coating with PLA and their characterization using FT-IR, SEM, contact angle, ICP-
MS, BET analysis, and adhesion force analysis.

Chapter VII presents the surface modification of the non-biodegradable TiZr
alloy by coating it with different polymers. First, PLA nanofibers are deposited by
electrospinning technique, and the second coating of the alloy consists of polypyrrole
deposition concomitant with gentamicin encapsulation by electropolymerization,
studied for the first time in the literature. Both coatings were characterized by FT-IR,
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contact angle, and SEM analyses, and the polypyrrole coating with gentamicin was
subjected to drug release tests and determination of antibacterial activity.

Chapters VIII and IX contain electrochemical characterizations of PLA coatings,
as well as encapsulation-release of gentamicin and antibacterial effects on
biodegradable and non-biodegradable materials.

The thesis concludes with Final Conclusions containing the original
contributions.
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BIBLIOGRAPHICAL RESEARCH

CHAPTER I

CURRENT TRENDS IN METALLIC BIOMATERIALS RESEARCH

In terms of materials used as implants, there are three types: metallic materials,
ceramic materials, and polymeric materials [6].

Metallic biomaterials are the most widely used for medical applications,
accounting for about 70% of implants, due to their superior mechanical properties, good
durability, and high biocompatibility [8, 9].

Metallic materials are used in many applications, predominantly in orthopedic
surgery as bone plates, screws, bolts, and in joint replacement, making them more
advantageous than polymeric and ceramic materials [15].

The need to use implants with properties closer to those of human bone has led
to the alloying of Ti, resulting various alloys of Ti [20].

Alloying Ti with various metals such as zirconium (Zr), which exhibits good
tissue biocompatibility, high mechanical strength, and corrosion resistance [21], can be
used as implants in orthopedic and dental surgery. These metals, Ti and Zr, are
corrosion-resistant metals in many aggressive environments, including bio-liquids due
to the existence of a native passive layer integrated into tissues [26].

In addition to the metals most commonly used in permanent implants,
biodegradable metals have been developed as ideal materials for temporary implants.
They safely degrade in the human body after they have fulfilled their function, thus
avoiding a new operation to remove the implant, speeding up the healing process,
reducing the risks of a permanent implant, and ultimately reducing time and costs
hospitalization [29].

Magnesium alloys are light, have high specific strength, have good corrosion
resistance, and are easy to cast. Magnesium is considered an ideal material for
implantable devices in the medical industry because it is light and strong. Also, has a
similar density to human bone and is non-toxic, his corrosion in the body takes place
over several weeks to months, during this time, the stability of the implant is ensured
until it is completely dissolved and the tissue healing process is complete [31-34].

Surface modification of an alloy used as an implant plays an important role,
significantly improving the biocompatibility and antibacterial activity of the implant
[42], increasing implant integrity and tissue adhesion, and avoids implant rejection by
the body or inflammatory reactions [22]. Usually, after implantation, a metal implant is
surrounded by fibrous tissue, which prevents bioactive interaction between the implant
and the host tissue [43].

Currently, controlling and monitoring the biodegradation rates of Mg alloys after
surface modifications by various procedures is one of the important challenges in
implant research [49, 50].
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CHAPTER II

ENCAPSULATION AND RELEASE OF DRUG ON THE SURFACE
OF ALLOYS

The most common problems after surgery include implant infections, and the
most useful strategy is the use of various drugs that can be encapsulated in the implant
for controlled release [67].

Drug release from biodegradable polymer coatings depends on encapsulation
efficiency, solubility, diffusion, the size of the coating structure, and biodegradability
[68].

To prevent post-operative inflammation after the insertion of an implant, anti-
inflammatory drugs can be used preventive or immediately post-operative. These can be
taken orally or can be encapsulated in various forms in the implanted material, either in
the oral cavity [70] or in orthopedics.

Bacterial infections and inflammation are frequently present after surgery,
therefore several drugs are administered for protection. Drugs are usually administered
orally, but with the development of nanotechnology, new approaches have been
developed, such as delivering drugs directly from implants with numerous benefits
including the ability to increase the efficiency of administration of therapeutic agents in
terms of both loading and controlled release as part of improving their bioactive
potential [72].

The encapsulation and release kinetics of several known antibiotics used to
improve the antibacterial effect have been studied over time. The synergistic effect of
nanoscale drug delivery is noted for the use of different forms of nano-sized coatings
because different coatings can provide a high surface-to-volume ratio, surface
functionality, and increased antibacterial effect [72-74]. In some applications, the drug
encapsulated in the implant has a beneficial effect on the biocompatibility and stability
of the implant, providing it with a multifunctional that has been investigated, for
example, for the encapsulation of cysteine, a drug with a characteristic zwitterionic
structure [75].

The most frequently identified bacteria causing infections are gram-negative and
gram-positive microorganisms, specifically Staphylococcus aureus (39.28%) and
Escherichia coli (30.35%) [76].

Gentamicin sulfate is an aminoglycoside, bactericidal, heat-stable antibiotic used
as a prophylactic in orthopedic surgery or in various treatments for bone infections with
gram-positive or gram-negative microorganisms [76].

Encapsulation of the drug in polylactic acid nanofibres improves the action of
the drug through controlled and sustained release directly at the site of action.
Antibiotics are used to improve efficacy and prevent the growth of bacteria resistant to
antibiotics [66].
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ORIGINAL RESEARCH

CHAPTER IV

MATERIALS AND METHODS

For the experiments in this Ph.D. thesis, the biodegradable MgAlZn alloy (AZ31)
with 96:3:1 wt% molar ratio, was cut in samples with dimensions of 2×2 cm and 1 mm
thickness.

The non-biodegradable material used was TiZr (50:50 wt%), samples with
dimensions of 2×2 cm and 2 mm thickness.

All alloy samples have been previously prepared by grinding and cleaning.
TiZr alloy samples were exposed to an acid pretreatment (3HNO3:1HF:2H2O)

known as ''etching''.
Surface modification of AZ31 alloy and TiZr alloy with PLA coating was

performed using a solution prepared by dissolving PLA granules in a mixture of
chloroform (CHCl3) and N,N-dimethylformamide (DMF) (ratio 1:1.5 v/v).

The non-biodegradable TiZr alloy was coated with pyrrole (Py) by
electropolymerization from ionic liquids based on choline chloride (ChCl) and lactic
acid (LA) in a molar ratio of 1:2 (ChCl:LA). 0.5M Py was added to the obtained
solution and 50mM gentamicin sulphate (GS) was encapsulated under magnetic stirring.

Also, gentamicin sulphate was used as a drug for encapsulation in polymer
coatings and was prepared in phosphate buffer saline (PBS) of various pHs. The
concentration of GS in the encapsulation was 2 g/L.

The techniques used for polymer coatings were as follows:
 Electrospinning technique was used to deposit PLA nanofibers on AZ31 and TiZr

alloy surfaces.

 Dip-coating technique (immersion technique) was used for coating the alloy AZ31
with PLA by dipping the AZ31 alloy sample in PLA solution. Samples obtained by
this technique are further described as ''dip''.

 Electropolymerization of PPy and PPy-GS by ionic liquids (NADES - Natural
Deep Eutectic Solvents) included the use of electrochemical methods such as cyclic
voltammetry and chronoamperometry using an AutoLab40 potentiostat-galvanostat
and an electrochemical cell consisting of a reference electrode, an Ag wire, the
working electrode, TiZr alloy, with a surface area of 1.8 cm2 and the Pt counter
electrode.

AZ31 and TiZr alloy samples were characterized morphological, structurally,
and electrochemically using the following equipment:
 Electrochemical tests were carried out to determine the corrosion resistance of both

alloys and coatings using an AutoLab potentiostat.
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 Inductively coupled plasma mass spectrometry (ICP-MS) was used for the
determination of the concentration of ions in the SBF solution and Fourier
Transform Infrared Spectroscopy (FT-IR) was used to determine the functional
groups of sample coatings.

 Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX)
were used to determine the surface morphology of the samples as well as the
elemental composition of the coatings in this thesis.

 The contact angle (CA) was measured to determine the hydrophobicity of uncoated
and coated alloy samples.

 The surface roughness of TiZr-PLA alloy samples was determined by using a
roughness tester and an atomic force microscope (AFM).

 Vickers microhardness (HV) was performed to determine the hardness of uncoated
and coated alloy samples using a Vickers hardness tester.

 UV-VIS spectroscopy was used for the encapsulation-release tests of drug from
coated alloy sample using a UV spectrometer.

 The adhesion strength of the coatings was determined by pull-off tests using an
adhesion tester.

 BET (Brunauer-Emmett-Teller) analysis was performed to determine the surface
area and pore distribution of PLA coatings deposited on the AZ31 substrate.
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CHAPTER V

SURFACE MODIFICATION OF THE AZ31 ALLOYWITH PLA

In this chapter, the surface of the AZ31 alloy has been modified using polylactic
acid by two methods: deposition of nanofibers and films on the metal substrate. The
synthesis, characterization, and comparison of the two alloy-deposited structures were
studied to improve the properties of PLA nanofibers and films for potential applications.
The presence of PLA was evidenced by structural and morphological analysis using FT-
IR and SEM, as well as by adhesion strength and porosity analysis of coatings.

5.1. FT-IR analysis of PLA coatings

The presence of polylactic acid deposited on the surface of the AZ31 alloy was
confirmed using Fourier Transform Infrared Spectroscopy (FT-IR) by the characteristic
bands of polylactic acid as shown in Figure 5.1.

Figure 5.1. FT-IR spectrum of polylactic acid

5.2. Scanning electron microscopy (SEM)

SEM micrographs of the AZ31 alloy showed characteristic morphologies of
polished metal alloy as well as of the two polymer structures deposited on the alloy
surface by two methods: electrospinning and dip-coating.
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Figure 5.2. SEM micrographs of a) uncoated AZ31 alloy, b) AZ31-PLA nanofibers, and
c) AZ31-PLA dip

5.4. Adhesion strength and BET analysis of coatings

The adhesion of PLA coatings on the AZ31 alloy surface was determined by
pull-off tests, and the values are shown in Table 5.4.

As can be seen, the adhesion strength is higher for the AZ31-PLA dip sample
compared to the AZ31-PLA nanofibers sample. Thus, the results showed that the dip-
coating process leads to a coating with better adhesion.

Table 5.4. Adhesion strengths of AZ31 alloy samples

Sample Adhesion strength
[MPa]

AZ31-PLA nanofibers 1.66
AZ31-PLA dip 4.99

The BET method was used to determine the specific surface area and pore size
of PLA coatings (Table 5.5.), and according to the results obtained, the dip-coating
technique led to a mesoporous film with more voluminous pores than nanofibers coating,
which may produce more promising results for drug encapsulation as well as better
antibacterial activity.

Table 5.5. Data obtained from the BET analysis

Sample
Surface
area
[m2/g]

Total
pore

volume
[cm3/g]

Pore
diameter
[nm]

Microporous
surface
[m2/g]

Micropore
volume
[cm3/g]

PLA dip 5.43 0.0066 3.30 13.71 0.0049
PLA nanofibers 12.09 0.0012 3.67 3.43 0.0012
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CHAPTER VI

TESTING THE STABILITY OF AZ31 ALLOY IN SIMULATED
BIOLIQUIDS

The bioactivity of AZ31 biodegradable alloy was evaluated by surface analysis
following the evolution of apatite deposits grown on the surfaces of the alloy samples
after immersion in SBF solution over time, as well as the evolution of hydrogen and pH
variation in the uncoated and AZ31-PLA alloy samples.

6.1. Behavior of the uncoated AZ31 alloy in SBF

The behavior of AZ31 alloy in SBF solution was studied by immersing uncoated
alloy samples in sterile flasks in a volume of SBF solution pH 7.4 and monitoring the
bioactivity of the alloy at different time intervals (1, 3, 7, 21, and 28 days).

6.2. Determination of Ca and Mg ions by ICP-MS

ICP-MS analysis was performed to determine the concentration of Ca2+ and
Mg2+ ions (Table 6.1.) present in the SBF solution after the uncoated AZ31 alloy was
immersed in the solution for different time intervals.

ICP-MS analysis shows that over time, the amount of Mg2+ ions in the SBF
solution decreases due to the possible formation of magnesium oxide (MgO) on the
surface of the alloy, which increases in thickness following the number of days of
immersion in SBF.

Table 6.1. The concentration of Ca2+ and Mg2+ ions over time

Time [days]
The concentration of elements

analyzed - [mg/L]
Ca2+ Mg2+

1 7.7 87.5
3 6.87 67.11
7 6.57 48,52
21 3.94 18.61
28 4.11 14.74

6.3. FT-IR analysis of samples immersed in SBF at different times

AZ31 alloy immersed in SBF solution to determine its stability over time
showed the evolution of phosphate (980 cm-1 and 1190 cm-1) and hydroxyl (635 cm-1

and 3570-3690 cm-1) groups.
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Figure 6.3. FT-IR spectra of AZ31 alloy samples investigated at different immersion
times

6.4. Hydrogen evolution and pH variation of uncoated and AZ31-PLA alloy
immersed in SBF

Hydrogen (H2) release is one of the negative aspects of AZ31 alloy performance
and was evaluated in SBF for both uncoated and PLA-coated AZ31 alloy at different
time intervals (1h, 3h, 8h, 24h, 72h, 168h, 240h, 408h, and 504h).

The results of the H2 volume evolution measurements for the uncoated AZ31
alloy sample and for the AZ31-PLA, as well as the pH variation of the SBF solution are,
shown in Figure 6.5.

Figure 6.5. Time evolution of pH solution for uncoated AZ31 alloy and AZ31-PLA
alloy samples in SBF solution for measurement of H2 evolution

Therefore, for the uncoated AZ31 alloy, after 504h of immersion, the total H2

volume released was 21.25 mL/cm2, compared to the AZ31-PLA alloy, which showed a
total H2 volume of 3.75 mL/cm2.



ABSTRACT
INTERFACES IN THE DEVELOPMENT AND CHARACTERIZATION OF BIODEGRADABLE

AND NON BIODEGRADABLE METAL ALLOY

Eng. Manuela-Elena VOICU 16

6.5. Surface morphology of AZ31 alloy samples

The evolution of surface deposits on uncoated AZ31 alloy samples after
immersion in SBF solution at different times was analyzed using SEM coupled with
EDX.

Figure 6.6. SEM morphology and EDX analysis for uncoated AZ31 alloy

On the surface of the AZ31 unimmersed alloy sample (Figure 6.6.), scratches
can be seen that are the result of polishing. Small formations can also be seen, which are
probably magnesium oxide (MgO) crystals.

Figure 6.7. SEM morphology and EDX analysis of AZ31 alloy after 1 day of
immersion in SBF
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After one day of immersion in SBF (Figure 6.7.), crystals from the solution were
deposited on the surface of the AZ31 alloy, with a base size of about 200 nm, but
agglomerations can also be observed.

Figure 6.8. SEM morphology and EDX analysis of AZ31 alloy after 3 days of
immersion in SBF

3 days after immersion (Figure 6.8.), the deposited crystals present a semi-self-
organized network form with a central formation of about 1.5 μm diameter and
ramifications of 2-4 μm length.

Figure 6.9. SEM morphology and EDX analysis of AZ31 alloy after 7 days of
immersion in SBF

After 7 days of immersion (Figure 6.9.), crystals with the specific form of
calcium phosphate are observed on the surface of the AZ31 alloy sample, with sizes
between 2 and 10 μm.
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Figure 6.10. SEM morphology and EDX analysis of AZ31 alloy after 21 days of
immersion in SBF

After 21 days of immersion (Figure 6.10.) on the AZ31 alloy sample, crystals of
an irregular form and sizes of tens of μm can be observed.

Figure 6.11. SEM morphology and EDX analysis of AZ31 alloy after 28 days of
immersion in SBF

After 28 days of immersion (Figure 6.11.) two types of crystals can be observed:
a cross-linked type, possibly calcium phosphate, and a cubic type, possibly sodium or
calcium chloride. The dimensions of the cross-linked crystals are about 500 nm long
and 50 nm wide, and the side length of a basic cubic crystal is about 500 nm.
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CHAPTER VII

MODIFICATION OF THE TiZr SURFACE ALLOY

In the first part of this chapter, three different surface treatments of the non-
biodegradable TiZr alloy (mechanical processing, acid pretreatment, and PLA nanofibre
coatings) were investigated. The obtained results indicated that nanofibers coating
improved the properties of the alloy compared to the uncoated alloy.

In the second part of this chapter, the electrochemical deposition of pyrrole from
choline chloride-based ionic liquids concomitantly with the encapsulation of gentamicin
sulphate on the TiZr alloy surface was realized for the first time in literature, which is
original to this thesis. The obtained coatings were investigated morphologically and
structurally, as well as in a kinetic study of drug release in phosphate buffered saline
(PBS).

7.1. Coating TiZr alloy with PLA nanofibers

7.1.1. PLA coating morphology and sample roughness determination

The uncoated TiZr alloy samples and TiZr-PLA nanofibers samples were
characterized using scanning electron microscopy. The surface of the TiZr sample
exposed to acid pretreatment is completely coated with Ti and Zr oxides with lengths of
10-50 μm and widths of 2-5 μm. The TiZr-PLA sample indicates a complete coating of
PLA nanofibers. The fibers are between about 250 and 450 nm in diameter and
hundreds of micrometers in length.

The layer thickness of the PLA coating was investigated by AFM and is
approximately 2.9 μm (Figure 7.1.d). Average roughness measurements (Figure 7.1.e)
showed that the polished samples had the smoothest surface. Roughness increases after
acid pretreatment due to the formation of oxide structures. The highest roughness value
was obtained for the PLA nanofibers coated sample due to the multiple layers of
polymer fiber bonding.
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Figure 7.1. SEM morphology of a) polished TiZr, b) TiZr with acid pretreatment, c)
TiZr-PLA nanofibers, d) cross-section of PLA coating, and e) average roughness values

7.1.2. Adhesion and hardness testing of TiZr alloy and PLA coating

Coating adhesion tests were performed using pull-off tests to measure the force
needed to detach the coatings from the TiZr substrates. The adhesion forces measured
during the experiments are shown in Table 7.1. The polished TiZr sample had the
highest adhesion strength measured, followed by the acid-pretreated TiZr sample, and
the weakest adhesion strength of all samples was measured for the PLA nanofibers
coated sample.
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Table 7.1. Adhesion strengths of TiZr samples

Sample Adhesive strength
[MPa]

TiZr polished 32.2 ± 0.6
TiZr acid pretreatment 21.4 ± 0.3

TiZr-PLA 4.3 ± 0.4

In the case of Vickers microhardness tests, the results are shown in Figure 7.2.
The measured strengths determined during the experiment show that the hardest surface
is TiZr polished alloy, followed by the oxidized sample, and the lowest value is the
polymer layer.

Figure 7.2. Sample morphology by Vickers microhardness: a) polished TiZr, b) TiZr
with acid pretreatment (etching), c) TiZr-PLA nanofibers and calculated values

7.1.3. Contact angle analysis

Contact angle measurements indicated that the polished and acid-pretreated TiZr
samples (Figure 7.3.a and b) have hydrophilic characteristics. Coating the TiZr surface
with PLA nanofibers (Figure 7.3.c) increased the contact angle value, crossing the
hydrophobicity limit.

Figure 7.3. Contact angle measurements for a) polished TiZr, b) TiZr with acid
pretreatment (etching), and c) TiZr-PLA nanofibers and contact angle values
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7.2. Electropolymerization of polypyrrole and GS encapsulation on a TiZr alloy
surface

7.2.1. Electropolymerization by cyclic voltammetry and chronoamperometry

The coating of TiZr alloy with PPy in NADES ionic liquid (choline chloride,
lactic acid, and 0.5M pyrrole) used as an electrolyte was performed by cyclic
voltammetry.

After electropolymerization of pyrrole on a TiZr substrate by cyclic voltammetry,
chronoamperometry was applied to obtain PPy and PPy-GS films.

7.2.2. FT-IR analysis of polymer coatings

The evidence of PPy films as well as encapsulated GS films was analyzed using
FT-IR measurements. The FT-IR spectra are shown in Figure 7.7. where the PPy and
GS-specific peaks were identified. Also, characteristic peaks of the drug have been
shown but shifted to a lower intensity due to possible chemical interactions generated
during the coating process of PPy [138]. Thus, FT-IR analysis indicated the presence of
GS in the PPy structure.

Figure 7.7. FT-IR spectra of TiZr alloy coated with PPy and TiZr-PPy encapsulated
with GS

7.2.3. Morphological characterization of PPY and PPy-GS coatings

SEM analysis coupled with EDX was used to investigate the influence of
electrodeposition parameters. The resulting SEM micrographs of the PPy and PPy-GS
surfaces (Figure 7.8.) show a specific cauliflower structure of PPy and PPy-GS
developed on the biomaterial surface under potentiostatic control in a NADES-based
electrolyte.

https://context.reverso.net/translation/english-romanian/cauliflower
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Figure 7.8. SEM morphologies for a) TiZr-PPy and b) TiZr-PPy-GS

Figure 7.9. represents the elemental analysis of PPy and PPy-GS films obtained
with the EDX. In the case of GS-encapsulated polymer films, sulfur, and oxygen appear
because the drug used contains sulfur ions in the chemical structure, which
demonstrates the successful encapsulation of GS in the polymer coating.

Figure 7.9. Surface elemental map obtained by EDX analysis for a) TiZr-PPy and b)
TiZr-PPy-GS

7.2.5. Electrochemical tests

Electrochemical tests were performed using PBS pH 7.4 solution as an
electrolyte for the uncoated TiZr alloy sample and for the polypyrrole coated and GS
encapsulated sample.

The EIS method was applied to investigate chemical processes and changes that
occurred in an electrochemical circuit. The results obtained from the samples analyzed
are shown as Nyquist and Bode plots in Figure 7.11.

Figure 7.11. Diagrams a) Nyquist and b) Bode for uncoated, TiZr-PPy, and TiZr-PPy-
GS, in PBS pH 7.4
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Tafel potentiodynamic polarization tests are shown in Figure 7.12. showing a
shift towards more electropositive values of the corrosion potential of coated TiZr
compared to uncoated TiZr, as well as a decrease in corrosion current density,
indicating that the polymer coating has a protective anti-corrosive effect.

Figure 7.12. Tafel diagram for TiZr uncoated, TiZr-PPy and TiZr-PPy-GS, in PBS pH
7.4

Calculations of corrosion current density (icorr) and corrosion rate (CR) [139]
for TiZr-PPy and TiZr-PPy-GS samples (Table 7.4.) showed a higher resistance to
polarization compared to the uncoated alloy, indicating a decrease in the corrosion rate
of each of the investigated biomaterials in PBS.

Table 7.4. The Tafel kinetic parameters for uncoated and coated TiZr alloy

Sample
Tafel method

Ecorr
[mV]

icorr
[µA·cm-2]

Kg
[g·m-2h-1]

CR
[µm·an-1]

TiZr -0.295
± 0.03

2.75
± 0.02

0.0261
± 0.001

8.44
± 0.07

TiZr-PPy -0.097
± 0.01

0.603
± 0.01

0.0057
± 0.0003

1.85
± 0.03

TiZr-PPy-GS -0.006
± 0.001

0.351
± 0.01

0.0033
± 0.0001

1.08
± 0.01

7.2.6. Release of GS and antibacterial effect

TiZr alloy samples coated with polypyrrole and encapsulated with GS were
tested for drug release in a 50 mL volume of pH 7.4 PBS solution. The analysis of the
samples was performed at 203 nm wavelength and the cumulative release of GS was
calculated.

The calibration curve showed a significant linear regression with a correlation
coefficient of R2 = 0.9991 from the equation obtained y = 0.28445x + 0.12121.

The GS release profile from polymer coatings electrodeposited on TiZr alloy
using NADES electrolyte based on choline chloride and lactic acid containing 0.5M Py
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and 0.05M GS is shown in Figure 7.14. The cumulative release of GS after 144h was
about 90%, thus the PPy coatings may be able to release the drug over long periods.

Figure 7.14. GS release profile of PPy coating

For the evaluation of the antibacterial effect, two types of gram-positive and
gram-negative bacteria were used, Staphylococcus aureus and Escherichia coli.

The bacterial growth inhibition ratio (I%) is shown in Figure 7.15. for the three
TiZr alloy samples. As can be seen, the coating significantly enhances the antibacterial
activity of the samples.

Figure 7.15. Bacterial inhibition for TiZr alloy samples
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CHAPTER VIII

STUDY OF THE ELECTROCHEMICAL BEHAVIOR OF
PLA ALLOYS

In this research, the PLA coatings deposited on AZ31 alloy substrate by two
methods, nanofibers by electrospinning and films by dip-coating were investigated, and
for TiZr alloy the coating consisted of just PLA nanofibers.

Uncoated and coated samples were investigated for corrosion resistance and
electrochemical stability.

Electrochemical measurements were carried out with a potentiostat-galvanostat
using an electrochemical cell with three electrodes: Ag/AgCl as the reference electrode
(RE), Pt as the counter electrode (CE), and the working electrode (WE) consisting of the
alloy samples.

The electrochemical methods used are open circuit potential (OCP),
electrochemical impedance spectroscopy (EIS), and Tafel curves.

8.1. Electrochemical methods applied to uncoated and coated AZ31 biodegradable
alloy by the two methods in SBF electrolyte

8.1.2. Electrochemical impedance spectroscopy (EIS) tests

Figure 8.2. represents Nyquist and Bode plots for uncoated AZ31 alloy and
AZ31-PLA at different immersion times in SBF.

Figure 8.2. Diagrams a) Nyquist and b) Bode for uncoated AZ31 alloy immersed in
SBF, over time

The Nyquist diagram of the AZ31 alloy presents, during the entire immersion
time in the SBF solution, two defined loops with different diameters, indicating the
same corrosion mechanism but with different corrosion rates [142].

The Bode phase diagram indicates that the phase angle shifts at low frequencies
and increases slightly with immersion time. This is a consequence of the accumulation
of corrosion products on the surface of the alloy, which leads to an increase in mass or
an increase in thickness that could provide some protection [143].
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From the EIS spectra, we can conclude that at 0h (Figure 8.3.a.), the AZ31 alloy
was coated with thin oxides naturally produced in the atmosphere, and two capacitive
loops were observed. A small capacitive loop at a high-frequency region could be
attributed to the coating, while a large capacitive loop at a medium frequency region can
be attributed to electrochemical processes occurring under the coating [144]. During
immersion, corrosion products accumulated on the surface of the AZ31 alloy under the
PLA nanofibers layer.

Figure 8.3. Diagrams a) Nyquist and b) Bode for AZ31-PLA nanofibers
immersed in SBF, over time

Nyquist and Bode plots of the AZ31-PLA dip alloy are shown in Figure 8.4.a
and Figure 8.4.b, respectively.

The Bode diagram shows the phase angle value of the AZ31-PLA dip immersed
for 168h in SBF is more positive than the sample immersed for 0, 24, and 48h. This
suggests a decrease in corrosion resistance has occurred.

Figure 8.4. Diagrams a) Nyquist and b) Bode for AZ31-PLA dip immersed in
SBF, over time

8.1.3. Tafel tests

Potentiodynamic curves were used to investigate the corrosion resistance of
uncoated and coated AZ31 alloy.

According to Figure 8.5, the corrosion potentials at different immersion times in
SBF solution of AZ31 alloy coated with PLA nanofibers and dipped are shifted towards
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more positive values compared to uncoated AZ31 alloy. This suggests that both PLA
coatings enhance the electrochemical stability of the AZ31 alloy.

Figure 8.5. Tafel curves for a) uncoated AZ31 alloy, b) AZ31-PLA nanofibers, and c)
AZ31-PLA dip, immersed in SBF solution, over time

8.2. Electrochemical methods applied to uncoated non-biodegradable TiZr alloy,
coated with PLA nanofibers in different electrolytes

8.2.1. Electrochemical impedance spectroscopy (EIS) tests

Electrochemical impedance spectroscopy was used to characterize the oxide
layers on TiZr samples and evaluate the performance of PLA coatings without
accelerating electrochemical reactions at the sample/solution interface [148].

Figures 8.6. and 8.7. show the EIS spectra (Nyquist and Bode plots) for acid-
pretreated TiZr samples in SBF and 0.9% NaCl, respectively.

Figure 8.6. Diagrams a) Nyquist and b) Bode for TiZr with acid pretreatment in 0.9%
NaCl
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In 0.9% NaCl (Fig. 8.6.) the TiZr sample exposed to an acid pretreatment had a
resistive response that increased with time. This can be attributed to the passive nature
of the oxide formed, which has protective properties [149]. The Bode phase diagram
shows TiZr samples have resistive resistance at high frequencies corresponding to
charge transfer and capacitive resistance at low frequencies, suggesting that the
diffusion process is dominant at lower frequencies.

Similar behavior was observed for samples immersed in SBF (Figure 8.7.).

Figure 8.7. Diagrams a) Nyquist and b) Bode for TiZr with acid pretreatment in SBF

Figures 8.8. and 8.9. show the EIS spectra (Nyquist and Bode plots) for TiZr-
PLA samples.

The TiZr-PLA sample immersed in 0.9% NaCl (Figure 8.8.) showed
predominantly capacitive-diffusive behavior during the entire experiment.

In the Nyquist plot, the high impedance value at the initial immersion time was
attributed to the air pockets between the PLA nanofibers. After the first day of
immersion, the impedance value decreased and the samples showed more pronounced
capacitive behavior.

The Bode phase diagram shows that TiZr-PLA has resistive behavior at low
frequencies, diffusion occurring at medium frequencies, and pseudo-capacitive behavior
at high frequencies which shifts to more resistive behavior with increasing immersion
time.

The TiZr-PLA sample immersed in SBF (Figure 8.9.) had a higher resistive-
diffusive behavior. At immersion time, the same high impedance attributed to the air
pockets was observed in the Nyquist plot. After the first day, the impedance value
decreases and the resistive behavior changes to diffusive.
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Figure 8.8. Diagrams a) Nyquist and b) Bode for TiZr-PLA in 0.9% NaCl

Figure 8.9. Diagrams a) Nyquist and b) Bode for TiZr-PLA in SBF

8.2.2. Tafel tests

Potentiodynamic polarization tests were used to evaluate the corrosion behavior
of uncoated and PLA-coated TiZr samples over time, in 0.9% NaCl and SBF. Tafel
plots are shown in Figures 8.10. and 8.11.

The TiZr sample with acid pretreatment (Figure 8.10.a) showed higher stability
in 0.9% NaCl. The corrosion potential (Ecorr) was stable at about -0.46 ± 0.025 V, the
corrosion current (icorr) decreased from 2.42 to 0.286 μA·cm-2 and the corrosion rate
(Vcorr) decreased from 7.43 to 0.879 μm/an.

In comparison, when the TiZr sample with acid pretreatment was immersed in
SBF, the behavior was slightly different (Figure 8.10.b). The initial Ecorr was more
electronegative (-0.509 V) than measured in 0.9% NaCl, however, both icorr (0.529
μA·cm-2) and Vcorr (1.35 μm/an) had lower values.
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Figure 8.10. Tafel curves for a) TiZr with acid pretreatment in 0.9% NaCl and b) TiZr
with acid pretreatment in SBF, over time

The TiZr-PLA nanofiber sample immersed in 0.9% NaCl (Figure 8.11.a)
showed accelerated corrosion behavior over time. Ecorr increased from -0.462 to -0.546
V, icorr increased from 0.217 to 3.17 μA·cm-2, and Vcorr increased from 2.22 to 32.46
μm/year.

Immersion in SBF of the TiZr-PLA nanofiber sample (Figure 8.11.b) showed a
completely different result. Initially, the samples were practically inert. The samples
showed corrosion characteristics after 24 hours of immersion.

Figure 8.11. Tafel curves for a) TiZr-PLA in 0.9% NaCl and b) TiZr-PLA in SBF, over
time
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CHAPTER IX

STUDY OF ENCAPSULATION-RELEASE OF DRUG IN PLA
COATINGS AND ANTIBACTERIAL ACTIVITY

The PLA coatings on biodegradable and non biodegradable metal substrates are
used as drug delivery structures. The drug used was gentamicin sulfate (GS) dissolved
in phosphate buffered saline (PBS). After encapsulation into PLA structures and
determination of encapsulation efficiency, the presence of PLA and GS was determined
by FT-IR analysis, and the morphology was observed by SEM.

In the release of the drug from polymeric structures, the kinetic model for each
structure was determined by calculating the release efficiency. Also, due to the multiple
infections that an implant could become infected with, antibacterial activity was
determined for two of the most impacting bacteria, Escherichia coli and Staphylococcus
aureus.

9.1. Encapsulation-release and antibacterial effect of PLA coatings on AZ31 alloy

9.1.1. GS encapsulation in PLA coatings obtained by electrospinning and dip-
coating

The release of GS from PLA coatings deposited on AZ31 biodegradable alloy
substrate by electrospinning and dip-coating was determined by immersing the samples
in PBS solution and recording the UV spectra of the samples. The calibration curve
showed a linear dependence of GS concentration given by Eq: Abs = 0.0105 +
5.922×10-4C, with a correlation coefficient of R2 = 0.9990.

The encapsulation efficiency for AZ31-PLA alloy samples was calculated and
the results are shown in Figure 9.2. showing similar values for both types of samples,
the dip-coated sample showing a slightly higher value. At 24h after immersion, 73%
gentamicin was encapsulated in the dip-coated sample and 65% gentamicin was
encapsulated in the nanofibers sample.

Figure 9.2. Encapsulation efficiency for a) AZ31-PLA-GS nanofibers and b) AZ31-
PLA-GS dip
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9.1.2. FT-IR analysis of drug presence

Encapsulation of GS in AZ31-PLA was confirmed by FT-IR analysis, and the
spectra are shown in Figure 9.3. The characteristic bands of polylactic acid and
gentamicin are observed. The existence of additional GS peaks in the AZ31-PLA
spectra indicates that GS was encapsulated in the PLA coating.

Figure 9.3. FT-IR spectrum for AZ31-PLA-GS

9.1.3. SEM analysis of drug coating morphology

SEM micrographs of the AZ31-PLA alloy samples encapsulated with GS are
shown in Figure 9.4. GS particles are present in the nanofibers coating and also in the
film coating as small bright dots of about 1 µm diameter.

Figure 9.4. SEM micrographs for a) AZ31-PLA-GS nanofibers and b) AZ31-PLA-GS
dip

9.1.4. Release of GS and fitting results

The release of GS encapsulated in AZ31-PLA nanofibers (Figure 9.5.) is slow
during the entire release process. After 24h a small amount of GS (12.37%) was
released, followed by a sustained release profile, meanwhile, for AZ31-PLA-GS dip
samples, an increased amount of GS (49.53%) was released in 144h.
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Figure 9.5. Release of GS from PLA coatings for a) AZ31-PLA-GS nanofibers
and b) AZ31-PLA-GS dip

9.1.5. Antibacterial effect of AZ31 alloy samples

Antibacterial activity for AZ31 alloy samples (Figure 9.8.) was performed using
Escherichia coli and Staphylococcus aureus bacteria. Optical density presented a higher
antibacterial effect for Staphylococcus aureus compared to E-coli for both types of
coatings. The experimental data showed that the dip-coated samples produced a higher
antibacterial effect than the nanofibers coated samples. The addition of GS in both
coatings increases the antibacterial effect.

Figure 9.8. Antibacterial activity of AZ31-PLA-GS

9.2. Encapsulation-release and antibacterial effect of PLA nanofibers coating on
TiZr alloy

9.2.1. GS encapsulation in PLA nanofibers

Drug encapsulation was optimized by immersing the samples in a 10 mL GS
solution of concentration 2 g/L, and monitored spectral at wavelength λ = 194 nm, using
a calibration curve in the concentration range 25-300 mg/L, with the equation Abs =
0.00321 + 9.0455×10-4C and a correlation coefficient of R2 = 0.9995. Encapsulation
efficiency of 56.14% was obtained after 8h (Figure 9.10.).
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Figure 9.10. Graph of encapsulation efficiency of GS in PBS pH

9.2.2. FT-IR analysis of drug presence

Polylactic acid (PLA) nanofibers were characterized by Fourier transform
infrared spectroscopy (FT-IR). The presence of gentamicin sulfate in PLA nanofibers
was evidenced after 24h of encapsulation.

The FT-IR spectra of GS (Figure 9.11.) show peaks specific to the GS
compound, and for GS-encapsulated PLA nanofibers, the FT-IR spectra show groups of
both PLA and GS.

Figure 9.11. FT-IR spectra of TiZr-PLA-GS

9.2.4. Contact angle measurements

The PLA coating of the TiZr alloy and encapsulation of the drug in the PLA
nanofibers modify the contact angle from hydrophilic values, similar to the uncoated
TiZr alloy, to hydrophobic values, i.e. from 45° (uncoated TiZr, Figure 9.13.a) to 89.93°
for TiZr alloy coated with PLA nanofibres (Figure 9.13.b) and 109.20 for TiZr-PLA-GS
(Figure 9.13.c).
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Figure 9.13. Contact angle measurements for a) TiZr with acid pretreatment (etching), b)
TiZr-PLA nanofibers, c) TiZr-PLA-GS and contact angle values

9.2.6. Release of GS and fitting results

The amount of gentamicin release was monitored using the spectral calibration
curve at λ = 194 nm. A slow release of gentamicin into the receptor medium is observed,
thus in the first hour 5.60% is released, and after 48h the release percentage is 40.33%
(Figure 9.15.).

Figure 9.15. Release of GS from PLA nanofibers in PBS pH 5.8

9.2.7. Antibacterial effect of TiZr-PLA nanofibers alloy sample

Antibacterial activity evaluation was performed on an uncoated TiZr sample,
coated with PLA nanofibers, and coated with PLA-GS encapsulated. The bacteria
selected for our experiments were Escherichia coli and Staphylococcus aureus as gram-
negative and gram-positive bacteria, respectively. The values obtained for the inhibition
index are similar and the values are 30.29 for Staphylococcus aureus and 33.57 for
Escherichia coli.
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CONCLUSIONS

The coating of biodegradable and non-biodegradable alloys has been performed
by various physicochemical and electrochemical methods leading to the development of
structures used for encapsulation and drug release. The coating/physiological medium
interface was studied by structural, morphological, and functional analyses.

Regarding the biodegradable alloy AZ31, the presence of PLA and drug in the
polymer coating was evidenced using FT-IR spectroscopy. The PLA coating produced a
hydrophobic surface.

The surface coating of AZ31 alloy with PLA by dip-coating shows a better
adhesion compared to coating with PLA nanofibers.

Scanning electron microscopy (SEM) analysis showed hydroxyapatite formation
and MgO growth on the surface of the biodegradable AZ31 alloy after immersion in
SBF solution for 28 days. The characteristic structures of polymer coatings deposited on
the surface of AZ31 alloy, nanofibers and film, respectively, were identified using SEM.

The two methods of fabrication (dip-coating and nanofibers) produced
mesoporous PLA structures. The dip-coating showed more voluminous pores than the
nanofiber coating, which permitted a higher drug encapsulation (73%) compared to the
nanofiber coating (65%) as well as a higher GS release. Encapsulation of drug in
mesoporous structures increased the antibacterial effect.

The coating of AZ31 alloy with PLA reduced the degradation rate of the alloy,
which released a lower volume of H2 compared to uncoated AZ31 alloy, showing that
the polymer coating improves the corrosion resistance of the alloy, which controls alloy
degradation over time.

The PLA coatings improved the time stability of the alloys compared to the
uncoated alloys in the SBF solution by shifting the corrosion potentials towards more
electropositive values with increased immersion time and decreased corrosion rate, the
coating acting as a barrier.

As an originality part, for the first time in the literature, polypyrrole coating of
ionic liquids known as NADES was studied in TiZr alloy concomitant with drug
encapsulation by electrochemical tests as cyclic voltammetry and chronoamperometry.
Also, PLA nanofibers were deposited on the surface of TiZr alloy by electrospinning
method.

The characteristic morphology of the polypyrrole coatings was identified using
SEM and EDX was used to identify the elements present showing that the coating is
uniform over the entire surface of the TiZr alloy.

Polypyrrole coating and the presence of the drug in the polymer structures were
identified using FT-IR analysis.

The coating of PLA nanofibers on the TiZr alloy surface changes the surface
physicochemical properties of the alloy (wettability, roughness, adhesion strength) and
the electrochemical stability in the two electrolytes tested.

Encapsulation of the drug in both types of coatings deposited on TiZr substrate
contributed significantly to increased antibacterial activity against gram-positive and
gram-negative bacteria.
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In conclusion, the polymer coatings studied improved the properties of the
biodegradable and non-biodegradable alloys and efficient encapsulation of the drug
leading to a better candidate for medical applications.
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