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Abstract:

Passivation of titanium dental implants is performed in order to clean the surface and obtain a thin layer of
protective oxide (TiO2) on the surface of the material to improve its behavior against corrosion and prevent the
release of ions into the physiological environment. The most common chemical agent for the passivation process
is hydrochloric acid (HCI) and in this work we intend to determine the capacity of citric acid as a passivating
and bactericidal agent. Discs of commercially pure titanium (c.p.Ti) grade 4 were used with different treatments:
control (Ctr), passivated by HCI, passivated by citric acid at 20% at different immersion times (20, 30 and 40
minutes) and a higher concentration of citric acid (40%) for 20 min. Physical-chemical characterization of all the
treated surfaces has been carried out by scanning electronic microscopy (SEM), confocal microscopy and Sessile
Drop technique in order to obtain information about different parameters (topography, elemental composition,
roughness, wettability and surface energy) that are relevant to understand the biological response of the mate-
rial. In order to evaluate the corrosion behavior of the different treatments under physiological conditions, open
circuit potential and potentiodynamic tests have been carried out. Besides, ion release tests were realized by
means of ICP-MS. The antibacterial behavior has been evaluated by performing bacterial adhesion tests, in
which two strains have been used: Pseudomonas aeruginosa (Gram-) and Streptococcus sanguinis (Gram+). After
the adhesion test, a bacterial viability study has been carried out (Life & Death) and the number of colony-
forming units has been calculated with SEM images. The results obtained show that the passivation with citric
acid improves the hydrophilic character, corrosion resistance and presents a bactericide character in comparison
with the HCl treatment. The increasing of citric acid concentration improves the bactericide effect but decreases
the corrosion resistance parameters. Ion release levels at high citric acid concentrations increase very signifi-
cantly. The effect of the immersion times studied do not present an effect on the properties.

Keywords: citric acid; dental implant; passivation; corrosion; bacteria; periimplantitis; Wettability;
contact angle (CA); Surface Free energy (SFE).

1. Introduction

Dental implants are designed to achieve primary mechanical stability as a result of
mechanical interlock of bona and implant as well as to promote a strong bone to implant
interaction over time through osseointegration [1-3], so the long-term success of dental
implants largely depends on rapid healing with safe integration into the jaw bone [4].
Albrektsson et al. suggested the main six key-factors that are crucial for the success estab-
lishment of reliable osseointegration: surface conditions, implant material and design, sta-
tus of the bone, surgical technique, and implant loading conditions [5]. In the last few
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decades, many researchers have made significant efforts in order to increase the success 53
rate of dental implants, focusing their efforts on the control of surface properties in order 54
to both stimulate osseointegration and decrease healing times [6-7]. 55
Thereafter, a large number of scientific research works have been carried outin order 56
to assess the influence of implant surface properties on bone healing. As a result of the 57
studies described above, several factors of great importance related to both osseointegra- 58
tion and bound healing have been identified. The aforementioned key-factor list of surface 59
properties includes surface chemistry, morphology, topography, wettability, surface en- 60
ergy and charge, crystal structure, roughness, chemical composition, strain hardening, re- 61
sidual stress, thickness of titanium oxide layer, as well as the presence of impurities, metal 62
and non-metal composites and coatings [8]. The characterization of these parameters and 63
their improvement will be the key to the success of the titanium dental implant [9-16]. 64
Among these, wettability and free surface energy of an implant surface are considered to 65
be very crucial. 66
Assuming that the surface properties are the key-factors influencing long-term suc- 67
cess of dental implants, biocompatibility, speed and quality of osseointegration as well as 68
wound-healing period, can be modulated through their modification [7, 17]. As a result, 69
a wide range of surface modification techniques have been developed, optimized and fi- 70
nally applied to commercially available dental implants during the last decades [3, 17], 71
which have been summarized in several reviews [3-4, 7, 18-21]. The development of the 72
dental implant sector has been evolving in a parallel way to the development and success- 73
ful implementation of the different above mentioned surface modification techniques, 74
which has been recently classified by Hanawa et al., in five different generations [22]. In 75
summary, surface modification processes have evolved over time from initial first-gener- 76
ation mechanical processes (turning and grinding), continuing towards morphological- 77
based second-generation processes (grooving, sandblasting, chemical acid etching, laser 78
abrasion and anodic oxidation), moving towards the development of third-generation 79
physicochemical active surfaces (HA-coatings and chemical treatments), and finally 80
evolving to the development of both fourth-generation biochemical active surfaces (Col- 81
lagen, peptides and BMP immobilization) and fifth-generation biological active surfaces 82
(stem cells and tissues coatings) [7,22]. 83
Dental implants are placed most probably in the highest aggressive biological human 84
medium, within are exposed to a complex biological and electrolyte environment, as well 85
as to extremely high mechanical loading forces due to mastication or even bruxism [23]. 86
Biological and electrolyte oral cavity environment are affected by a wide range of factors 87
including bacteria oral microbiota and dental plaque, saliva, gastric acids, as well as by 88
changing levels of oxygen, temperature and pH. [24-25]. These harsh service conditions 89
promote the action of a wide range of degradation mechanisms including corrosion, ion- 90
release and wear of dental implant materials than can cause undesired toxic and allergic 91
related side effects, which can compromise the durability or lifespan of dental implants 92
[26]. In addition to the foregoing, oral cavity shows probably the largest human microbi- 93
ome with more than 700 microbial species described [27-28], which can produce dental 94
oral diseases such as periodontitis and tooth decay that may lead to teeth loss [29-33]. 95
Despite the high success rate of titanium dental implants even higher than 95% at 10 years 9
of implantation [34], lack of osseointegration and bacterial infection can lead to device 97
failure [35-39]. Consequently, there is a strong need to develop new strategies to combat 98
biofilm-related implant infections in order to improve the long-term implant success rate 99
[40-42], without necessarily resorting to the use of systemic antibiotic prophylaxis to pre- 100
vent antibiotic resistant bacteria (ARB) related problems [43-45]. 101
Some previous research has pointed to the importance of surface energy and cleanli- 102
ness in the initial stages of tissue-healing after implantation, when the presence of inade- 103
quate levels of surface energy and contaminants (impurities) may compromise speed and 104
quality of osseointegration [3, 46-51]. In conjunction with the above considerations, a care- 105
ful control of implants surface chemical composition has been progressively increasing its 106
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relevance in order to produce high-quality devices. As a consequence of such above-men- 107
tioned research, an initiative of manufacturers and researchers was launched recently [52]. 108

The use of citric acid in oral implantology is often related to disinfection effect for 109
periodontal diseases due to its good antibacterial properties. Some studies on the use of 110
citric acid as an antimicrobial agent due to its efficacy against biofilms formed on titanium 111
can give some indications of the effect of citric acid on the surface of titanium [53-54]. The 112
immersion of Ti in citric acid can lead to a slight increase in roughness. This increase in 113
roughness does not lead to an increase in bacterial recolonization as the roughness re- 114
mains below 0.2 micrometers, a value below which bacterial adhesion is not affected [55]. 115
Citric acid is characterized by its high concentration and low pH, yet it does not alter cel- 116
lular activity on the Titanium surface. It is used as a disinfectant as it is able to remove 117
biofilms without causing damage to periodontal tissues [56]. Htet et al. [56] demonstrated 118
the bactericide character of citric acid using laser treatment, reflecting the great potential 119
of citric acid treatment for disinfection of the anodized implant surface. 120

Passivation is in general, an oxidation reaction obtained by chemical or electrochem- 121
ical process which promotes the formation and increasing of the thickness of protective 122
layers [14-16, 57]. This treatment serves to increase the thickness of the oxide layer, in- 123
creasing the corrosion resistance of the galvanic couples with the metal of the abutment 124
as well as to exert an integral cleaning on the titanium surface. Some researchers have 125
pointed out that the oxidation process changes the characteristics of the TiO2 oxide layer 126
transforming it into a more biocompatible [21]. The effect of passivation and oxidative 127
agents and the role of titanium oxide as the physico-chemical characteristics of the surface 128
are poorly studied and understood. Several chemical agents, electrochemical process, la- 129
ser treatments have been tested [56- 60] but there is no consensus in relation to the chemo- 130
therapeutic agent to optimize the cleaning, corrosion resistance and at the same time to 131
produce a decreasing of ion release and the inhibition of the bacteria adhesion. 132

The main aim of this contribution focuses on the evaluation of the effect of the acid 133
passivation treatment on both surface properties and antibacterial capacities of “Commer- 134
cially pure” Ti-cp grade 4 samples, comparing two different acids (conventional hydro- 135
chloric and newly citric acid treatments) with a non-treated control group. In addition to 136
the primary objective, the secondary aim of this research is related to determine the effect 137
of both concentration and immersion time parameters on citric acid passivation. All the 138
study groups of samples were thoroughly characterized in terms of roughness, wettabil- 139
ity, surface energy, corrosion resistance and ion release behavior. Moreover, biological 140
response was evaluated by means of bacterial viability adhesion assays using two differ- 141
ent bacterial reference strains, Pseudomonas aeruginosa (gram-) and Streptococcus san- 142

guinis (gram+), to evaluate the feasibility for its application to titanium dental implants. 143
2. Materials and Methods 144
2.1 Materials 145

146

One hundred and twenty flat disc samples of commercially pure Ti (cp) of grade 4 147
(KLEIN, Bienne, Switzerland) were provided by the company SOADCO S.L (SOADCO, 148

Escaldes Engordany, Andorra) have been used. 149
The six sample groups were defined as follows: 150
o Control. As-received material. 151

e HCI: The discs were immersed in a solution of hydrochloric acid (HCI) 20% 152
(v) for 40 seconds at room temperature (HCI group). This type of passivation 153
is the very common in the implants and prosthesis. 154
e (itric acid 20% 10’. The discs were immersed in a solution of citric acid 20% 155
(v) for 10 minutes at room temperature. 156
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e (itric acid 20% 20’. The discs were immersed in a solution of citric acid 20% 157

(v) for 10 minutes at room temperature. 158

e Citric acid 20% 30’. The discs were immersed in a solution of citric acid 20% 159

(v) for 10 minutes at room temperature. 160

e Citric acid 40%10’. The discs were immersed in a solution of citric acid 40% 161

(v) for 10 minutes at room temperature. 162

163

After treatment, a total of 3 sequenced ultrasonic cleanings (3 min) were carried out: 164

two with distilled water and one with ethanol. 165
2.2 Methods 166
2.2.1 Confocal Laser Scanning Microscopy (CLSM) 167

Roughness evaluation of all study groups of samples were analyzed by means of 168
non-contact and non-destructive three-dimensional confocal laser scanning microscopy 169
using an Olympus LEXT OLS3100 (OLYMPUS Corp., Shinjuku-ku, Tokyo, Japan) confo- 170
cal microscope. Three different samples (n=3) of each group of study (n=6) were analyzed 171
by means of 3 measurements per sample at x1000 magnification. The parameters Ra (arith- 172
metic average height) and Rz (average value of the absolute values) were determined. Ra 173
corresponds to the arithmetic average mean of the absolute values of the deviations of the 174
profiles of a given length of the sample. Rz corresponds to the sum of the maximum peak 175
height and the maximum valley depth within the sampling length. [61]. 176

2.2.2 Contact angle and Surface Free Energy 177

Wettability and surface energy of samples were measured using a Contact Angle 178
System OCA15plus (Dataphysics Instrument Company, Filderstadt, Germany) and re- 179
sults were analysed with SCA20 software (Dataphysics Instrument Company, Filderstadt, 180
Germany) [11,62-63]. Contact angle (CA) and surface free energy (SFE) were determined 181
by using the traditional Sessile Drop measurement method in the static mode. The afore- 182
mentioned process allows the measurement of the angle 0 formed between the water drop ~ 183
and the surface. The greater the contact angle, the lower the wettability and vice versa. 184
For angles less than 10° the surface is considered superhydrophilic, for angles between 10° 185
and 90° hydrophilic and for angles greater than 90° hydrophobic. A droplet generation 186
system equipped with a 500 uL Hamilton syringe with micrometric displacement control 187
was used to control the volume (3 pL) and to deposit the droplet. 188

Two different reference liquids were used to calculate the surface energy, measuring 189
the contact angle values using ultra-distilled Milie-Q grade (Millipore Milie-Q Merck Mil- 190
lipore Corp., Darmstadt, Germany) as a polar liquid and di-iodomethane (Sigma Aldrich, 191
St. Loius, MO, USA) as a non-polar liquid, respectively. The contact angle measurements 192

of di-iodomethane have been obtained following the same procedure as for water [62]. 193

The surface energy was calculated using (equation 1) the Owens and Wendt equation 194

[11, 64-66]: 195
_ d dy1/2 p py\1l/2

Yo @+cos0)=2-((y-vs)" " +(yiL-vs)™") 1 1%

197

Where v4 and yp represent the dispersive and polar components respectively of the 198
liquid used and is the angle between the solid and the liquid. The total surface energy of = 199
a surface equals the sum of its dispersive and polar components. 200

2.2.3 Electrochemical measurements 201
202



Materials 2021, 14, x FOR PEER REVIEW 5 of 19

Corrosion behavior of samples was evaluated by means of electrochemical measure- 203
ments, conducting open circuit potential (OCP) measurements as well as by Cyclic poten- 204
tiodynamic polarization curves determination. The electrochemical cell used was a poly- 205
propylene (PP) container with a capacity of 185 ml and a methacrylate lid with 6 holes for 206
the introduction of the sample, the reference electrode and the counter electrode. For both 207
the open circuit potential measurement tests and the potentiodynamic tests, the reference 208
electrode used was a saturated calomel electrode (SCE), with a potential of 0.241 V com- 209
pared to the standard hydrogen electrode. All tests were performed at room temperature 210
and in a Faraday cage to avoid the interaction of external electric fields. The experimental 211
setup can be seen schematically in Figure 1. 212

213

Potentiostat

' 2

—

” 1: Sample
2: Reference electrode
3: Working electrode

Cell

214
Figure 1. Experimental set up used for corrosion resistance. 215

For the open-circuit potential (OCP) measurement tests, only the sample and the ref- 216
erence electrode were placed in the electrochemical cell. Tests were carried out for 5 hours 217
for all the samples, taking measurements every 10 seconds during the whole test proce- 218
dure. The potential was considered to be stabilized when the variation of the potential is 219
less than 2mV over a period of 30 minutes according to ASTM G31 standard [67]. With 220
this test, it was determined which samples are more noble (higher potential) and which 221
are more susceptible to corrode. The data and the E-t curves were obtained using the Pow- 222
erSuite software with the PowerCorr-Open circuit test mode. 223

Cyclic potentiodynamic polarization curves were obtained for the 7 study groups 224
following the ASTM G5 standard specifications. In this test, a variable electrical potential 225
is imposed by the potentiostat between the sample and the reference electrode, causinga 226
current to flow between the sample and the counter electrode. The counter electrode used = 227
was platinum [68-69]. 228

Before starting the test, the system was allowed to stabilize by means of an open- 229
circuit test for 1h. After stabilization, the potentiodynamic test was launched, performing 230
a cyclic sweep from -0.8 mV to 1.7 mV at a speed of 2mV/s. These parameters were entered 231
into the PowerSuite program using the PowerCorr-Cyclic Polarization function to obtain 232

the curves. The parameters studied were: 233
- icorr (MA/cm?) / corrosion current density. 234

- Ecorr (mV) / Corrosion potential: value at which the current density changes 235

from cathodic to anodic. 236

- Erep (mV)/ Repassivation potential: potential at which the passive layer re- 237
generates. 238

- Ep (mV) / Pitting potential: value at which pitting corrosion may occur. 239

- ip (WA/cm?) / passivation current density. 240

- irep (WA/cm?) / repassivation current density. 241

242

The results were plotted in the Evan’s diagram (Logl-E) in order to properly deter- 243
mining Ecorr and icorr parameters by extrapolating the Tafel slopes. These slopes also 244
allow us to obtain the Tafel coefficients: anodic (a) and cathodic (c). These coefficients 245
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represent the slopes of the anodic and cathodic branch respectively. In accordance with 246
the ASTM G102-89 standard [70], obtaining these values allows us to calculate the polari- 247
zation resistance (Rp) using the Stern-Geary expression (equation 2) and the corrosion rate 248
(CR in mmy/year) using (equation 3), respectively [71-72]. 249

250
pa- e
R =
D= 2,303 (fa+ o) 1., @
252

The polarization resistance indicates the resistance of the sample to corrosion when 253
subjected to small variations in potential. A total of 30 potentiodynamic tests were carried 254
out, obtaining at least 5 curves per group. 255

i
CR=K,- = EW (3) 256
0
Ten different samples (n=10) of each group of study (n=6) were used for corrosion 257
behavior evaluation. The test area was 19.6 mm2. The electrolyte used for all the tests was 258
Hank's solution (Sigma Aldrich, St. Loius, MO, USA) which is a saline fluid that artificially =~ 259
reproduces the ion composition of the human physiological environment. Its composition 260

is shown in Table 1. 261
262
263
Table 1. Chemical composition of Hank’s solution. 264
Chemical Product Composition (mM)
KoHPO4 0,44
KCl1 5,4
CaCl2 1,3
Na:HPOu 0.25
NaCl 137
NaHCO:s 4,2
MgSO4 1.0
CsH1206 5,5
265
2.2.4 Ion Release 266

Ion-release behavior was evaluated according to ISO 10993-12 standard, quantifying 267
Ti-ion released by means of inductively coupled plasma-mass spectroscopy (ICP-MS) us- 268
ing a Perkin Elmer Optima 320RL equipment (Waltham, MA, USA). Five samples (n=5) 269
from each study group (n=6) have been used to ion-release tests. 270

After weighing the samples (m=0.206g) a weight adjustment was made at the rate of 271
1 ml of Hank's solution for each 0.20 g of sample, according to ISO 10993-5 standard [69]. 272
The 5 samples of each group were placed in the same Eppendorf with 5 ml of Hank's 273
solution and stored at 37°C. Sample incubation was carried out using an incubator oven 274
MEMMERT BE500 (MEMMERT Gmbh, Scheabach, Germany). Hank's solution (Sigma Al- 275
drich, St. Loius, MO, USA) extracted and stored in the refrigerator after 1, 3, 7, 14, and 21 276
days. 277

After each extraction, 5 ml of fresh Hank's solution has been replenished into the 278
Eppendorf containing the samples. All Eppendorfs were used after a thorough cleaned 279
be cleaned with 2% Nitric Acid and dried before use. Ti elemental calibration standards 280
were prepared by serial dilution containing Ti-ions at least 5 different concentrations from 281
1 ppb to 1 ppm using elemental stock solutions (NIST). 282
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2.2.5 Bacterial Strains and culture conditions 283

284

Bacterial assays were carried out with two different oral pathogens representing a 285
Gram-negative and a Gram-positive bacterial strain, respectively. Pseudomonas aeruginosa 286
was used as a Gram-negative bacterial strain model and was obtained from Colecciéon 287
espafiola de cultivos tipo (CECT 110, Spain). Streptococcus sanguinis was used as a Gram- 288
positive bacterial strain model and was obtained from Culture Collection University of 289
Gothenburg (CCUG 15915, Sweden). 290
A total of 6 samples (n=6) have been used for the bacterial adhesion test for each 291
study group of samples, three samples from each study group were used for the Gram- 292
positive and three for the Gram-negative. 293
The culture media and material (PBS) were previously sterilized by autoclaving at 294
121°C for 30 minutes using autoclave oven SELECTA model Sterilmax (SELECTA, Abrera, 295
Spain). Prior to the adhesion test, the samples were also sterilized. For this purpose, three 296
5-minute washes were carried out in sterile culture plates. After removing the ethanol, the 297
samples were exposed to ultraviolet light for another 30 minutes [73-74]. 298
The agar plates were cultured at 37°C for 24 hours. From this culture, the liquid in- 299
oculum was prepared by suspending the bacteria in 5 mL of BHI (Brain Heart Infusion 300
Broth) (Sigma Aldrich, St. Loius, MO, USA) and incubated for 24h at 37°C. The medium 301
was then diluted to an optical density of 0.1 at a wavelength of 600 nm (OD600=0.1). For 302
bacterial adhesion, enough solution with a concentration equivalent to (OD600=0.1) to 303
cover the surfaces (500 ul/sample) was introduced into the well of the culture plate of each 304
sample and incubated at 37°C for 1h. Sample incubation was carried out using an incuba- 305
tor oven MEMMERT BE500 (MEMMERT Gmbh, Scheabach, Germany). All assays were 306
performed in static conditions without external stirring. 307
After this time, the samples were rinsed with PBS for 5 minutes twice and the bacteria 308
were fixed with a 2.5% glutaraldehyde solution in PBS (30 minutes in the refrigerator). 309
The glutaraldehyde solution was then removed and the samples were rinsed with PBS3 310
times for 5 minutes. For viability analysis by confocal microscopy, the LIVE / DEAD Back- 311
light bacterial viability kit (Thermo Fisher, Spain) was used [75-77]. 312
A solution was prepared with 1.5 pL of propidium in 1 mL of PBS. Using a micropi- 313
pette, a drop of this solution (approximately 50 pL/sample) was deposited on the study 314
surface and after incubation at room temperature in the dark for 15 minutes, the samples 315
were rinsed 3 times with PBS for 5 minutes. The surfaces were then observed by laser 316
scanning microscopy (CLSM). Three images per sample were taken at 630x magnification 317
(x63 objective). A wavelength of 488 nm and 561 nm, respectively, was used to detect live 318
and dead bacteria. This study has allowed us not only to analyze bacterial viability on 319
each surface, but also to make an initial comparison of the number of bacteria presentin 320
each group of samples. 321
Prior to the observation of the samples by electron microscopy (SEM), the samples 322
were dehydrated. For the dehydration process, 10-minute washes were carried out with ~ 323
ethanol solutions of gradual concentrations of 30%, 50%, 70%, 80%, 90%, 95% and 100%. 324
They were then left to dry for 24 hours at room temperature. As the surfaces are not very = 325
conductive, ion sputter Pt-Pd nano coating was conducted onto dehydrated and dried 326
surface was deposited using Hitachi E1030 equipment (Hitachi High-Tech Europe GmbH, 327
Krefeld, Germany) to allow properly SEM observation. Ten images of each sample were 328
taken at 20000 magnifications for bacterial quantification on each surface. Calculations 329
were expressed in colony-forming units (CFU) expressed per surface for comparison be- 330

tween the different groups of samples. 331
All results were expressed as mean and standard error except for the bacterial adhe- 332
sion test results, which were expressed as median and standard error. 333

2.2.6 Statistical Analysis 334
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Statistical analysis was performed using the comparative T.TEST (with the Excel soft- 335
ware), that was carried out between the different groups at 95% of confidence, which 336

means that for values of (p<0.05), there are statistically significant differences. 337
2.2.7 Ethical approval 338
The carrying out of this investigation did not need the approval and supervision of 339

an Ethics committee. 340
341

3. Results. 342
343

3.1. Surface characterization 344

The chemical analysis of the surface before and after the different chemical treatments 345
does not modify the presence of contaminating elements that are at the level of non- 346
detectable traces. The titanium composition is 99.9% which corresponds to a c.p.-Ti and 347
there is only a surface oxygen increase of 9 to 16% for the case of 20% and 40% citric acid, = 348
respectively. No other elements are detectable at a sensitivity of 0.1% on the titanium 349

surface. 350
351
3.1.1. Roughness 352

Fig 1 shows the surfaces of the titanium discs after passivation treatments as ob- 353
served by electron microscopy. No significant variations between the different treatments 354
can be detected, showing the traces of machining. The observation would indicate that the 355
machining scratches are lighter, probably due to the effect of the higher concentration of 356
the acid. 357

358

359
Figure 2. Surfaces of the cpTi treated with different passivation conditions. 360

The roughness measurements (Ra) reveal that the different passivation treatments 361
with HCI and citric acid carried out on the Titanium discs do not affect the roughness, as 362
no statistically significant differences (p<0.05) were observed with respect to the Control 363
group (Figure 2). The mean roughness values (Ra) of the samples evaluated in this study 364
were between 0.12 um (Control) and 0.16 um (C20%30'), as can be observed in Table 365
2Table 2. 366

367
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Table 2: Roughness parameters values of the titanium treated samples.

Parameter

Control HCl C20/10° C20/20" C20%/30° C40%/10"

Ra

0.12+0.01 0.15+0.01 0.14+0.01 0.14+0.01 0.16+0.03 0.12+0.02

R-

490+0.30  4.33+0.53 343+£031 391+£031 4.78+0.88 243+0.31

0,25

0,2

Ra (pum)

Contrad

4
0,15
E
=3
~
01 [
2
0,05
1
L1} v]

C2096/10° C20e/20" C2094f30' CA0%/10° Contral HEl C2006/10'  C20e/200 C2084/30" AR 107

a) b)

Figure 3: Roughness parameters of cp. Ti treated with different passivation conditions; a) R, and b) R-.

The R: measurements (Figure 3.) have provided information on the mean peak-to-
valley distance obtained as a function of the treatments. The groups showing statistically
significant differences (p<0.05) with respect to the Control group were: C20%/10,
C20%/20" and C40%/10'. C40%/10' groups also showed statistically significant differences
with respect to the other groups, with lower R. values.

3.1.2. Wettability

The evaluation of wettability by determining the contact angle with the Sessile Drop
technique has allowed the hydrophilic/hydrophobic character of the different surfaces
studied to be determined. Firstly, it has been observed that the surface of the Control sam-
ple is hydrophobic since its contact angle exceeds 90° (Figure 4). Likewise, it can also be
observed that all the treatments evaluated have managed to increase the hydrophilicity of
the surface with respect to the untreated Control sample.CA and SFE determined values
are summarized in Table 3Fable3.

Table 3. Values (mean + standard deviation) of Contact angle of water (WA) and diiodomethane (DIIO), and the estimated surface

energy (SFE) with their polar (YF) and dispersive (YP) components, for each surface treatment.

SFE (m]/m?)

Control 102.77+7.00 48.40 £2.32 35,28 £1,35 35,15+1,28 0,12+0,12
HCI 86.38 +4.12 53.34+£0.92 35,70 £ 1,60 32,39 £ 0,52 3,31+1,28
C20%/10’ 84.06 +3.26 50.22 +1.34 37,46 £1,27 34,14+0,75 3,31 +1,05
C20%/20 83.43 +1.89 49.88 +£1.99 37,82 +£1,20 34,26 £1,23 3,56 +0,61
C20%/30’ 73.26 + 6.28 52.72 £2.99 41,77 2,82 34,27 £1,69 9,03 +2,07
C40%/10° 58.05+7.67 47.02 +1.63 50,14 + 3,87 35,91 £ 0,88 14,22 +4,29
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Figure 4. CA values (a) and SFE values (b) of cp. Ti treated with different passivation conditions.

No statistically significant differences (p>0.05) were observed in the contact angle be-
tween the HCI, Citric 10mins and Citric 20mins groups. The Citric 30mins group does
show significant differences (p<0.05) with respect to these three groups and the C40%/10',
which has lower angles (higher wettability).

The surface free energy (SFE) values obtained from the contact angles of water and di-
iodomethane can be observed in Figure 4, in which Dispersive and polar components of
SFE are differentiated.

3.2. Corrosion behaviour

The group of samples with the highest open-circuit corrosion potential (Eocr) values
corresponded to the C20%/30" as can be observed in Table 4. The detailed analysis of the
results obtained for the groups passivated with citric acid showed an increase in the Eocr
value towards more electropositive (noble) values with increasing immersion time in cit-
ric acid at 20% concentration. However, the high dispersion of the results obtained pre-
vented the identification of statistically significant differences in (Eoce) between the
groups evaluated.

The only groups showing different values from the others are C20%/20" and
C20%/30'". The Eocr values of the Control and HCI groups are practically the same, which
is surprising since HCI passivation is a treatment commonly used to improve the corro-
sion resistance of the material.

Table 4. Open Circuit Potential for the different passivation treatments.

Parameter/Sample  Control HCl1 C20/10° C20/20°  C20%/30°  C40%/10°

Eocr mv)

-196+1  -195+11  -223+0 -165 +0 -141 22 -210 £13

The electrochemical parameters obtained from the analysis of the potentiodynamic
curves and their Tafel’s slopes are shown in Table 5. It should be noted that there are
statistically significant differences in corrosion potential between the citric acid passivated
titanium and the control. Also noteworthy are the statistically significant differences be-
tween the samples treated with 20% citric acid for 30 minutes and the rest of the samples
studied.
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This group shows better corrosion properties with a lower corrosion current density
(icorr) and corrosion velocity (Vc), as well as a higher resistance to polarization (Rp). The
HCI group has similar values for both icorr and corrosion rate, but its polarization resistance

is not as good, indicating that it is more sensitive to small variations in potential.

Table 5. Electrochemical parameters obtained from potentiodynamic curves.

Sample/Parameter  Ecorr (mV)  icorr (uA/em?)  Rp (MQ/cm?) Vi (um/year)
Control -196 + 14 0.027 +0.008 2.428+0390  0.233+0.066
HC 536 + 39 0.020+0.005  2479+0.083  0.176+0.048
C20/10° 401+ 42 0.031+0.005  1.866+0.010  0.268+0.043
C20/20° 471 +81 0.025+0.001  2797+0306  0.223+0.001
C20%/30’ 470+24  0.018+0.002  3.566+0.699  0.159+0.020
C40%/10’ 429 +21 0.024+0.008  2.845+0770  0.214+0.071

Figure 5. Ion release at different immersion times in Hank’s solution of different passivation treatments on c.p.-Ti.

Figure 5 shows the Ti ion release curves in the liquid medium used, Hank's solution,
as a function of incubation time expressed in days. The results show the cumulative Ti
concentration in parts per billion (ppb) as a function of time.

The group of samples that showed the lowest release of Ti ions corresponded to the
group of samples with HCI passivation treatment, with a total cumulative concentration
after 21 days of incubation of 6.66 ppb. This treatment did not show statistically significant
differences (p>0.05) with respect to the Control group (6.78 ppb).

The statistical analysis of the results did show the presence of significant differences
in the release of ions from the other groups of samples with respect to the control group.
The C20%/10" and C40%/10" groups show a more significant increase in their released con-

centrations.

The C40%/10' group released the most Ti ions after 21 days (12.94 ppb), which repre-
sents more than twice the value of Ti ions released by the HCI group.

Titanium cencentration (ppb)

3.3. Bacterial adhesion
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CFU P. aeruginosa/mm2

0

Quantitative analyses of the bacterial adhesion assay performed with the Gram-neg-
ative strain Pseudomonas aeruginosa show that there are no significant differences (p>0.05)
in the number of bacteria adhered to the surface of the Control, HCI and C20%/10',
C20%/10" and C20%/10" groups (Figure 6a).

However, the number of attached bacteria decreases drastically for C40%/10'. Both
SEM micrographs and images taken by confocal microscopy (Life and Death) (Figure 7)
clearly show this difference in bacterial adhesion.
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Figure 6. Analysis of P. aeruginosa (a) and S. sanguinis (b) adhesion for the different treatments.

Likewise, the analysis of the results obtained for the Gram-positive Streptococcus san-
guinis strain showed a clear trend towards a reduction in bacterial adhesion with increas-
ing exposure time and citric acid concentration (Figure 6b).

Statistically there are no significant differences (p>0.05) between the Control, HCI
and C20%/10" groups. The samples treated with C40%/10' show low bacterial adhesion
(Figure 9) with no significant differences between them, but with large statistically signif-
icant differences (p<0.05) with respect to the rest of the groups (Figure 7).

For both bacterial strains tested in this study, the C40%/10' treatment showed lower
bacterial adhesion than the other groups.
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P. aeruginosa

S. sanguinis

CON/2Y CalwJ I

Figure 7. SEM and CLSM Microscope images of bacterial strains stained using Live/Dead® BacLight bacterial viability kit which

allows the assessment of the bacterial viability on each condition. Live: green and dead: dark red.

4. Discussion

The C40%10” group has presented more uniform surfaces than the rest of the groups
in the SEM micrographs (the machining marks are somewhat smoother), so from this
point of view it can be understood that the Rz values obtained are lower. These results
may suggest that in the treatment with 40% citric acid has etched the titanium to a certain
extent or the oxide layer formed is thicker, reducing the differences between the peaks
and valleys.

From the wettability results, all the passivation treatments tested increased hydro-
philicity. Consequently, it increases the interaction between the implant surface and the
biological environment, favoring cellular activity and bacterial adhesion. In general, cell
adhesion and proliferation increase on hydrophilic surfaces. In particular, fibroblasts are
sensitive to variations in wettability; cell spreading increases the more hydrophilic the
surface [78-79]. In the case of bacterial adhesion, this relationship is not so obvious as it
depends on many factors, including the type of bacterial strain. This project has not taken
cellular activity into account and has focused on the bacterial adhesion part, as this is an
aspect of great relevance in the case of dental abutments.

In the specific case of citric acid passivation, the analysis of the results would allow
a relationship between time/concentration and contact angle to be established. With the
C20%/30" group, the hydrophilic character of the sample increases with respect to the
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C20%/10" and C20%/20' groups, and it was therefore possible to deduce that the immer- 513
sion time in citric acid after a certain time increases the wettability of the sample. The same 514
trend was observed with respect to the concentration of citric acid, which was reflected in 515
an increase in the wettability of the surface with increasing acid concentration. Likewise, 516
the comparative analysis of results has allowed us to observe a greater influence of the 517
citric acid concentration with respect to the immersion time on the surface wettability. 518

The analysis of the surface energy has allowed us to observe a certain relationship 519
between the contact angle (CA) and surface energy (SFE) values. Low water contact angle 520
values imply high surface energy levels. As they are related, both contact angle and sur- 521
face energy values depend on the same parameters: surface chemistry of the substrate 522
(determines to a greater extent polar and dispersive interactions), surface topography 523
(crystallography, porosity and roughness) and fluid characteristics. These parameters de- 524
termine the interaction between the implant and the biomolecules present in the physio- 525
logical environment [80-81]. 526

At the surface energy level (SFE), all surfaces have shown a dominance of the disper- 527
sive component over the polar component (Figure 5). As the surface energy (SFE) is equal 528
to the sum of its dispersive and polar components, it has been observed that the differ- 529
ences between the total surface energy values are mainly due to the differences in the 530
polar components, as the dispersive components are very similar for all the groups. Itis 531
widely accepted in the literature that increasing the polar component of the surface energy 532
of a material promotes initial adhesion and cell proliferation [82]. 533

Corrosion resistance, both for open circuit and potentiodynamic, showed the best 534
performance was C20/30'. These results showed no differences with HCl passivation. 535
Samples with higher citric acid concentration give worse results as the layer produced is 536
more porous due to the acid attack. The porosity allows areas susceptible to chemical at- 537
tack. However, as we have seen, those with the highest citric acid concentration are the 538
most bactericidal of all. The more acidic character prevents bacterial adhesion on the sur- 539
face. Also the high capacity for citrate formation makes the surface very reactive to bacte- 540
rial adhesion. 541

The comparative analysis of the ion release curves showed a similar behavior in 4 of 542
the sample groups evaluated (Control, HCI, C20 min and C30 min), characterized by the 543
presence of a first initial stage of strong ion release during the first 3 days of incubation, 544
followed by a second stage of progressive stabilization of the ion release level between 3 545
and 21 days of incubation. However, the groups C10 20%, C10 40%, despite presenting an 546
initial stage identical to the first 4 groups, did not show a clear stage of stabilization of the = 547
ion release level over time. 548

Different studies have reported that the blood concentration of Ti below which itis 549
not considered toxicis 15.5 ppb [83-84]. In this study the maximum concentration obtained 550
was 12.94 ppb corresponding to the C40%/10' group, not far below the toxicity value, so 551
for the groups that do not show a clear stage of stabilization of the ion release level over 552
time (C20%10” and C40%10’) it would be interesting to perform future release studies with 553
longer times to determine whether or not the release stabilizes over time. 554

The higher ion release shown by the C20%/10' treatment compared to the Control, 555
HCl, C20%/20" and C20%/30' groups could be related to the fact that these were the two 556
groups with the highest corrosion rate and current density values. Corrosion phenomena 557
are the main cause of the degradation of the passive layer and the subsequent release of 558
ions into the medium. 559

In the groups passivated with citric acid, it can be observed that longer immersion 560
times imply less bacterial adhesion. In the case of P. aeruginosa, the decrease in bacterial 561
adhesion is not statistically significant among the groups passivated with citric acid 20%v, 562
while for S. Sanguinis it is. The analysis of the results also showed that an increase in citric 563
acid concentration causes a drastic decrease in bacterial adhesion. Thus, in view of the 564
results, it could be stated that the concentration of citric acid has a greater influence than 565
the immersion time on the behavior towards bacteria. 566
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There is a possible explanation for the relationship between contact angle results and 567
bacterial adhesion results. Some studies show that there is a relationship between surface 568
hydrophobicity and bacterial adhesion [85]. Hydrophobic metal surfaces favor adhesion 569
of hydrophobic bacteria. S. sanguinis are hydrophobic bacteria as are P. aeruginosa, so a 570
decrease in bacterial adhesion could be correlated with an increase in surface hydrophilic- 571
ity, as observed in our results [86] (Fig. 7 and 9). 572

The action of citric acid is related to its high concentration, which reduces the pH of 573
the extracellular matrices. This acidification of the medium probably changes the mem- 574
brane permeability of bacterial cells, changing the hydrogen gradient between intracellu- 575
lar and extracellular sites. Passivation with citric acid on cpTi surfaces yields a passivation 576
layer with a thickness of about 6 nm in which Anathase and Rutile are found [56]. Im- 577
provements in corrosion resistance have been obtained for implants passivated until 40%, 578
obtaining slight higher corrosion potential values and a decrease in current and pas- 579
sivation intensities [54, 55, 56]. A possible explanation for these results lies in the way citric 580
acid acts. It is possible that the citric acid acts first by degrading the natural oxide film and 581
then interacts with the surface to form a TiH: layer and subsequently re-forms a TiO:layer 582
[53,56, 87]. 583

Limitations of the study. In this research, a more extensive study should be carried 584
out with other types of bacteria sensitive to perimplantitis and the behaviour of the citric 585
acid passivation layer with the biofilm should be studied. Further concentrations should 586
be studied and the change in nanostructure created by treatment with high concentrations 587
of citric acid should be determined. It seems that the layer could be porous and therefore 588

the release of titanium ions into the medium would be higher. 589
590
591
5. Conclusions 592

Citric acid passivates result in a more hydrophilic surface and higher surface energy 593
which makes them more biologically reactive. However, the roughness increases slightly = 594
but without statistically significant differences regarding control group. The citric acid 595
concentration of 20% citric acid in a 30 min of immersion produces the best corrosion re- 59
sistance. The best bactericidal behavior is for the 40% acid concentration on both Gram+ 597
and Gram- strains with a high efficacy. However, this high concentration decreases the 598
corrosion resistance and releases more titanium ions into the physiological environment. 599
These aspects should be considered by clinicians for long-term performance. Citric acid 600
treatment improves the properties of the passivation layer on titanium dental implants 601
compared to conventional HCl treatments. However, at high citric acid concentrations, 602
the increase of ions released into the medium in the long term must be taken into account. ~ 603
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