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Abstract: Surface functionalization of dental implant surfaces has been a developing field in biomate-
rial research. This study aimed to obtain self-assembled monolayers (SAMs) using carboxyethylphos-
phonic acid on the surface of titanium (Ti) screws, and assessed the surface characteristics, biome-
chanical, and cellular behavior on the obtained specimens. This study had three groups, i.e., a control
(untreated screws), a test group treated with phosphonic acid, and a third group with treated acid
and bone morphogenetic protein (BMP-2) for in vitro analysis of cell lines. The assessed parame-
ters included surface wettability, surface characteristics using scanning electron microscopy (SEM),
protein immobilization, and cellular behavior of fibroblasts and mesenchymal stem cells of adipose
tissue (MSCat cells). For surface wettability, a Welch test was performed to compare the contact
angles between control (67 ± 1.83) and test (18.84 ± 0.72) groups, and a difference was observed in
the mean measurements, but was not statistically significant. The SEM analysis showed significant
surface roughness on the test screws and the cellular behavior of fibroblasts, and MSCat cells were
significantly improved in this group, with fibroblasts having a polygonal shape with numerous vesi-
cles and MSCat cells stable and uniformly coating the test Ti surface. Surface biofunctionalization of
Ti surfaces with phosphonic acid showed promising results in this study, but remains to be clinically
validated for its applications.

Keywords: surface biofunctionalization; phosphonic acid; surface characteristics; scanning electron
microscopy; oral implantology; fibroblasts; stem cells

1. Introduction

Dental implants have been considered as an excellent fixed treatment option for the
restoration of areas with a missing tooth/teeth [1]. Even though the TiO2 layer provides
improved corrosion resistance and excellent physical load to the dental implants, it takes
around 3–6 months for the implant to become biologically active and get attached to the
surrounding bone (osseointegration) [2]. For improving the biological activity of Ti dental
implants, various surface modification techniques to alter surface roughness, topography,
chemistry, and electrical charge have been researched [3].

The primary methods of surface modification involve alteration in the topography.
There are also processes where biomimetic and biologically active substances have been
added to the dental implant surface for improving its biologic characteristics and potentiate
osseointegration [4–6]. There are two conflicting properties involved in these biofunctional
properties: they include enhancement or inhibition of protein adsorption/cell adhesion [7].
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An attractive approach to modify the interfacial properties of Ti and its alloys is
self-assembled monolayers (SAMs). They allow surface control and are easy to manipulate,
therefore, bioactivity and biocompatibility of the implant can be achieved at a low cost.
These types of layers have given rise to numerous studies [8–12].

Self-assembled monolayers (SAMs) for dental implants have been proposed as a
processing approach for the modification of Ti surfaces at the nanoscale level. SAMs are
formed by the immersion of substrate into an active surfactant solution in an appropriate
solvent (organic or aqueous), or by methods such as vapor deposition or aerosol spraying.
Immersion remains the easiest and cheaper method for its application in substrates with
complex geometrics [13,14].

Liu et al. [15] explored a strategy to enhance Ti osseointegration through the formation
of alkyl-based SAM in a Ti foil using end groups such as carboxyl, hydroxyl, vinyl, and
phosphate. It was reported that hydroxyapatite (HA) coating was obtained in carboxyl
and phosphate end groups when Ti foil was immersed in a solution that contained ions
with 1.5 times greater concentration than simulated body fluid (SBF). Another study by Liu
et al. [16] investigated the optimal functional end group for the formation of biomimetic
HA on Ti surfaces. The study concluded that the carboxylic acid end group provided the
optimal SAM for the formation of HA, and it was suggested that the affinity of carboxyl
groups to CaP played a crucial role in the surface crystallization of HA. Also, the alkyl
chain length of phosphonic acid also plays an important role for the formation of crystalline
HA [16].

Even though there are studies that show that carboxyl groups in SAMs are capable of
inducing HA crystallization, there is a dearth in evidence on cell proliferation/adhesion
properties, biocompatibility, and osteogenic potential of the treated surfaces. The hypothe-
sis for this in vitro study was based on the application of carboxyethyl phosphonic acid on
the Ti implant surface to obtain a monolayer of carboxyl groups that may give rise to an
increase of wettability, and a hydrophilic surface capable of generating stable links, and
which might serve as an intermediate layer for protein combination. The present study
aimed to analyze the physico-chemical and biological properties of Ti surfaces treated with
carboxyethylphosphonic acid that form SAMs by the immersion method.

2. Materials and Methods

In this in vitro study, three study groups were utilized to understand the differences
between untreated Ti screws, the Ti screw surface treated with carboxylphosphonic acid
resulting in the formation of SAMs, and the third group treated with acid and bone
morphogenetic protein (BMP-2).

• Untreated Ti screws;
• Ti screws treated with carboxylphosphonic acid using the immersion method;
• Ti screws treated with acid + BMP-2- (additional group during cellular behavior assay).

2.1. Surface Modification: Carboxyethylphosphonic Acid Treatment

The samples used in this study were Ti alloy (titanium (90%), aluminum (6%), vana-
dium (4%) (n = 10)) which underwent a process of immersion for a period of 24 h at 76 ◦C
in a mixture made with 50 mL of tetrahydrofuran (THF) and 55 mg of carboxyethylphos-
phonic acid. The preparation was performed in a three-neck flask and, to keep the constant,
the THF in the required linear reflux at 5 ◦C. After 24 h, the samples were removed,
and the next step was to activate the carboxyethylphosphonic acid. For the activation,
3-dimethylaminopropyl carboxylamide (EDC or EDAC) and NHS (N-hydroxysulfamide)
compounds were used.

The TiO2 surface has many OH groups on the surface with an internal Ti-O-Ti structure.
The application of a phosphonate will remove H2O upon heating, leaving a molecule with
an arrangement of carboxyl groups (COOH) on the surface.

H2O leaves a molecule with an arrangement of carboxyl groups (COOH) on the
surface, capable of generating stable bonds with protein molecules (Figure 1).
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ylphosphonic acid was completed using NHS and EDC compounds, where Ti samples 
were immersed in a preparation of EDC + NHS for 15 min at room temperature. The prep-
aration is performed with 5 mL of water mixed with 175 mL of EDC plus 54 mg NHS—it 
reduced the pH of the preparation with hydrochloric acid to 7 [17] (Figure 2). 

 

Figure 1. Scheme of the molecular reaction of carboxyethylphosphonic acid on the titanium surface.
The black arrow indicates when carboxyethylphosphonic acid contacts and bonds to the OH groups
of TiO2.

The EDC was used to activate carboxyl groups and couple amines, and it reacts with
the carboxyl groups to form an intermediate of O-acylisourea amine reagent. In case
the intermediate does not link with a carboxyl group, it will hydrolyze and regenerate
a carboxyl group—NHS was utilized for this phase. In the presence of NHS, EDC can
be used to convert carboxyl groups to sulfo-NHS ester reactive aine. The activation of
carboxyethylphosphonic acid was completed using NHS and EDC compounds, where Ti
samples were immersed in a preparation of EDC + NHS for 15 min at room temperature.
The preparation is performed with 5 mL of water mixed with 175 mL of EDC plus 54 mg
NHS—it reduced the pH of the preparation with hydrochloric acid to 7 [17] (Figure 2).
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Figure 2. Scheme of the binding process from activation of carboxyl groups, incubation with the
protein, and immobilization of the protein.

2.1.1. Wettability

The surface wettability test was carried out by placing a drop of H2O on 10 samples
of Ti alloys treated with carboxyethylphosphonic acid, and 10 samples of untreated Ti
(control group). A photograph of the system was taken, and contact angle measurement
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was performed by means of a computer program (Imane Pool-ITZIP). Scanning electron
microscopy analysis was performed to evaluate the surface spectra in both the control and
test groups (Figure 3).
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2.1.2. Surface Texture Analysis

The surface spectra of both acid-treated and untreated screws were examined using
environmental SEM equipped with an X-ray emission probe that provided the necessary
characteristics for measuring the surface chemical composition of different biomaterials.
The SEM analysis was performed at low magnification (50×) on the cranial side of the
screws between the study groups. It is vital to dehydrate and process the specimens for the
observation under SEM. Firstly, the specimens were dehydrated by immersing them in a
graded series of ethanol from 30% to absolute ethanol. Once dehydrated, the samples were
taken to a critical point of total dehydration. A Polaron 3000 (Carl Zeiss Meditec, Dublin,
CA, USA) was used to perform this function using high vacuum.

The parts were then mounted on aluminum supports (stub), and sputter coated. The
process consisted of depositing a thin layer of gold/palladium on the surface of the samples
to increase their conductivity. A Zeiss metallizer was utilized for this process, and once
metallized, the samples were prepared for observation by SEM (Zeiss DMS 950). The
metallization may not have been necessary for the observation of the screw surface since Ti
is a metal, however, by means of gold/palladium coating, we ensure perfect conductivity
and additional functionality [18–20]—However, dehydration is mandatory. This is because
the water molecules that may have been retained during the treatment with an aqueous
solution need to be eliminated prior to SEM observation.

2.1.3. Protein Immobilization

The immobilization of the model protein used (glucose oxidase at the Ti interface) was
evaluated by fluorescence of the sample, thus, allowing the corroboration of the protein
binding. The efficiency of the reaction and the presence of protein was measured using a
fluorescein-label (NHS-Fluorescein). This molecule can react with the amine groups of the
proteins, thereby producing a fluorescent group at 530 nm. The appearance of this probe
can be correlated to the presence of the immobilized protein on the Ti surface.

Once the immobilization of protein on the surface of the modified Ti has been checked,
in vitro studies were carried out to assess the cell behavior of two cell lines: fibroblasts
and stem cells from adipose tissue (MSCat). In vivo studies were carried out to analyze
the biocompatibility.

2.2. Cellular Behaviour of Fibroblasts and MSCat Cells
2.2.1. Preparation of the Cultivation Medium

• Amniomax (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA): According
to the manufacturer’s package.
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• Medium 199: 9.82 g of M-199 (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA) was diluted in 1 L of ultrapure water, followed by the addition of sodium
bicarbonate, and diluted through a 0.22 µm porous filter (Millipore Ref.4480). Once
aliquoted into 100 mL fractions, the culture medium was supplemented with: 20%
fetal bovine serum (FCS) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA); 1.2 mL of penicillin/streptomycin; 2 Mm/L hydroxyl-ethyl-piperazine-ethane-
sulfonic acid (HEPES buffer) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA); 2 Mm/L-Glutamine (Gibco BRL); 20 µg/mL endothelial cell growth factor
(ECGF) (Sigma Aldrich, San Luis, MO, USA); and 90µg/mL heparin sodium (Roche,
Basel, Switzerland).

• Minimum Essentials Medium Eagle-MEM (Sigma Aldrich, San Luis, MO, USA). It
was reconstituted with 15% fetal bovine serum (Cultek), 1% L-glutamine (Sigma-
Aldrich, San Luis, MO, USA), and 1% antibiotics (penicillin and streptomycin) (Life
Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA) in 1 L of ultrapure water—
2.2 g of sodium bicarbonate was added and filtered through a 0.22 µm porous filter
(Millipore Ref.4480). The medium was then aliquoted into 100 mL glass bottles, and
supplemented with 0.05 lm Amphotericin B (Fungizone, Applied Biological Mate-
rials, Richmond, BC, Canada) and 1.2 mL penicillin (10,000 IU/mL)/Streptomycin
(10,000 µg/mL) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA).

2.2.2. Proteolytic Enzyme Preparation

Two proteolytic enzymes (collagenase and trypsin) were used. Collagenase was used
to obtain cells from the different tissues, and trypsin was used to perform the different
subcultures from cells in primary culture.

• Collagenase. 100 mg of collagenase type I CLS (Worthington Biochemical Corporation,
Lakewood, New Jersey, USA) was reconstituted in 100 mL of MEM, and 1.5 mL of
calcium chloride was added. One the reconstitution was performed, it was sterilized
by filters of 0.22 µm (Millipore Ref.4480), and stored at −20 ◦C in 10 mL aliquots
until usage.

• Trypsin. 10 mL of Hanks Balanced Buffer Saline Solution (HBSS) (Life Technologies,
Inc., Gibco/BRL, Gaithersburg, MD, USA) was added to 90 mL of sterile distilled
water, mixed well, and then, 10 mL of this solution was added to another 10 mL of
trypsin EDTA 10X (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA) to
obtain trypsin-EDTA 1X.

2.2.3. Cell Procurement and Cell Expansion in Culture

• Mesenchymal Stem Cells from Adipose Tissue (MSCat). For the extraction of stem
cells from rat adipose tissue (MSCat), a sample of subcutaneous adipose tissue was
procured from the inguinal area of the rat, and preserved in MEM medium until
processing (no more than 24 h). The tissue processing was performed under sterile
conditions using sterile materials and a laminar flow cabinet. At first, the tissue was
washed with MEM medium, then placed in a Falcon tube with 10 mL of 0.1% collage-
nase type I, and incubated for 30 min at 37 ◦C in the bath with maximum agitation.

Following incubation, the suspension was passed through a 100 µm porosity filter
in order to separate the adipose tissue fragments that had not been digested. The filtered
portion was placed in a clean Falcon tube, and centrifuged at 1050 rpm for 7 min at room
temperature. The supernatant was removed, and the sediment was re-suspended in MEM
medium. The recovered tissue was washed again with MEM medium, and, using scalpel
blades (No. 21), the tissue was cut into smaller explants that would get introduced in a
Falcon tube with 10 mL of trypsin, and incubated for 30 min at 37 ◦C in the bath with
maximum agitation.

Meanwhile, the sterile material used to filter the product of the enzymatic digestion
was prepared: the plunger was removed from a 50 mL syringe, a sterile gauze was intro-
duced into it with the help of forceps, and a Falcon tube with 10 mL of MEM was prepared.
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After 30 min, the digestion product was poured into the syringe, the plunger was then
placed and filtered through the gauze, dropping the filtered product into the Falcon tube
with MEM. The cell suspension obtained was centrifuged at 1050 rpm for 10 min at room
temperature. The supernatant was removed, and the pellet was re-suspended in MEM
medium for washing. This step was repeated twice to wash the sample well and remove
excess fat.

During the last wash, the collagenase enzyme prepared at the beginning was used
on the extract. It was re-suspended and placed on ice for 5 min. After this process, the
cell suspension will get separated from the lipid component following the digestion of the
adipocytes, and the lipid layer will remain on the top. With the help of a glass Pasteur
pipette, the cell suspension was removed carefully without disturbing the lipid layer.
The suspension was then centrifuged at 1050 rpm for 10 min at room temperature. The
supernatant was removed, and the sediment (adipose tissue stem cells) was re-suspended
in 3–6 mL of Amniomax medium, and transferred to 1–2 culture flasks of 25 cm2, which
were stored with the cap slightly open in an incubator with an atmosphere of 5% CO2,
37 ◦C, and a humid environment.

• Fibroblasts

The procedure used to procure fibroblasts consisted of introducing the skin biopsy
in a small Petri dish with a small amount of MEM, so that the tissue did not undergo
dehydration during processing. The dermis was isolated using forceps and scissiors. Once
the dermis was isolated, the tissue was cut using scalpel blades until small fragments
(explants) of 0.5–1 mm2 were obtained. Subsequently, 1mL of Amniomax culture medium
was added in a 25 cm2 culture flask, moving it gently so that the medium diffused over the
entire expansion surface.

Using a glass Pasteur pipette, the explants were collected and then stuck to the
expansion surface of the culture flask without sliding to the base of the flask. The culture
flask was introduced into the CO2 oven at 37 ◦C, placed in a vertical position with the
stopper slightly open to allow gas exchange in the incubator environment.

After a few hours, the flask was removed from the oven, previously closing the
stopper—in the hood, 1 mL culture medium was added while taking special care to not
detach the explants. The flask should be handled gently, and the volume of the culture
medium should not exceed 2.5 mL to avoid detachment and floating of the explants. The
flask was then placed back inside the CO2 oven with the stopper slightly open, this time in
a horizontal position.

2.3. Proliferation Study

Cell cultures were performed to see the cellular behavior of fibroblasts and MSCats
in an incubation period of 24 h in Amiomax medium. After seeding, all the prostheses
obtained were fixed with 3% glutaraldehyde for 2–4 h, and then washed with MILLONIG
buffer. Once fixed, the pieces were dehydrated using increasing series of acetone for 10 min
per series. Subsequently, the dehydrated pieces were mounted in filter paper cases in order
to subject them to a critical point in a Polaron E-3000 with CO2. Once completely dried, the
pieces were mounted on steel plates (ANAME), and metallized with gold-palladium in a
POLARON metallizer. In this way, the samples were prepared for observation by scanning
electron microscopy in a DSM-950 microscope (ZEISS).

The samples, fixed in Bouin’s liquid, were dehydrated and embedded in kerosene,
and then, blocks were cut with a MICROM HM 325 microtome into 5 µm thick sections.
After this procedure, immunohistochemical techniques were performed.

2.4. Migration Study

A parallel assay of excavated gates was performed, and in each of the gates used, there
were three wells. A collagen sponge that was soaked with BMP-2 was placed in the left
end well. At the opposite end, another collagen sponge was placed to which Amniomax
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medium was added. Once both sponges were soaked, 50,000 cells were seeded in the
central well.

In this assay, the study groups were: Fibroblasts (n = 8) and MSCat (n = 8).
In each of the gates, there were BMP-2 and control (no BMP-2). The times at which

samples were collected were: 24 h; 48 h; 7 d; and 14 d, at a rate of two samples per time
and study group.

2.5. Analysis of Titanium Surface Behavior

• Enzymatic Treatment

Once the cells (fibroblasts or MSCat) had reached semi-confluence (80% of the coated
culture flask), enzymatic treatment with a trypsin solution was carried out for 5 min at
37 ◦C. For this purpose, a trypsin solution was prepared in HBSS buffer free of calcium and
magnesium. Once the enzyme solution was prepared, the culture medium was removed
using a 5 mL pipette. The cells were washed with a suspension of 1% HBSS in sterile
distilled water to remove any remaining culture medium, and for the removal of calcium
or magnesium, which may influence the adhesion of the cells to the culture surface. One
percent trypsin solution, that was previously prepared in HBSS, was added and incubated
at 37 ◦C for 5 min, and sufficient time was given for the cells to detach from their substrate.
The control of the incubation time was vital, as trypsin has a potential deleterious effect on
cells, wherein a longer exposure time can result in the death of cells by cytotoxicity.

Following 5 min of incubation, 10 mL of culture medium with 20% fetal bovine serum
was added. The proteins present in the serum block the enzyme, and it remains active,
thereby blocking the enzymatic action on the cells in the culture medium. After deactivation
of the enzyme, the cell suspension was collected in a conical tube, and centrifuged at
1050 rpm for 10 min. The supernatant was removed, and the cell pellet was re-suspended
in 1 mL of Amniomax medium. Further to that, the cells were suspended at a rate of
5 × 105 cells/mL.

• Planting and Study Times. For this part of the procedure, the three study groups were
used for each cell lineage (Fibroblasts and MSCat cells):

# Control group (untreated screw);
# Screws treated with carboxyethylphosphonic acid;
# Screws treated with carboxyethylphosphonic acid plus BMP-2.

The same seeding methodology was utilized for all the three study groups. Firstly, the
screws were placed in a 96-well plate. Each screw was seeded with about 5 × 104 viable
cells in 100 µL Amniomax medium. The plate was then incubated at 37 ◦C for 30 min in
an incubator at 5% CO and 99% humidity. Under these conditions, cell adhesion on the
different seeded surfaces was ensured. Following which, 200 µL of Amniomax medium
was added to each of the wells, and incubated under the same conditions described above
for the different study times (24 h, 3, 7,1 4, 21, and 28 days). The culture medium was
renewed every 24 h. The number of samples for each cell lineage and each study group was
4 at each time interval. Each cell lineage was seeded in different plates to avoid possible
contamination. The rest of the wells in each of the plates not occupied by the trunks
belonging to each group were used as a control of cell growth at each time interval.

• SEM observation. At each study time interval, four samples were obtained for each
cell lineage and study group. Each sample was fixed for 2–4 h in 0.3% glutaraldehyde
solution. After the fixation time, the glutaraldehyde residues were removed by im-
mersing samples in a Millionig buffer solution. After the washing process, the samples
were processed for observation under the scanning electron microscope. Once fixed,
the pieces were dehydrated using increasing series of acetone (30, 50, 70, 90 and 100%)
for 10 min per series. Subsequently, the dehydrated parts were mounted in filter
paper cases for subjecting them to a critical point in a Polaron E-3000 with CO2. Once
completely dried, the pieces were mounted on steel plates (ANAME), and metallized
with gold-palladium in a POLARON metallizer. The samples were processed in this
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manner for observation by SEM on a DSM-950 microscope (Carl-Zeiss). The state of
the cells on the surface of the screws belonging to each study group at different time
intervals were observed using SEM.

2.6. Identification and Phenotypic Characterization
2.6.1. Immunohistochemical Tests

• Conventional immunohistochemistry. The technique used to detect the antigen-
antibody reaction was avidin-biotin labeled with alkaline phosphatase. The labeling
was studied with an optical microscope (ZEISS, Jena, Germany), and the same bio-
logical material to which the primary antibody had not been added was used as a
negative control, being replaced by washing buffer (PBS).

• Immunofluorescence. The marking was performed on tissue fixed with 10 % formalde-
hyde. Kerosene embedding, microtomy, and deparaffinization of the sections were
performed according to the technique used for optical microscopy. The antigen–
antibody reaction was detected using a reaction amplification system (TSA TM Plus
Fluorescence Systems; Perkin Elmer Life Sciences, Boston, MA, USA), with fluorescein
isothiocyanate (FITC) or cyanine 3 (Cy 3). The same biological material to which
the primary antibody had not been added was used as a negative control, and was
replaced by a buffer solution.

2.6.2. Enzyme-Linked Immunosorbent Assay (ELISA)

MSCat and Fibroblast cells were plated into 96-well plates at a density of 5 × 104 cells/
well divided and 200 µL Amniomax medium with 100 ng/mL BMP-2 (Sigma Aldrich San
Luis, MO, USA). Cells cultured in the same Amniomax medium without BMP-2 were
considered as the control group. The culture media for each group was collected at T0
(immediately after plating), 30 min, 1 h, 2 h, and 24 h after plating, and kept at −80 ◦C
until use.

The levels of BMP-2 secreted by the cells (fibroblasts and MSCat cells) were determined
by an enzyme-linked immunosorbent assay (ELISA) technique using a specific kit for this
protein (ABCAM). The technique involved a sandwich-type enzyme immunoassay for
the quantitative determination of BMP-2 levels released into the culture medium from
both fibroblasts and MSCat. The kit was provided with a microplate pretreated with a
specific antibody against rat BMP-2. The principle of the technique was in the realization
of a standard curve for which the kit was provided with a sample of BMP-2 of known
concentration (2000 pg).

A stock solution of BMP-2 at a concentration of 1000 pg/mL was prepared for perform-
ing the standard curve. From this dilution, successive dilutions were performed. In this
method, different standard samples were obtained at different known concentrations, and
each dilution contained 50% of the protein of the immediately preceding dilution, resulting
in a gradient of dilutions between 1000–15.6 pg/mL. The blank was performed using the
culture medium in order to remove the noise from the medium. At the time of performing
the test, the samples of the medium from the fibroblast and MSCat cultures were thawed
and centrifuged at 1000 rpm for the removal of cellular debris that may remain, and the
supernatant was used to perform the measurements. On the wells of the labeled plate from
the kit, 100 µL of each standard solution was added to it.

This process was carried out in duplicate, and fourteen wells (seven dilutions) were
used, and two other wells were used to make the blank. The rest of the wells were used for
the determination of the BMP-2 levels at the different times of study and for the different
cell types by the addition of 100 µL of each test solution for each well, performing the
tests in duplicate. Once the entire plate was covered, it was placed in incubation for two
hours at 37 ◦C. Following which, the content of each well was removed, and each well was
washed with 400 µL of washing solution from the commercial kit, prepared according to the
manufacturer’s instructions. This solution was then removed, and the reagent A solution
was added according to the manufacturer’s instructions. It was incubated for one hour at
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37 ◦C, and, subsequently, it was washed again with the washing solution for 1–2 min. The
washing solution was then removed, and this process was repeated for three cycles. After
this process, 100 µL of working solution B (according to the manufacturer’s instructions)
was added, and the plate was incubated for 30 min at 37 ◦C. Following incubation, the
solution was removed, and the wells were washed as described above. Finally, 90 L per
well of the chromogenic substrate solution (TMB) was added and incubated for 15–20 min
at 37 ◦C until the color of the wells turned blue.

2.6.3. Molecular Studies (qRT-PCR)

With q-PCR, the amount of BMP-2 mRNA was quantified in both fibroblast and MSCat
cell cultures.

RNA extraction was performed by the guanidine isothiocyanate-phenol-chloroform
method of Chomczynski and Sacchi [21].

The integrity of the extracted RNA was checked through a 1% agarose gel contain-
ing 7 µL of SYBR Green II RNA gel stain (10,000× g concentrate in DMSO) (Invitrogen,
Carlsbad, CA, USA). 2 µL of RNA was mixed with 8 µL of RNAse-free water and 2 µL of
BlueJuice™ Gel Loading Buffer (Invitrogen, Carlsbad, CA, USA) containing bromophenol
blue. Electrophoresis was carried out at 80 V for about 50 min. Observation of the bands
was performed with the aid of a transilluminator, and samples showing RNA degradation
were discarded.

The concentration of each sample was quantified by measuring the absorbance at
260 nm in an Ultrospec 3100 Pro spectrophotometer (Amersham Biosciences, Piscataway,
NJ, USA). Once the concentration of each sample was known, all were brought to the same
concentration of 50 ng/µL.

Using reverse transcription, cDNA was synthesized from 500 ng of total RNA. For this
purpose, 10 µL of RNA (50 ng/µL) was mixed with 10 µL of 2X RT mix prepared from the
kit components (High Capacity cDNA Reverse Transcription, Applied Biosystems, Foster
City, CA, USA).

In the first step, the reaction was subjected to an RNA denaturation cycle at 25 ◦C for
10 min in a thermal cycler. Subsequently, it was subjected to a cDNA synthesis cycle at
37 ◦C for 2 h. Finally, an enzyme denaturation cycle was performed at 85 ◦C for 5 s. The
cDNA obtained during the reverse transcription process was diluted at a ratio of 1:20, and
stored at −80 ◦C.

• In vitro retrotranscription. Retrotranscription (RT) reactions of the messenger RNAs
were performed to give rise to the corresponding cDNAs using the kit.

• Real-time PCR. Roche’s commercial Lightcycler FastStart DNA Master SYBR GreenI
kit was used to perform the real-time PCR reactions. Once the reaction mixture
was generated, it was subjected to a program of PCR cycles performed in the Roche
Lightcycler thermocycler.

The fluorescence emitted by the SYBGreen I probe during the real-time PCR reactions
described above was analyzed using LightCycler 4.05 software (Roche, Basel, Switzerland),
and crossing point (CP) values were obtained for the target gene and the reference gene
(GAPDH) in each of the samples. A calibration curve was included in each real-time PCR
reaction, and the reaction efficiency value was calculated from its slope. For each sample,
the amounts corresponding to the target gene and the reference gene were determined by
interpolation with the standard curve. Subsequently, the DNA content (percentage) was
calculated as the ratio between the amount of the target gene sequence and the amount of
the reference gene sequence.

To check for the presence of a single PCR product, a 2% agarose gel (SeaKem GTG
Agarose, Cambrex, Rockland, ME, USA) was run in 1× TBE buffer, to which 7 L of SYBR
Green was added (Table 1).
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Table 1. Primer used in RT-PCR.

Gene S Primer Sequence (5′→3′) AS Primer Sequence (5′→3′) Banding Temperature

BMP-2 CCA GGT TAG TGA CTC AGA ACA C TCA TCT TGG TGC AAA GAC CTG C 60◦

2.7. Statistical Analysis

Statistical tests were performed using the SPSS Macros software. The F-test was
performed for analysis of variances to assess the surface wettability. As there were unequal
variances, a modification of the t-test, known as the Welch test, was performed. Values of
p < 0.05 were considered as statistically significant.

3. Results
3.1. Wettability

The results of the F-test showed that there were unequal variances between the two
sample groups, and the Welch test observed the mean contact angle to be 67 for the control
group, and 18.84 for the test group. This leads to a value of t = 77.06 to relate to a Student’s
t distribution with approximately 12 degrees of freedom. For α = 0.05, the reference
critical value of 1.78 indicates that there were statistically significant differences in the
contact angle measurements between the control group and the test group treated with
carboxyethylphosphonic acid. The box plots for the variation of the contact angles in each
group has been depicted in Figure 4.
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Figure 4. Boxplots showing the contact angle obtained for the control samples (blue) with its median
(67.8◦), minimum (63.2◦), and maximum (68.6◦); and the treated samples (orange) with its median
(18.65◦), minimum (18.3◦), and maximum (20.8◦).

3.2. Surface Texture Analysis Using SEM

It was observed that the cranial side of the screw surface did not differ from the control
group at lower magnification, but at higher magnifications, the surface roughness increased
in the Ti screws treated with carboxylphosphonic acid. The increase in texture was evident
in higher magnifications of 3000×. At the micrometer scale, granules appeared as ‘peak
and valley’ type surface structures due to the erosive process during the fabrication of
the substrate, with the acid-treated group having a more complex surface compared to
the control group. At higher magnifications of 1000× and 3000×, a greater number of
cracks and ‘pecked’ images appeared on the surface of the acid-treated logs, indicative of
a higher surface texture, mainly due to the corrosive action of the acid that causes small
structural modifications on the surface of the screws, which became more evident at higher
magnifications (3000×) (Figure 5).
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3.3. Protein Immobilization

The immobilization of proteins on the control and test groups of screws was assessed
using glucose oxidase, and analyzed with NHS-Fluorescein tagging. A fluorescence was
observed with titanium at a wavelength of 533 nm, confirming the presence of immobilized
protein on the surface of the titanium using this method. The addition of fluorescein to a
phosphonic acid-treated screw generated a surface that did not show fluorescence, and it
can be concluded that this process is viable, and that the fluorescence seen in the Ti could
be due to the immobilization of the protein (Figure 6).
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3.4. Cellular Behavior—Fibroblasts

Proliferation studies showed that fibroblasts presented a characteristic spindle-shaped
morphology at 24 h. A high proliferation index, typical of these cells in culture, was
observed, resulting in the observation of numerous mitosis figures in the fibroblast cultures
at this time. Incubation of fibroblasts with BMP-2 did not affect the morphology of these
cells, which remained spindle-shaped. In comparison with fibroblasts from control cultures,
an increase in cell proliferation could be observed from the initial moments of the culture.

Migration studies showed that BMP-2 also induced a higher rate of cell migration,
demonstrating the high chemotactic power of this molecule. Observation of the excavated
wells revealed an increased cell migration from the central well to the well where it had
been incubated with BMP-2. This translated into the presence of a greater number of cells in
the wells treated with BMP-2 from the initial moments of the culture, and was maintained
until 24 h after the start of the culture, at which time, cells began to be seen in the untreated
well. The use of BMP-2 in the treated wells did not induce morphological differences, but
the presence of a greater number of dividing cells as a consequence of the induction with
BMP-2 was easily observed.

In relation to cell behavior on the titanium surface, the cellular behavior the fibroblasts
was studied following implantation on the titanium surfaces, either in the control group
or those treated with carboxyethylphosphonic acid. After 24 h, microscopic examination
revealed a smooth surface, but there was no homogenous adhesion on the titanium screws
in the control group. The fibroblasts adhered to the screws had a more polygonal morphol-
ogy with numerous vesicles on the surface. There is progressive dislocation of the seeded
fibroblasts from the titanium surface at around 14–21 days, and there is a vast amount of
cellular debris observed on the surface (Figure 7).
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Figure 7. SEM Study of the sowing of fibroblasts in different incubation periods: (A) Control screws after 24 h at 500×
in which zones are observed where the adhered cells present a more polygonal morphology with many vesicles on their
surface (arrows); (B) Control screws after 24 h at 1000×; (C) Control screws after 28 days at 500×; (D) Control screws after
28 days at 1000× in which a large amount of cellular detritus is observed.

A contrasting finding was observed with fibroblasts seeded on the test groups treated
with the acid and BMP-2, where there was increased surface roughness on the screws. At
higher magnifications, the fibroblast cells exhibited a smooth surface with good adhesion
and expansion on the Ti surface at 24 h. Following 7 to 21 days of seeding, the cells formed
several layers with greater homogeneity across the Ti surface (Figure 8).
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Figure 8. S.E.M. Study of the sowing of fibroblasts in different incubation periods: (A) Acid + BMP-2 treated screws after
24 h at 500×; (B) Screws treated with acid + BMP-2 after 24 h at 1000×where it can be seen how the cells adhere and expand
over the treated surface of the titanium, growing in multilayer, which contrasts with the large amount of vesicles observed
previously in the control group; (C) Screws treated with acid + BMP-2 after 14 days at 100×; (D) Screws treated with acid +
BMP-2 after 14 days at 500×; (E) Screws treated with acid + BMP-2 after 21 days at 500×; (F) Screws treated with acid +
BMP-2 after 21 days at 1000×; (G) Screws treated with acid + BMP-2 after 28 days at 500×; (H) Screws treated with acid +
BMP-2 after 2 at 1000× where areas of slight cellular denudation are evident.

3.5. Cellular Behavior—MSCat Cells

Proliferation studies showed that MSCat cells in culture presented a polygonal mor-
phology with a spherical and centered nucleus, characterized by the presence of several nu-
cleoli, demonstrating a high activity of these cells in culture. The characteristics of these cells
as undifferentiated cells are evidenced by their high proliferative and self-renewal power.
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BMP-2 treatment of mesenchymal cells from adipose tissue maintained a polygonal
morphology, similar to that described for the cultures of these cells in the groups that
were not treated with this bone morphogenetic protein. In this group, it is worth noting a
decrease in the proliferative power of these cells, caused fundamentally by the influence of
this protein on the possible differentiation of these mesenchymal cells.

In the migration study, it was demonstrated, as in the fibroblasts, that BMP-2 also
induced a higher rate of cell migration of MSCat cells.

A similar process of seeding of mesenchymal stem cells was performed on the Ti
screws in the control group and the test group treated with carboxyethylphosphonic acid
and BMP-2. After 24 h, there was uniform coating of mesenchymal cells on the Ti surface
in the control group, and the cells appeared with varying morphologies from fusiform,
flattened, to polygonal shapes. After 21 days, there was instability of the cellular layer, and
cellular denudation was observed (Figure 9).
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Figure 9. SEM Study of the sowing of MSCat in different incubation periods: (A) shows seeding on control screw observed
at 1000× after 24 h; (B) shows seeding on control screw observed at 1000× after 7 days; (C,D) shows seeding on control
screw observed at 500× after 14 days; (E) shows seeding on control screw observed at 500× after 21 days; (F) at 1000× from
the surface of a screw belonging to the control group after 28 days of incubation where the formation of a multilayer with a
slight dislocation of the most superficial cellular layer is observed.

The MSCat cells seeded on the test specimens had a more stable layer, with cells having
a fusiform morphology and stable anchorage on the surface of the titanium. Around 14
and 21 days of observation, there were several layers of cells with high stability, and the
superficial layers had a pronounced secretory activity suggestive of a higher proliferation
(Figure 10).
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Figure 10. SEM Study of the sowing of MSCat in different incubation periods: (A) screws treated with BMP-2 and incubated
with MSCat after 24 h at 1000×, the presence of dividing cells can be observed; (B) screw treated with BMP-2 after 7 days of
culture with MSCat where deposits on the surface of a large quantity of secretion products can be seen at 1000×; (C) screw
treated with BMP-2 after 14 days of culture with MSCat at 1000×; (D) screws treated with BMP-2 after 28 days of seeding
at 1000×.

3.6. Identification and Phenotypic Characterization
3.6.1. Immunohistochemical Tests

Regarding immunofluorescence techniques for the type II BMP receptor, a very ho-
mogeneous distribution was observed along the membrane of the expanded fibroblasts in
culture, affecting approximately 75% of the cells. As for MScat cells, a very pronounced
labeling was observed on the membrane of isolated cells, which could demonstrate a higher
degree of differentiation of some of these cells (Figure 11).
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3.6.2. Enzyme-Linked Immunosorbent Assay (ELISA)

No BMP-2 release to the medium was detected in either fibroblast or MSCat control
cultures at any time. The addition of BMP-2 to the culture media caused a different
behavior between fibroblasts and MSCat cells: 30 min after treatment, no presence of
BMP-2 was observed in the fibroblast cultures. On the other hand, 30 min after stimulation,
a progressive increase in BMP-2 levels in the MSCat cell cultures was observed. Significant
differences were observed between 30 min and two hours after the stimulus between both
cell lines. In the absence of a new stimulus pulse, the secretion of BMP-2 by these cells
decreases over time, disappearing completely 24 h after the initial stimulus (Figure 12).
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3.6.3. Molecular Studies

MSCat and fibroblast cultures were used to undergo osteogenic differentiation induced
by bone morphogenetic protein type II (BMP-2) treatment, and the expression of messenger
RNA levels for BMP-2 was quantified at different study times. The results of the expression
of messenger RNA specific for BMP-2 can be seen in Figure 13.
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4. Discussion

There has been a tremendous increase in the research activity towards improving
the biological activity on the Ti and Ti alloy surfaces for the promotion of processes such
as osseointegration and soft tissue healing [22]. The conventional methods of surface
modification involved a top down approach involving multiple processes and special
guidance, whereas the emergence of nanotechnology has given rise to self-assembly, which
is a bottom up process that does not require specific guidance or an intervention during
the process of assembly [23].

In this in vitro study, it was observed that when there was an increase in surface
energy, it gets translated to higher surface wettability to blood, improved cellular adhe-
sion, and increased fibrin binding, matrix proteins, and differentiation factors. This can
influence cellular behavior such as proliferation, adhesion, and migration, and thereby
promote osseointegration and tissue healing following dental implant placement [24]. A
study conducted by Lan et al. [25] observed the water contact angles and the surface
wettability characteristics of a TiO2-modified surface with four types of phosphonic acid
compounds, along with the control. It was found that the TiO2 surface treated with
11-phosphonoundecanoic acid (PUA) had the best hydrophilic surface, with an average
contact angle measurement of 68.8 ± 0.7. The wettability and contact angle measurement
were based on the premise that when a material is placed in a biological surrounding,
there is adsorption of water to the material’s surface in the first few nanoseconds. Thus,
wettability of the material can determine its biological interactions, and, thus, moderate
hydrophilicity can favor cellular adhesion [26]. In this study, the average contact angle for
the control group was 67, and was 18.84 for the test group.

The SEM analysis of the Ti screws in both the groups revealed that there was a
considerable increase in the surface texture in the test group treated with the acid. The
appearance ranged from ‘peaks and valleys’ to a more cracked appearance on the Ti
surface. The surface texture and roughness on an implant can affect the rate at which
osseointegration occurs, and biomechanical fixation of the titanium to the bone [27]. The
surface roughness has been observed to play a significant role in protein adsorption
and adhesion of osteoblasts, which, in turn, can have an influence on the process of
osseointegration [28]. The increased surface texture observed in the test group in this study
could play an important role in the cellular behavior, as well as vital processes, such as
primary stability and osseointegration.

In this study, the immobilization of proteins revealed that there was significant fluo-
rescence of the Ti surface observed at 533 nm, suggestive of immobilized proteins. Similar
research, conducted by Tack et al. [29], observed an increase in immobilized proteins using a
similar method to this study, and the carboxyl functionalized group had the highest protein,
followed by the hydroxyl group. In this study, it was observed that cellular behavior such
as cell proliferation, migration, and morphology was improved on the treated surfaces with
acid and BMP-2 when compared to the control group. A study by Viornery et al. [30] ob-
served Ti discs following incubation in ethane-1,1,2-triphosphonic acid (ETP), and showed
that there was increased differentiation, proliferation, and production of proteins when rat
osteoblastic cells (CRP10/30) were seeded onto the functionalized surface.

The cellular behavior of fibroblasts and MSCat cells were observed in this study
following culture and seeding of these cell lines on the different study groups of Ti screws.
The fibroblasts had a more polygonal shape with numerous vesicles in the experimental
group with acid-treated Ti screws than the control group. There was also limited cellular
adhesion in the control group. The study group treated with acid and BMP-2 also showed
fibroblasts with a smoother surface and increased expansion, along with adhesion. Similar
findings were observed with the MSCat cell line on the experimental groups, and there was
a uniform coating of it. Mani et al. observed that SAMS on Ti surfaces prepared from an
aqueous solution of flufenamic acid via esterification reported the interaction of these SAMs
with human aortic endothelial cells (HAECs). It was shown that the cellular adhesion
was the highest in SAMs when compared to plain glass or the control Ti surface, although



Biomedicines 2021, 9, 1663 19 of 20

the rate of proliferation was slower. The cells also showed a polygonal morphology [31].
Although a direct comparison cannot be made with this study, it is reasonable to assume
that functionalization with SAMs can result in a favorable Ti surface for cellular adhesion,
and it is worth exploring the mechanism in future research.

This study has assessed the effect of SAMs on Ti surfaces using carboxyethylphos-
phonic acid. The limitation with the SAMs technique lies in its reproducibility and the
production of an ideal surface. The findings from this study can be taken as a preliminary
insight into the promising findings with the usage of this nanotechnology in performing
surface modification on Ti surfaces for improving osseointegration and wound healing.
Further studies using an Alizarin Red S staining assay can be performed to assess the
cellular behavior at a further level. Even though the results at the laboratory stage show
promise, the clinical implications of the utilization of this technique, clinical application for
dental implantology, and the shelf-life of these functionalized implant surfaces remain to
be explored.

5. Conclusions

In this in vitro study, it was observed that the treated Ti screws with carboxyethylphos-
phonic acid had the lowest contact angle for surface wettability. It also showed increased
surface roughness when observed under SEM, and an increase in immobilized proteins on
its surface. It was also noted that the cellular behavior of fibroblasts and MSCat cells were
improved in the test group treated with the acid. The SAM surface modification technique
is a promising breakthrough in the field of implantology, but it has to be explored further
on its clinical implications and commercial viability.
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