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Ti0O2 SURFACES MODIFICATION FOR AMOXICILLIN
RELEASE USED IN DENTAL IMPLANTOLOGY

Angela Gabriela PAUN!?

The present research is focused on the possibility of amoxicillin entrapment on
the TiO; nanostructured surface on Titanium film. For this purpose, nanostructures
obtained in different anodizing conditions were synthesized. The samples were
characterized in terms of morphology, wettability, electrochemical stability. The
ability to release the antibiotic was investigated to highlight the differences between
the nanostructures. According to the data obtained, these substrates are excellent
candidates for amoxicillin binding.

The new surfaces coated with reduced TiO2 nanotubes may be used as an
interlayer for the antibiotic’s incorporation and local release for dental implantable
surfaces.
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1. Introduction

A wide range of chemical, physical, biological, and mechanical stimulations
can affect the dynamic properties of the oral cavity. A variety of dental disorders
(tooth loss, periodontal disease, trauma, etc.) are brought on by bacteria growth and
biofilm formation in the hard and soft tissues of the mouth cavity. Finding a material
type that can treat various oral disorders is therefore necessary [1-6].

Titanium (Ti) and titanium-based alloys are the most widely used metallic
materials in dental and orthopedic implantology, because they present high
biocompatibility, corrosion resistance, flexibility and mechanical resistance [7-10].
Comparing to stainless steel, chromium, and cobalt-nickel alloys, they are more
biocompatible, because of their low elastic modulus and low ion release when
exposed to body fluids [11]. Because of its poor electrical conductivity, titanium is
able to produce an atmospheric passivation oxide layer that is chemically stable,
giving the metal its excellent biocompatibility. It prevents surface corrosion, and it
is responsible for its high surface energy characteristics [7, 11-13]. However, Ti has
no intrinsic antibacterial properties, causing low osseointegration. Thus, infections
may happen at the implant level, conducting to failure and prolonged
hospitalization [9, 10, 14]. In these situations, surface modification is crucial to
promote osteogenesis and creating the right interfacial microenvironments at the
implant-bone tissue interface [8, 10]. Titanium and its alloys can be modified with
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titanium dioxide nanotubes (NT) that have the ability to improve contact between
the implant surface and the bone. Surfaces modified with NT have the ability to
enhance osseointegration. The manufactured surfaces have better mechanical and
chemical properties and the advantage of loading drugs/active agents for local
delivery [7, 10, 15]. These nanotubular structures directly influence interactions
with cells. Biocompatibility of NT or the ability to differentiate particular cell types
can both be facilitated by the incorporation of particular growth factors [16-18].

Recently, "reduced” TiO. nanostructures have attracted much attention
recently. They are obtained through reduction treatments, which induce the
formation of Ti%* and free oxygen sites in the walls of the nanotubes. Reduced TiO;
nanostructures (RnT) have better properties for biomedical applications, water
splitting and photocatalysis compared to non-reduced TiO. One of the advantages
is the reduction of the bandgap (< 3 eV), which causes an increased surface
conductivity and a decrease in the electron transport time [16, 19, 20]. The
advantage of these new implants is their use as electrodes for electrical stimulation
therapy with simultaneous local drug release, increased intracellular calcium and
osteogenic differentiation of mesenchymal stem cells [16, 21, 22].

This paper describes the NT and RnT nanostructured surfaces preparation,
nanostructures designed for loading and controlled release of various therapeutic
compounds. On these nanostructures amoxicillin for controlled release was
embedded. The samples were evaluated morphologically and electrochemically and
the ability to incorporate and release the drug was evaluated by UV analysis.

2. Experimental section

2.1 Materials

In this study, titanium foils were used as support material. The Ti samples
were polished using abrasive sheets of different porosities and cleaned in distilled
water, ethanol and acetone for 15 min by ultrasounds.

Other reagents used in this study were: Sodium phosphate dibasic dihydrate
(NazHPOQO4 « 2H20), sodium phosphate monobasic dihydrate (NaH2PO4 ¢ 2H,0),
Ethylene glycol — anhydrous (99.8% purity) (EG), Ammonium fluoride. All
reagents were provided by Sigma Aldrich.

2.2 Preparation of TiO2 nanotube structures
TiO2 nanotube structures were prepared through an anodization process
which was effectuated in an electrochemical cell using two electrodes, a Ti
electrode (anode) and a Pt electrode (cathode). The anodizing was performed in
different electrolytes, usinga MATRIX MPS-7163 source, and applying the voltage
specified in Table 1 [23, 24].
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Table 1
Composition of the anodizing electrolyte solutions and the voltage utilized

o Voltage applied | Time | Sample
Sample Electrolyte composition V) h name
NH4F (0.5% wt) + distilled
Titanium water (2% v) + EG 40 3 NT_40v
0, 0,
NH4F (0.2% wt) + H,02 (10% 80 5 NT 80V
v) + EG

After anodizing the samples obtained were rinsed with distilled water and
then calcined for 2 hours at 450°C. Following calcination, NT_40V and NT_80V
samples were activated at 4V for 600s in an anodization solution. Subsequently, the
samples were reduced at -40V in organic solution containing NHsF (0.25% wt) and
EG. These samples were named RnT_40V and RnT_80V [25].

2.3 Amoxicillin embedding
All modified samples were submerged in 10 mL of aqueous amoxicillin
solution (3g/L) for 48 hours, at room temperature. The samples were then washed
with distilled water to eliminate any unabsorbed antibiotic. Amoxicillin loaded
samples were named Ti/AMX, NT_40V/AMX, NT_80V/AMX, RnT_40V/AMX
and RnT_80V/AMX.

2.4 Samples characterization

SEM analysis was used for the morphological characterization of the sample
surfaces. This was accomplished using SEM equipment, model FEI/Philips XL-30
QUANTA 650.

FTIR analysis was used to obtain the infrared spectra. This method was
carried out utilizing an FTIR equipment, Spectrum 100 (PerkinEImer USA). All of
the readings were taken between 1000 and 4000 cm™™,

Surface wettability was appreciated using the Sessile Drop method by CAM
100 Optical Contact Angle Meter. Different areas on the coated surface were used
to measure the contact angle's value.

The electrochemical tests of the modified samples were performed in a cell
with three electrodes using an Autolab 302N with a Nova 1.10 software. All
samples were examined in 0.9% sodium chloride solution (NaCl), at room
temperature.

Tafel diagrams were recorded between -260 mV and +150 mV compared to
the OCP (open circuit potential), at a scanning rate of 2 mV / s. At the same time,
Electrochemical impedance spectra (EIS) were registered in the frequency range of
0.1 - 10°Hz with an amplitude of 10 mV. Cyclic voltammetry curves (CV) were
recorded in the range (-1.5V; 1V), with a scanning rate of 50 mV /s.
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2.5 Amoxicillin release studies

For release studies, all modified samples were immersed in amoxicillin
solution at 3 g/L concentration for 48 hours. The samples were then submerged into
a 10 mL phosphate buffer (PBS) having a neutral pH of 7.4. The drug concentration
released over time in the PBS was determined by UV-VIS spectroscopy at 232 nm
wavelength (L).

The amount of amoxicillin released was determined using a calibration
curve with a linear regression equation: y = 0.008x+0.00086 and a correlation
coefficient (R2) of 0.999 in the concentration range of 4-60 mg/L amoxicillin.

3. Results and discussion

3.1 Surfaces morphology

Figure 1 shows SEM images of titanium dioxide nanotubes obtained by
electrochemical anodization with and without amoxicillin (NT_40V, NT_80V,
RnT_40V RnT_80V, NT_40V/AMX, NT_80V/AMX, RnT_40V/AMX and
RnT_80V/AMX). The surface of Ti samples is covered entirely with self-organized
nanotubes that have different heights but uniform diameters. It can be seen that
AMX does not influence the morphology of the nanotubes. The presence of
amoxicillin on the nanotubes surface is not visible considering that a small amount
of this compound was attached.

- '-i # J' -
— 500 nm — ——— 400 nhm

—— 400 nm — 500 nm —

— 500 nm —
Fig. 1. SEM images corresponding to the nanostructured samples: a) NT_40V; b) NT_80V; c)
RnT_40V; d) RnT_80V; e) NT_40V/AMX; f) NT_80V/AMX; g) RnT_40V/AMX; h)
RnT_80V/AMX
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For each sample, 20 nanotube diameters were measured using the ImageJ
program. Then, the mean value and standard deviation for all sample diameters
were calculated using Excel. As shown in Table 2, the average diameters are
between 92.50 nm and 128.88 nm, respectively the standard deviation values being
between 2.62 and 7.61 Considering these low values for standard deviations, it is
obviously that all samples have uniform surfaces.

Table 2
Average diameters and standard deviation of modified surfaces

samples Average Star]dgrd

diameter deviation
NT_40V 92.50 6.88
NT _40V/AMX 90.03 5.61
NT 80V 122.05 7.61
NT_80V/AMX 112.93 6.86
RnT 40V 94.70 7.52
RnT_40V/AMX 89.38 4.85
RnT_80V 128.88 6.30
RnT_80V/AMX 118.33 2.62

3.2 FT-IR analysis

As shown in Fig. 2, the N-H stretching, O-H stretching, C=0 carboxyl, C=0
amide, N-H bending, C=C, O-H bending, C-N bending and C-O groups can be
identified in the infrared absorption spectra of amoxicillin powder at 3449, 3162,
1780, 1687, 1574, 1487, 1398, 1315, and 1252 cm™ [26]. Nanostructured samples
modified with amoxicillin (NT_40V/AMX, NT_80V/AMX, RnT_40V/AMX and
RnT_80V/AMX) show the same peaks. This indicate that AMX was loaded on the
nanostructured surfaces.
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Fig. 2. FT-IR spectra of nanostructured samples incorporating amoxicillin
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3.3 Surface wettability

The contact angles values for water drops deposited on the nanostructured
surfaces are presented in Table 3. All modified samples with amoxicillin have a
contact angle value between 17° to 21°, being largely in agreement with the
findings of other investigations [27]. There is not a visible difference in the
wettability of these samples, all of them possessing a powerful hydrophilic
character. This might be advantageous for improved cell attachment and
proliferation on the surface of implantable materials [28].

Table 3
The contact angle of modified surfaces

Samples Contact angle 8 ( ° ) Standard de)watlon 0 (e
Al E
NT_40V/AMX 0.52
NT_80V/AMX 0.42
RnT_40V/AMX 0.45
RnT_80V/AMX 0.48

Three successive measurements were taken for each of the four samples,
and the mean value was recorded into Excel. For each sample, we determined the
average and the standard deviation for water contact angle (shown in table 3). The
standard deviation values were: 0.52 for NT_40V/AMX, 0.42 for NT_80V/AMX,
0.45 for RnT_40V/AMX, and 0.48 for RnT_80V/AMX. The low standard deviation
results suggest that the sample surface is uniform.
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3.4 Electrochemical characterization
34.1 Tafel analysis

In order to perform electrochemical studies, Ti modified samples were
characterized in terms of corrosion. The Tafel plot enables the determination of the
corrosion potential (Ecorr), corrosion current density (icorr), and corrosion rate (Vcorr)
of the investigated surfaces. Fig. 3 shows the Tafel plots of the modified samples
surface. Ti/AMX has the lowest corrosion current and higher electropositive
potential compared to the other samples, thus it is less susceptible to corrosion.

Ti

Ti/AMX
NT_40V/IAMX
NT_80V/AMX
RnT_40V/AMX
RnT_80V/AMX

Current (A)

A ¢ 4 »p & 1

! | ! | ! | ! I ! | ! |
-0.60 -0.45 -0.30 -0.15 0.00 0.15 0.30
Potential (V vs. Ag/AgCIl 3M KCI)

Fig. 3. Tafel diagram for the Ti modified samples

The corrosion parameters were calculated using NOVA software by
extrapolating the both cathodic and anodic curves (Table 4).

Table 4
The principal corrosion parameters
Samples Corrc_)sion Corro_sion current Corrosion rate
potential (V) density (A/cm?) (mm/year)
Ti -0.35 9.58-107 111-10*
Ti/AMX -0.08 2.5-107 18.32-10*
NT 40V/AMX -0.10 4.58-107 53.28-10*
NT 80V/AMX -0.11 3.26-107 37.873-10*
RnT 40V/AMX -0.20 6.47-107 75.22-10*
RnT_80V/AMX -0.20 7.16-107 84.805-10*

The Ti/AMX sample is the most stable in terms of corrosion, having the
lowest corrosion rate when compared to the other samples. According to our
investigations, AMX represents a protective layer for the Ti surface, reducing the
corrosion rate for Ti/AMX compared to the Ti sample [27]. The corrosion rate and
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corrosion current densities increased slightly when AMX was loaded into the
nanotubes substrate, most likely because of the interaction between AMX and these
nanostructures. However, as compared to titanium substrate, the corrosion rate is
significantly reduced for all modified samples.

3.4.2 Impedance diagrams
Electrochemical impedance spectroscopy (EIS) was used to highlight the
processes occurring at the electrolyte-biomaterial interface, such as charge transport
characteristics. Fig. 4 shows the Nyquist plots correlating with the analysed
samples. As a first observation, from EIS analysis: all modified samples have higher
resistance than untreated Ti, being more stable.
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Fig. 4. Nyquist diagrams of modified samples, performed in NaCl (aq).

Fig. 5 presents the equivalent circuits that helped fitting all data. The first
circuit (Fig. 5 a) was used for titanium substrate. It mainly consists of the biofluid's
resistance (Rsolution), in Series with a circuit formed of a resistance (Roxide), in parallel
with a constant phase element (CPEoxide) that corresponds to the native barrier oxide
layer.

For all Ti modified samples it was used the circuit showed in Fig. 5 b. This
circuit is composed from the resistance of the solution (Rsoiution), Specific circuit
corresponding to the oxide layer and specific circuit corresponding to the coated
substrate.
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Rsolution

CPEoyide

CPE coating
Fig. 5. Equivalent circuits used to fit EIS data for: a. Titanium substrate; b. modified samples

The circuit parameters, obtained using the Nova software, are presented in
Table 5. Taking into account the similarity of the electrolyte and test conditions, the
solution resistance is practically identical for all examined samples (approximately
100 Q). It can be seen that following surface coating, the Roxid increases when
compared to titanium substrate. The resistance of the nanotubular layers is higher
compared with Ti sample. The deposition of amoxicillin does not bring significant
changes in resistance. The native oxide layer's N values for all samples are around
0.9, which suggests a pseudocapacitive behaviour. For the coating layer, N values
are smaller than 0.5 indicating pseudo-resistive behaviour.

Table 5
Parameters obtained by equivalent circuits
CPEcoating CPonide
Pal’ametel’/ RS Rcoating Roxide
Sample Q) (Q) Yo N Q) Yo N X2
(S*s") (S*s")
Ti 75.5 - - - 0.11-10° 2.60-10° 0.87 0.07
Ti/AMX 97.8 | 2.0-10% | 0.80-10° | 0.43 | 1.10-10° 1.83-10° 0.91 0.06
NT 40V/AMX | 99 |7.0%10?| 2.31-10° | 045 | 0.87-10° | 19.31-10° | 0.89 0.23
NT 80V/AMX | 89 |9.0%10%| 1.45-10° | 0.47 | 1.11-10°| 18.64-10° | 0.99 0.21
RnT_40V/AMX| 96.8 | 9.1*10° | 31.40-10°| 0.39 | 2.00-10° 0.11-10° 0.97 0.01
RnT_80V/AMX| 74.5 | 9.0%10% | 11.01-10°| 0.47 | 0.62-10° 9.12-10° 0.94 0.01
3.4.3 Cyclic voltammetry

Using the CV diagrams (Fig. 6), the double-layer capacitance (Ca) for the
studied samples was calculated and the results are presented in table 6. The equation
for Car is as follows [19]:

Caq =

i
)

1)
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(1345
1

where “1” is average current density recorded during the potential sweep from 0 V
to 1 V in anodic direction and “9” is scan rate.
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Fig. 6. Cyclic voltammetry for all modified samples
It can be seen from table 6 that the value of Cq increases from 0.23 to 0.3

mF/cm?, for the samples having the Ti surface modification with amoxicillin. This
behaviour is in agreement with the findings of our investigations [27].

Table 6
Cuai values calculated from CV diagrams for tested samples
Sample Cai (MmF/cm?)
Ti 0.23
TiIAMX 0.30
NT_40V/IAMX 0.81
NT_80V/AMX 0.84
RnT_40V/AMX 1.74
RnT_80V/AMX 1.58

The development of nanotubular structures on the titanium surface improve
the surface's hydrophilicity, accelerating charge transfer at the interface and the
production of electric double layers and thus the electrochemical capacitance of the
porous structures of nanotubular samples which is significantly influenced by ion
diffusion and charge transfer could be amplified.

The studied samples had high Cq values, particularly the samples based
reduced nanotubes (RnT_40V/AMX = 1.74 mF/cm? and RnT_80V/AMX = 1.58
mF/cm?). This may indicate a more effective ion absorption/desorption process at
the interface between the electrolyte solution and nanostructured surface.
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4. In vitro amoxicillin release

First, the encapsulation efficiency was assessed using the difference
between the initial concentrations (3g/L) and the final concentrations of amoxicillin
remaining in the immersion solution, after extracting the sample. All nanostructured
samples studied incorporated approximately the same amount of amoxicillin (60%),
probably due to a better interaction between AMX and TiO- nanotubes (Fig.7).
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Fig. 7. The amoxicillin encapsulation efficiency.

¥

The amoxicillin release curves of all the samples over 192 hours are seen in
Fig. 8. There were not substantial changes in the first 120 hours between the
NT_40V/AMX and NT_80V/AMX samples, the release of AMX being 40.32% and
39.38% respectively. In the case of the RnT_80V/AMX sample, was observed the
slowest quantity of AMX released, at 26.82%. After 192 h, a drug release of 87.12%
(TiI/AMX), 52.78% (NT_40V/AMX), 49.81% (NT_80V/AMX), 39.01%
(RnT_40V/AMX) and 34.92% (RnT_80V/AMX) occurred.

Compared to the NT_40V and NT_80V substrates, the slower release may
be achieved while using reduced nanotubes (RnT_40V and RnT_80V).

The distinct morphology of the TiO2 nanotubes produced after anodizing
can be used to explain this behaviour. The release is similar in the first hours
because the antibiotic is released from the upper part of the nanotubes.
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Fig. 8. AMX release in phosphate buffer

5. Conclusions

Ti surfaces were modified with TiO2 nanotubular structures through an
anodizing process, using different parameters. The selected nanostructured Ti
samples were functionalized with an active compound, AMX. The active modified
surfaces were characterized in terms of morphology, wettability, electrochemical
stability and antibiotic release.

AMX integration in these nanostructures lead to a decrease of the contact
angle values, being probably more beneficial for cell adhesion. All samples that
were modified have a better corrosion resistance comparing with untreated
titanium.

According to our investigations, the AMX may be fixed to the Ti
nanostructured surface using either NT or RnT. In addition, RnT demonstrates
improved performance in terms of amoxicillin delivery in time, this fact making
these materials suitable for local drug delivery applications.
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