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Abstract: The machining of implants and parts for dental prostheses to eliminate biofilm in the
implantoplasty process causes a loss of mechanical properties and also characteristics of the surfaces,
making tissue regeneration difficult. In the present work, treatments consisting of elements that can
reduce infection, such as citric acid and magnesium, together with elements that can improve cell
adhesion and proliferation, such as collagen, are proposed for implant–crown assembly. Titanium,
zirconia, composite (PMMA + feldspar) and cobalt–chromium discs were immersed in four different
solutions: 25% citric acid, 25% citric acid with the addition of collagen 0.25 g/L, 25% citric acid
with the addition of 0.50 g/L and the latter with the addition of 1% Mg (NO3)2. After immersion
was applied for 2 and 10 min, the roughness was determined by interferometric microscopy and
the contact angle (CA) was evaluated. Human fibroblastic and osteoblastic line cells (HFFs and
SaOS-2) were used to determine cell viability and proliferation capacity. Cell binding and cytotoxicity
were determined by resazurin sodium salt assay (Alamar Blue) and cell morphology by confocal
assay (immunofluorescence F-actin (phalloidin)) after 3 days of incubation. For the evaluation of
bacterial activity, the bacterial strains Sptreptococcus gordonii (Gram+) and Pseudomonas aeruginosa
(Gram−) were used. The antibacterial properties of the proposed treatments were determined by
means of the resazurin sodium salt (Alamar Blue) assay after 1 day of incubation. The treatments
considerably decreased the contact angle of the treated samples with respect to the control samples.
The treatments endowed the surfaces of the samples with a hydrophilic/super-hydrophilic character.
The combination of elements proposed for this study provided cell viability greater than 70%;
considering the absence of cytotoxicity, it therefore promotes the adhesion and proliferation of
fibroblasts and osteoblasts. In addition, it also endows the surface with antibacterial characteristics
against from Gram+ and Gram− bacteria without damaging the cells. These results show that this
mouthwash can be useful in oral applications to produce a new passivation layer that favors the
hydrophilicity of the surface and promotes cellular activity for the formation of fibroblasts and
osteoblasts, as well as showing bactericidal activity.

Keywords: citric acid; fibroblasts; osteoblasts; wettability; bactericide effect; mouthwash

1. Introduction

Dental implants have emerged as the preferred solution for restoring both aesthetics
and function lost due to missing teeth, given their high success rates [1–3]. However, along-
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side the rising popularity of dental implants, there has been a corresponding increase in the
occurrence of biological complications, in particular, peri-implantitis, a destructive biofilm-
mediated inflammatory condition characterized by inflammation in the peri-implant con-
nective tissue and progressive loss of supporting bone [4]. Currently, the main challenge
in oral implantology is the bacterial infection of dental implants causing diseases such as
periodontitis and peri-implantitis. This issue results in 24% of dental implants requiring
revision within 10 years of implantation [4,5].

Given the infectious nature of this condition, the primary therapeutic goal is to modify
the environment to promote an aerobic ecosystem, fostering health and stability. In order to
accomplish this, it is vital to disrupt biofilm formation on the surface of the affected implant
and to address any local factors that may have contributed to the onset and progression
of the disease [5]. For this purpose, different surgical and non-surgical measures have
been proposed.

One of the solutions is to replace the infected dental implant with a new one. However,
in some cases, a calcium phosphate filling should be produced for bone regeneration, and
once sufficient bone formation is achieved, the new implant should be placed [6,7]. In other
situations, the removal of the infected implant does not allow for the placement of a new
dental implant because there is not enough space [8,9]. This fact means that the clinician
must extract neighboring teeth to achieve the placement of a new implant. In some cases,
narrow dental implants can be placed to avoid the removal of a healthy tooth [9]. As can
be seen, the techniques are complicated, expensive for the patient, and have long treatment
times [10–13].

This fact makes implantoplasty, which consists of the mechanization of the dental im-
plant and part of its connection with the prosthesis to eliminate biofilm, a viable treatment
option. This approach avoids clinical complications but causes a loss in the mechani-
cal properties of the implant and the prosthesis. In the case of metal components, it
reduces corrosion resistance and increases the release of ions into the physiological envi-
ronment [14–19]. Figure 1 shows the surfaces of dental implants and prostheses machined
in order to remove biofilm.
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and grinding marks on the titanium surface produced by machining of the samples can be observed.
These marks produce an increase in roughness.

Kotsakis et al. [20] demonstrated that the machining of titanium causes a reduction
in oxygen concentration on the machined surface produced by the inflammation process,
which degrades the protective titanium oxide layer (TiO2) that acts as a passivation layer.
Due to the lack of oxygen, pure titanium is formed and oxidized in a mixed way without
reaching the stoichiometry of TiO2. These so-called mixed oxides have lower corrosion
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resistance and exhibit toxicity that hinders cellular activities, both in fibroblastic and
osteoblastic functions [21,22].

Citric acid treatments, being weak acid treatments, do not chemically attack the tita-
nium as more aggressive agents such as hypochlorous acid do. It has been observed that
treatments with hypochlorous acid and hydrogen peroxide eliminate bacteria very effec-
tively but cause a very significant increase in roughness that favors the rapid recolonization
of bacteria. Other treatments, such as ozone gas, have been used but large doses cannot
be given due to the risk of soft tissue necrosis. Similarly, strong acids are not suitable for
oral treatment, as this acidic composition burns soft and hard tissues. For example, treat-
ments with hydrofluoric acid react with apatites, generating fluorapatite crystals, which
can cause severe pain to the patient [23,24]. These limitations have led to the consider-
ation of citric acid as the best candidate to obtain mouthwashes for clinical application.
In this research, citric acid solutions with weak pH are investigated in order to obtain a
mouthwash solution. Beyond its bactericidal effect due to citric acid, it generates a titanium
oxide layer approximately of 7 nanometers thick, which protects the dental implant from
chemical degradation and electrochemical corrosion. This layer is homogeneous, compact
and stoichiometric, leading to an increase in corrosion resistance and reduced ion release,
as demonstrated by different authors [25,26]. Citric acid treatment favors the bactericidal
character for different types of bacteria, both Gram-positive and Gram-negative. In order
to improve cellular activity, different concentrations of collagen and divalent magnesium
salts were added. These additions have been proven to increase cell adhesion, proliferation
and differentiation [27–29]. The main goal of this research is to develop a solution that
can be applied to patients undergoing implantoplasty, in order to mitigate or reduce the
associated problems of this technique.

The hypothesis of this research is that citric acid solutions with collagen and magne-
sium cations will promote osteoblastic and fibroblastic cell behavior, presenting a bacterici-
dal character in Gram-positive and Gram-negative bacteria.

2. Materials and Methods
2.1. Materials

For this study, 320 discs of 4 different materials were used in a dental implant sys-
tem. The experimental design allowed for determining the number of samples, indicating
15 samples for each biological and microbiological test. The roughness and wettability stud-
ies did not affect the samples. The total was 60 but we incorporated 5 more per experiment
for possible unforeseen events. This meant that there were 80 discs for each material:

• Ti: commercially pure Titanium (Ti), grade 3.
• Zr: zirconia (ZrO2 with 2.5% in weight of yttria) (Y2O3).
• Composite formed by polymethyl methacrylate (PMMA) with feldspar CaAl2Si2O8

with 38% in volume.
• CrCo: the chromium content was 30 wt%, the Mo content was 7 wt% and the W

content was 0.1 wt%; cobalt was the balance.

Eighty discs for each material were supplied by the company SOADCO S.L. (SOADCO,
Escaldes Engordany, Andorra).

Implantoplasty was carried out by the same researcher (JG) using the drilling protocol.
To achieve this, a GENTLEsilence LUX 8000B turbine (KaVo Dental GmbH, Biberach an der
Riß, Germany) under constant irrigation was used; the surface was sequentially modified
with a fine-grained tungsten carbide bur (ref. number H379.314. 014 KOMET; GmbH & Co.
KG, Lemgo, Germany). Tungsten carbide burs are the main tool for the initial shaping of
implant prostheses, with the bur size adjusted to the specific area of treatment. Generally,
larger burs are used on the vestibular and palatal sides, while smaller-diameter burs are
employed in limited-access areas or interproximal spaces. These burs effectively eliminate
implant threads, providing a smooth surface texture. Moreover, to create a refined finish,
a series of polishing drills (from coarse- to fine-grained) are used. The references of the
silicon carbide polishers are (order no. 9608.314.030 KOMET; GmbH & Co. KG, Lemgo,
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Germany) for the coarse-grained and (order no. 9618.314.030 KOMET; GmbH & Co. KG,
Lemgo, Germany) for the fine-grained [30–32]. The disks were sterilized at a temperature
of 121 ◦C for 30 min.

The immersions were performed in four different dissolutions of chemical composi-
tions, as shown in Table 1. The concentration proposed in this study were chosen because
of different previous studies [25,26] that refer to passivation processes with citric acid and
that do not cause irritation to soft tissues when applied. Also, the references on the effect
of collagen and divalent cations, such as magnesium or calcium, made us introduce these
elements in the formulation [23–26,28]. The different materials are immersed in the differ-
ent solutions for 2 and 10 min. These times have been suggested by clinicians estimating
between 2 and 10 min. These values are the most common in treatments with antibiotic
agents and ozone treatments, among others, that are performed on the patient. Ten minutes
is considered the maximum recommended value for the well-being of the patient.

Table 1. Citric-based dissolutions.

Dissolution Chemical Composition

25% Citric acid (AC) Citric acid 25% in volume (v)

25% Citric acid + collagen 250 (AC 250) Citric acid 25% (v) with 0.25 g collagen/L

25% Citric acid + collagen 500 (AC 500) Citric acid 25% (v) with 0.50 g collagen/L

25% Citric acid + collagen 500 + 1% Mg
(AC 500/Mg)

Citric acid 25% (v) with 0.50 g collagen/L and
10% Mg(NO3)2·6H2O

2.2. Roughness Analysis

The smooth and micro-roughened surfaces were analyzed using a white light interfer-
ometer microscope (Wyko NT9300 Optical Profiler, Veeco Instruments, New York, NY, USA)
in vertical scanning interferometry mode. A minimum of three measurements were taken
from three different samples of each series. Approximately 230 imaging frames were used,
enabling rapid and highly accurate measurements of the grooves. Surface analysis covered
areas of 127.7 × 95.8 µm for groove imaging and 63.1 × 47.3 µm for plain regions within
the grooves. Data filtering and analysis were conducted with Wyko Vision 4.10 software
(Veeco Instruments), with a Gaussian filter applied to remove curvature and tilt from every
surface analysis. Sa (average roughness) was measured, which represents the arithmetic
average of the absolute values of the surface deviations from the mean plane [33–35].

2.3. Wettability

The contact angle (CA) was determined to evaluate the surface wettability of the
titanium with treatments except the control for 2 and 10 min of immersion, using 5 samples
per material. The wettability measurements of the samples were measured using the contact
angle system “OCA 15 plus” (Dataphysics Instrument Company, Filderstadt, Germany)
and the results were analyzed with “SCA20” software 123.45 (Dataphysics Instrument
Company, Filderstadt, Germany).

For droplet deposition, a 1 mL “Braun” syringe was employed in a droplet generation
system with micrometer displacement control, allowing for a precise dosing volume of
2 µL at a rate of 1 µL/s. The liquid droplets were backlit with LEDs through ground glass
and the contact angle was measured 5 s after placing the droplets on the surface. MiliQ
water was used for contact angle measurement, which was conducted on both untreated
and treated samples with a “Citric Acid 25% + Collagen 500” solution after 2 and 10 min of
immersion [36].

2.4. Fibroblast Culture

The objective of fibroblast cultures is to indicate the degree of cytocompatibility and
the ease of regenerating soft tissue at the bone–soft tissue interface. This fact is of great
importance for the formation of a biological seal to prevent bacterial leakage. Human
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foreskin fibroblast (Millipore, Billerica, MA, USA) primary cells (HFFs) were cultured in
phenol red-free Dulbecco’s Minimum Essential Medium (DMEM; Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM) and
penicillin/streptomycin (50 U/mL and 50 mg/mL, respectively) at 37 ◦C in a humidified
incubator at 5% CO2, with media changed every 2 days. Cells between the sixth and tenth
passages were used in all the experiments. Subconfluent cells were trypsinized, centrifuged
and seeded at a density of 6 × 103 cells/disc with serum-free DMEM without phenol red
onto different micro-grooved titanium discs in a 48-well microplate with an agarose layer
(in order to prevent cell attachment to the dish). Tissue culture polystyrene (TCPS) and
polished c.p. titanium served as reference substrates. Cellular analyses were performed at
4 h, 24 h and 72 h after seeding.

HFFs were cultured on the different surfaces. Then, cell adhesion and proliferation
were analyzed using Cell Proliferation Reagent WST-1 (Roche Applied Science, Penzberg,
Germany). This colorimetric protocol measures the creation of the formazan dye by cellular
activity. The tetrazolium salts incorporated to the medium are cleaved by mitochondrial
dehydrogenases of living cells, and the resulting soluble formazan dye can be analyzed
spectrophotometrically. There is a direct correlation between the absorbance of the dye
solution and the cell number. Viability was evaluated at the specified culture times by
incubating for 2 h with 1:10 WST-1 in serum-free DMEM without phenol red. The optical
density (OD) at 440 nm of cell supernatant was evaluated with an EL × 800 Universal
Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). Three different samples
for every surface and two different experiments were measured in parallel. A standard
curve was performed using cell numbers ranging from 3 × 103 to 50 × 103.

Non-viable cells were quantified by means of measurement of released lactate dehy-
drogenase (LDH) enzyme at the specified culture times. For that purpose, the cell-free
culture supernatant was collected, centrifuged at 250× g for 5 min and then analyzed with
Cytotoxicity Detection Kit LDH (Roche Applied Science, Basel, Switzerland) as per the
manufacturer’s instructions. The reduction of tetrazolium salts into the formazan dye by
LDH activity was measured spectrophotometrically at 490 nm. TCPS was used as a low
control sample and lysed cells were utilized as a high control sample (maximum releasable
LDH activity). Three different samples of each series in two experiments were analyzed.

2.5. Osteoblasts Culture

The objective of osteoblast cultures is to determine the degree of osteoblastic cytocom-
patibility and the ease of hard tissue regeneration to achieve bone regeneration and increase
the mechanical fixation of the implant–abutment system to the bone with osseointegration.
For the cell adhesion assay, osteoblastic SaOS-2 cells, a cell line with epithelial morphology
derived from bone, were used. Six to seven cell passages were performed before seeding
the cells onto the study samples. During cell passages, a control of the growth and cell
viability was tested. Cells were initially thawed by gently shaking the cryovial in a 37 ◦C
water bath for 1–2 min. From this point onward, everything was performed under sterile
conditions. Once thawed, the content was transferred to a falcon with 9 mL of culture
medium and centrifuged at 300 G for 3 min. Then, the supernatant was aspirated, and
the pellet was resuspended with 1 mL of cell culture medium. Cells were seeded in flasks
F175 and were kept at 37 ◦C with 5% CO2, with the cell culture medium being changed
2–3 times per week.

The cell culture medium for this cell line consists of McCoy’s 5a Medium Modified with
L-glutamine 1.5 mM and 2200 mg/L sodium bicarbonate. This medium was supplemented
with 15% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S) and 2% sodium
pyruvate solution (NaPyr).

Cell passage was carried out at 90% confluence. Therefore, the cells were detached
from the flasks by removing the medium, washing twice with 5 mL of PBS (37 ◦C) to
remove dead cells, and then adding 5 mL of 0.05% trypsin. The flasks were left in the
incubator at 37 ◦C with 5% CO2 for 2–3 min. Afterward, trypsin was neutralized with
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7 mL of cell culture medium (37 ◦C) and the content was transferred to a Falcon tube and
centrifuged for 5 min at 300 G. The supernatant was then aspirated, and the pellet was
resuspended with cell culture medium. Cell counting with Tripan Blue was then performed.
For this, 10 µL of previously resuspended cells was prepared in an Eppendorf tube and
mixed with Tripan Blue. A volume of 10 µL of the total was transferred to a Neubauer
chamber for counting using phase contrast microscopy. The corresponding calculations
were then carried out [37–39].

A resazurin salt assay (Alamar Blue) was used to assess cell proliferation and cell
viability. The protocol was as follows: 5 mg resazurin salt (Sigma-Aldrich, St. Louis, MO,
USA) was added to 1 mL of PBS, obtaining a stock solution of 5 mg/mL. Then, 100 µL
was transferred to a Falcon tube with 50 mL of cell culture medium, and the solution was
filtered to ensure sterile conditions. The final solution had a concentration of 10 µg/mL.
This solution was protected from light.

After three days of cell culture, the culture medium was removed, and each well was
washed with 500 µL of pre-warmed PBS. Then, 300 µL of 10 µg/mL resazurin solution was
added in each well and incubated at 37 ◦C and 5% CO2 for 3 h. Afterward, 200 µL from
each well was transferred to a 96-well plate, transparent, and finally, the absorbance was
analyzed. The wavelength was of 570 nm and 600 nm, and an Infinite® 200 PRO Multimode
Absorbance Multimode Microplate Reader (TECAN, Männedorf, Switzerland) was used.

2.6. Immunofluorescence

For the immunofluorescence assay, a working solution of actin 488-stained phalloidin
(100 nM) was prepared by diluting 58.8 µL of the 14 µM stock in 8.4 mL of PBS. Additionally,
a DAPI solution was prepared by diluting 10 µL in 10 mL of PBS. Both solutions were
kept at room temperature, without light exposure. A 0.1% Triton-X solution was made by
diluting 1 mL of Triton-X in 9 mL of PBS. The samples were analyzed using the STELLARIS
5 Cryo Confocal Light Microscope.

After three days of cell culture, the culture medium was removed, and cells were
washed with 500 µL of pre-warmed PBS. Then, 350 µL of 4% PFA/PBS was added in
the wells at room temperature, in order to fix the cells. Following fixation, cells were
washed with 500 µL of PBS and then permeabilization was performed using 350 µL of 0.1%
Triton-X/PBS. After 10 min, the cells were washed with 500 µL of PBS and after, 350 µL of
actin 488-stained phalloidin was incorporated.

Cells were then incubated for 30 min at room temperature without light exposure.
After actin staining, cells were washed three times with 500 µL of PBS and cells were
incubated with 350 µL of DAPI solution at room temperature in the dark for 2–3 min.
Finally, they were washed again with 500 µL of PBS and cells were kept with 500 µL of PBS
at 4 ◦C, without light exposure.

2.7. Bacterial Culture

Bacterial cultures were performed to determine the bactericidal capacity of the different
solutions studied as a way to prevent bacterial recolonization. Gram+ and Gram− bacteria
were used to see their behavior. The results give us important information for determining
the best solution for oral application. We must take into account a limitation of this study,
which is to determine the behavior with biofilm and not with isolated strains. In any case,
the results allowed for us to characterize the bactericidal capacity of the solutions. Bacterial
assays were performed using two oral pathogens, representing a Gram-negative and a
Gram-positive bacterial strain. Pseudomonas aeruginosa, a Gram-negative bacterial strain,
was sourced from Colección española de cultivos tipo (CECT 110, Valencia, Spain). For the
Gram-positive strain, Streptococcus gordonii were used, and were obtained from Colección
española de cultivos tipo (CECT 804, Valencia, Spain).

A total of six samples (n = 6) were used for the bacterial adhesion test, with three
samples from each study group dedicated to the Gram-positive and three to the Gram-
negative bacteria. Prior to the test, the culture media and material (PBS) were sterilized



Prosthesis 2024, 6 1217

by autoclaving at 121 ◦C for 30 min using autoclave oven SELECTA model Sterilmax
(SELECTA, Abrera, Spain). As previously described, samples were also sterilized by
incubating in alcohol three times for 5 min in sterile culture plates. Afterward, the samples
were exposed to ultraviolet light for another 30 min [40–42].

Agar plates were incubated at 37 ◦C for 24 h. The bacterial inoculum was prepared
by suspending the bacteria in 5 mL of Brain Heart Infusion Broth (BHI) (Sigma Aldrich,
St. Louis, MO, USA) followed by an incubation for 24 h at 37 ◦C. The medium was then
adjusted to an optical density of 0.1 at a wavelength of 600 nm (OD600 = 0.1). For the
bacterial adhesion test, 500 µL of the suspension (OD600 = 0.1) was added to each well
of the culture plate and incubated at 37 ◦C for 1 h, using an incubator oven MEMMERT
BE500 (MEMMERT Gmbh, Scheabach, Germany). All tests were carried out under static
conditions without external stirring.

Then, the samples were rinsed twice with PBS for 5 min each and fixed with a 2.5%
glutaraldehyde solution in PBS for 30 min at 4 ◦C. Following fixation, the glutaraldehyde
solution was removed, and the samples were rinsed three times with PBS for 5 min each.

For viability analysis, a confocal microscope and the LIVE/DEAD Backlight bacterial
viability kit (Thermo Fisher, Barcelona, Spain) were used [35]. A solution was prepared
by mixing 1.5 µL of propidium with 1 mL of PBS. Using a micropipette, a drop of this
solution (approximately 50 µL/sample) was applied to the surface. After incubating at
room temperature without light exposure for 15 min, the samples were rinsed three times
with PBS for 5 min.

The surfaces were then examined by laser scanning microscopy (CLSM). Three images
per sample were captured at 630× magnification. Live and dead bacteria were detected
using a wavelength of 488 nm and 561 nm. This analysis enabled both the assessment of
bacterial viability on each surface and an initial comparison of the of bacterial count present
in the different group of samples.

2.8. Statistical Analysis

Statistical analysis was carried out using the comparative T.TEST (with the Excel
software version 16.0.18025.20104). This was performed between the different groups
at 95% of confidence. Therefore, statistically significant differences are with values of
(p < 0.05).

3. Results

The roughness measurements (Sa) in Table 2, reveal that the different immersion
treatments carried out on the discs increases slightly the roughness, as no statistically
significant differences (p < 0.05) were observed with respect to the control group in Ti and
Zr. However, regarding the roughness for Comp and CrCo, the implantoplasty produces
higher roughness in relation to the control. In these cases, the differences are statistically
significant p < 0.05.

Table 2. Roughness parameters values (Sa) in micrometers of the samples studied. The asterisks (*)
mean differences statistically significant at p < 0.05 for each material and the different treatments. The
double asterisks (**) mean differences statistically significant at p < 0.05 in relation to the values with
single and without asterisks.

Treatment Ti Zr Comp CrCo

As-received 0.15 ± 0.09 * 0.10 ± 0.07 0.12 ± 0.09 * 0.18 ± 0.09 *
Implantoplasty (Ctrl) 0.25 ± 0.15 * 0.15 ± 0.05 0.28 ± 0.07 ** 0.37 ± 0.10 **

AC 0.33 ± 0.13 ** 0.17 ± 0.08 0.29 ± 0.09 ** 0.40 ± 0.12 **
AC 250 0.30 ± 0.10 ** 0.14 ± 0.09 0.27 ± 0.07 ** 0.43 ± 0.13 **
AC 500 0.25 ± 0.11 ** 0.17 ± 0.05 0.25 ± 0.08 ** 0.44 ± 0.14 **

AC 500/Mg 0.27 ± 0.10 ** 0.18 ± 0.04 0.26 ± 0.09 ** 0.42 ± 0.15 **
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From the roughness results, it can be observed that the implantoplasty generates
a higher roughness than the control samples due to the machining processes (Table 1).
Statistically significant differences can be seen in the surfaces with Ti implantoplasty when
treated with the different citric acid solutions, since they present a slight acid attack that
slightly increases the roughness values. For the other three materials used, the effect of
immersion in the citric acid solution does not cause any statistically significant difference
with the surface of the material that has undergone implantoplasty [32].

Figure 2 shows the results obtained from the surface contact angle measurements
for each material treated with the different solutions for 2 and 10 min. First, the results
obtained from the “Control” samples were only with implantoplasty treatment, but were
only sterilized in an autoclave at 121 ◦C for 30 min. These values show values from 65◦ for
composite to 99◦ for CrCo. These values show a considerable hydrophobic character. Of
the four materials studied, the composite (PMMA) is the most hydrophilic material. On the
other hand, the CrCo alloy has a hydrophobic surface because the contact angle is greater
than 90◦.
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Figure 2. Contact angles of the different surfaces without treatment (Ctrl) and with immersion in
different solutions based in citric acid studied. The samples were immersed for 2 and 10 min. The
capital letter shows the statistical difference significance between CrCo, and the others surfaces with
p < 0.05, and the asterisks the statistical difference significance between the immersion treatments
of the CrCo and the other surfaces with p < 0.05. No statistical difference significance was found
between the different times of treatment in any surface.

Secondly, the results obtained from the treated samples, i.e., immersed for 2 and 10 min
in the citric acid solutions, show in all cases a very significant decrease in the contact angle,
almost in all cases not exceeding 10◦ of contact angle, which makes the surfaces super-
hydrophilic. The differences between the immersion times of 2 and 10 min do not show
statistically significant differences (p < 0.005) in any of the treated materials. Moreover, no
statistically significant differences are observed in the treated samples in general except
in the case of CrCo. Specifically, CrCo values are around 20◦ while the other materials (Ti,
Comp and Zr) present values around 10◦.

Based on the results between 2 and 10 min, where no significant changes in behavior
were observed, we focused this study on the two-minute immersion treatments. This
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treatment time was selected because this solution is intended to function as a mouthwash,
so the minimum time enhances patient comfort.

The results of the cell cytotoxicity test are presented in Figure 3 for the surface of the
four proposed materials with the five conditions.
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Figure 3. Survival percentage of fibroblasts for different treatments. Asterisks mean statistical
differences significance p < 0.05.

Figure 3 shows that all citric acid treatments are cytocompatible, since the survival
of the cultured fibroblast cells exceeds the 70% survival criterion. It can be seen that the
AC + 500 Col and AC + 500 Col + Mg solutions show excellent behavior with fibroblasts.

Figure 4 demonstrates that collagen enhances the adhesion of fibroblasts, as more
fibroblasts are present in this surface. The increase in collagen concentration does not
offer statistically significant differences compared to the CrCo surface. However, it can be
observed that there is a significant difference in the increase in the number of fibroblasts for
the concentration of 500 in comparison to the lower concentration (250). No differences
were observed between the other conditions studied.

An F-actin (phalloidin/DAPI) immunofluorescence assay was performed using a
confocal light microscope in order to determine the presence and distribution of osteoblastic
cells. This allowed for determining whether the material surfaces are favorable to the
adhesion of this cells. Figure 5 shows that Ti and Zr surfaces show good cell viability for
each treatment applied. Regarding the composite surfaces, treatments with 25% citric acid
+ 250 collagen and 25% citric acid + 500 collagen show a reduced number of cells, while the
“Control” sample is the surface with the highest cell density. Regarding the CrCo surfaces,
treatments with the 25% citric acid + 500 collagen and 25% citric acid + 500 collagen + 1%
Mg present a decreased cell adhesion in comparison to the remaining surfaces.
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Figure 4. Fibroblasts cultured on different surfaces and with different dissolutions observed by
scanning electron microscopy.
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Figure 5. Immunofluorescence tests results of Ti, Zr, composite and CrCo surfaces with the applied
treatments, showing the presence of osteoblastic cells.

Bacterial Culture

Figures 6 and 7 show the results obtained after the Alamar Blue test to determine the
adhesion and bacterial growth on the surfaces proposed for the study for Streptococcus
gordonii (Gram-positive) and Pseudomonas aeruginosa (Gram-negative). Significant bacterial
colonization on all the surfaces in the control treatment can be observed, especially in
the CrCo alloy. In all of them, both Gram-positive and Gram-negative bacteria show a
notable reduction in bacterial activity when using citric acid treatments. It can be seen
that the collagen and magnesium contents do not have a statistically significant effect on
the reduction of bacterial colonization. It can also be seen that the action of citric acid
with collagen causes a CFU reduction around of 75% for Streptococcus gordonii and 80% for
Pseudomonas aeruginosa.
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Figure 6. Quantitative analysis of Streptococcus gordonii (Gram+) for the different treatments and
surfaces. Asterisks mean a statistically significant difference at p < 0.05. There are significant
differences between the control and the four solutions studied for the materials studied. The different
materials do not offer statistically significant differences with the treatments with the citric acid-based
solutions and all of them offer important reductions in bacterial colonies. For the control samples,
composite and CrCo present the worst bacterial behavior.
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Figure 7. Quantitative analysis of Pseudomonas aeruginosa (Gram−) for the different treatments and
surfaces. Asterisk means statistical differences significance p < 0.05. There are significant differences
between the control and the four solutions studied for the materials studied in the colonies of Gram−
bacteria. For the control samples, zirconia presents statistically significant differences with respect
to the rest of the materials in relation to bacterial colonization. The different materials do not offer
statistically significant differences among them with the treatments with the citric acid-based solutions
and all of them offer significant reductions in bacterial colonies, but with a lower efficacy than for the
Gram+ bacteria studied.
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4. Discussion

It is well known that rough surfaces promote better cell adhesion, proliferation and
differentiation, especially of osteoblastic cells [36,37]. Surface roughness or treated surfaces
can interfere with cell morphology and orientation [38]. In this project, it is shown how
the two metallic surfaces present greater roughness than the zirconia or the composite. It
is also known that the increase in hydrophilicity favors wettability and, in consequence,
this results in greater protein adsorption, which favors cell activity [43–46]. As has been
observed, Ti presents higher wettability than CrCo, and therefore titanium has favorable
factors for osteoblastic activity. Although CrCo surface exhibits good roughness, it has
lower osteoblastic activity compared to Ti due to its low hydrophilic nature, which does
not favor osteoblastic activity.

Based on the results obtained in the cell cytotoxicity test, it was determined that none
of the treatments proposed for this study presented cytotoxicity for the SaOS-2 osteoblastic
cells in any of the materials studied. Analyzing the values obtained, all of them are in
the “non-cytotoxic” range, as determined by ISO 10993-5 [47]. The aforementioned ISO
establishes that “the reduction of cell viability by more than 30% is considered a cytotoxic
effect” [47]. Our results indicate a reduced adhesion of osteoblastic cells in the presence of
collagen for the composite sample. This fact seems to be due to the lack of anchorage of the
collagen molecules on the surface of the composite. This has been previously described by
other authors, who concluded that the polymeric compound does not favor the adhesion
of the collagen molecule and therefore inhibits the accelerating effect on both fibroblastic
and osteoblastic cell adhesion [48,49].

Collagen is a well-known biomaterial commonly used in films, composites and three-
dimensional matrixes, as it can enhance the recomposition and granulation of tissues, and
also has the ability to act as protection of wounds and tissues against infection. Therefore,
collagen is used as a support material in healing processes, and it is widely used in
dental therapy. Moreover, it is a non-toxic, biodegradable and bioabsorbable material [32].
Also, collagen is the main component of ECM; type I is the most abundant, about 85%,
together with proteins such as laminins, fibronectin and vitronectin. This fact favors
cellular activity and should be a key element in triggering soft tissue formation to achieve a
biological seal at the implant–abutment connection. In an in vivo study, Maria Sartori et al.
investigated the effects of dental implants coated with type I collagen on bone regeneration
and osseointegration in osteopenic rats, in which they found greater mechanical stability
and a higher rate of osseointegration [50]. Other studies have affirmed the ability of type
I collagen to promote osseointegration by stimulating bone formation at the cellular and
molecular level [51]. In all cases, the collagen was dissolved in an acidic solution since it
dissolves in an acid medium, which favors homogeneity and application.

The incorporation of magnesium is due to the fact that it has properties capable of
improving bone bonding if implemented in implant surface modifications. It is currently
used for titanium implant surfaces, providing improved properties. Jiang et al. were able
to decrease Young’s modulus, increase strength and provide improved biocompatibility in
titanium implants. Veronese et al. combined titanium dioxide (TiO2) with magnesium and
obtained anti-inflammatory properties [52]. The inflammatory response plays an important
role in the implantation of dental implants and may help to moderate osteogenesis [53,54].

The application of a citric acid treatment generates a small increase in surface rough-
ness, which leads to an increase in bacterial adherence [55,56], but the acidic character
provided to the sample surfaces prevents or decreases microbiological colonization [57].
The concentration of citric acid is related to the antibacterial action it provides, and thus
causes a reduction in the pH of the extracellular matrices [23–26,28]. It is hypothesized that
the presence of citric acid modifies the permeability of the bacterial membrane, varying the
hydrogen gradient between intracellular and extracellular sites [52]. In addition, it has an
antioxidant capacity to prevent or delay some type of cell damage and also has a negative
effect on mycobacteria [52].



Prosthesis 2024, 6 1224

Focusing on the results of antibacterial activity obtained in Figures 5 and 6, it has been
demonstrated that all treatments show antibacterial activity. In the case of pure titanium, in
addition to the treatment provided, it is capable of forming a biocompatible titanium oxide
layer, providing high resistance to corrosion with an oxidizing character, thus reducing
bacterial activity [21,22,58].

A study has determined the existence of a relationship between wettability and bacte-
rial colonization, based on the hydrophobicity of the surface [59,60]. For example, metallic
surfaces that exhibit a hydrophobic nature result in a higher adhesion of hydrophobic
bacteria. In consequence, lower bacterial adhesion could correlate with an increase in
surface hydrophobicity [36,59]. Magnesium has also been shown to have an antibacterial
effect, which could explain the lower levels of bacterial survival in Mg-containing samples,
although the differences were not statistically significant [52,61].

Finally, of the four treatments studied, the one that stands out most for the osteoin-
tegrative and antibacterial properties provided is the Citric Acid 25% + Collagen 500 +
Magnesium 1%. This has been validated by other studies that show how citric acid provides
good antibacterial properties without damaging osteoblastic cells. Moreover, this is aligned
with collagen and magnesium biological function, as collagen is the main component of the
extracellular matrix capable of improving tissue recomposition, and magnesium improve
bone union and presents antibacterial properties.

The action of citric acid in increasing surface hydrophilicity, producing a stable tita-
nium oxide layer and bactericidal character improves systems based on strong acids or
bases or ozone flux treatments. Firstly, because it does not improve the surface properties of
titanium and in many cases, it affects its roughness or causes the incorporation of hydrogen
into the titanium, which can cause the so-called hydrogen embrittlement. Moreover, in the
case of treatment with citric acid-based solutions, it does not affect the health of the soft
tissues. Finally, collagen can be dissolved in an acidic medium and can be incorporated
into the solution in order to increase cell adhesion as well as to have a synergistic effect
with divalent magnesium cations.

This work is preliminary but served in preparing cytocompatible citric acid-based
solutions that favor both fibroblastic and osteoblastic cell activity and are clearly bactericidal
against both Gram-positive and Gram-negative bacteria. However, concentrations should
be optimized to improve cellular and bactericidal response. This study should be carried
out in dental biofilm to complete the studies of two strains that are common in the mouth
but do not respond reliably to what occurs in the mouth [62–65]. This study should be
completed with in vivo studies with infection and to evaluate disinfection, as well as
possible tissue regeneration in dental implants that have undergone implantoplasty. It is
important to obtain a product that helps disinfection and favors bone growth for the new
osseointegration of the implant, as well as the formation of a biological seal produced by
the regeneration of the soft tissue [66,67]. Implantoplasty also faces other challenges such
as the effect of the small particles, with different sizes and materials, that are present in the
biological bed and present a toxic nature. Further studies should address this issue.

5. Conclusions

This contribution studies one of the most common materials in dental implant with
prosthesis. The results verified the significant decrease in the contact angle for titanium,
zirconia and PMMA composite with feldspar. Specifically, the values decreased from 70
to 15 and for CrCo from 100 to 25. All treatments showed that an increase in wettability
causes higher cellular activity. Moreover, all treatments demonstrated cytocompatibility
and good osteoblastic behavior. This suggests a promising solution for the regeneration of
soft and hard tissues around the dental implant and the biological seal during prosthesis.
It has been demonstrated that the different solutions have a strong bactericidal effect on
both Streptococcus gordonii (Gram+) and Pseudomonas aeruginosa (Gram−) strains, reducing
colonies around 72% and 64%, respectively. From the results obtained, the mouthwash
with the best cellular activity and bactericidal capacity is the citric acid solution with
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500 collagen and 1% magnesium. Although the in vitro results of this preliminary study
are encouraging, further in vivo tests are needed before clinical application.
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