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Abstract: The use of dental implants has grown over the years and has led to higher success rates. To
further enhance surgical outcomes, many research groups and companies have shifted their focus to
surfaces roughness, wettability and chemistry. In a recent study a new dry salt bioactivate surface
has been described from a chemical and physical point of view. The aim of this study is to evaluate
the osteogenic response of pre-osteoblast cell lines to dry bioactivated surface. MC3T3-E1 osteogenic
cell lines were cultured on SM (sandblasted and dual acid-etched surface) and HNS (SM surface
with dry salts bioactive technology). Cell adhesion assay, proliferation assay and cell morphology
were performed. Osteogenic activity was performed using Alizarin Red S and alkaline phosphatase.
The results showed that SM surface determines a slighter but significant increase in cell adhesion
and proliferation in a shorter time compared to HNS. On the contrary, HNS surface has long and
intertwining filopodia that could be a response to surface HNS-topography that results in a higher
stage of differentiation. The nature of the HNS surface is more prone to determine massive deposition
of calcium minerals. This study is the first investigating the role of this interesting dry-salts bioactive
surface during the first phase of healing and its potential biochemical advantage could be validated
by future animal studies with the aim of evaluate the rate of bone implant contact in the early stages
of healing.

Keywords: wettability; bioactivate implant surfaces; surface chemistry; ultra-hydrophilic implants;
implants nano-surfaces; salt exsiccation layer; MC3T3-E1 osteogenic cell line

1. Introduction

The introduction of the osseointegration concept by Brånemark et al. [1], led the
research toward the “process whereby clinically asymptomatic rigid fixation of alloplastic
materials is achieved and maintained in bone during functional loading”. Attention has
then been focused on how to enhance the connection through material preparation and
surface modification to achieve osseointegration: Topographic modifications through
blasting with ceramic particles/acid etching and chemical modifications through titanium
plasma spraying, electrochemical anodization, and calcium phosphate coatings have been
proposed [2]. Among these surface treatments, combined etching and sandblasting have
shown the best results in bone apposition and removal torque [3]. Frequently, the treatments
have the purpose of increasing implant to bone surface ratio, additionally, rough surfaces
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have been demonstrated to activate osteoblast differentiation [4]. In particular, sandblasted,
large grit, acid-etched implant surface (SLA) treatment reformed the same topography
surface shaped by osteoclasts and the osteoblast response observed on this surface is
comparable to the response on surface conditioned by osteoclast [5].

Bioactive materials are now studied, bioceramics, ions, biomolecules, to determine
whether osseointegration would be achieved, how efficiently, and with what effect [6].

Engraving the surface is not enough to increase biological contact: The benefits derived
from micro-porosity and roughness can be enhanced by paying attention to wettability [7].
This property steered both the adsorption of proteins and the contact between blood cells
and implant by activating a different healing pattern [8]. It was noticed that hydrophilic
surface promotes the differentiation of MSC in osteoblasts and stimulates the secretion
of large quantities of anti-inflammatory cytokines [9]. Accordingly, achieving complete
hydrophilicity is the goal to increase the success of implant therapy. Several methods
have been proposed to increase wettability and obtain hydrophilicity that is featured
mainly at 0◦–5◦ contact angle (CA). N2 rinsing had a surprising effect on the implant
surface: First, thanks to the extreme purity of the surface, the dynamic contact angle
(DCA) was modified from 138◦ to 0◦ [10], turning hydrophobic surface into completely
hydrophilic one, second the possibility of bonds with blood proteins is greatly increased,
making the healing favorable [11]. UV light activation [12] or nonthermal atmospheric-
pressure plasma using different gases [13] had interesting outcomes both on hydrophilicity
and decontamination. Hydrophilicity is mainly influenced by roughness and chemical
inhomogeneities of surfaces [14] and high interfacial energy [15]. The roughness influences
wettability because when exposed to the air, the smallest micropores on the implant surface
trap air leading to different conditions lowering the wettability. Therefore, in order to
maximize wettability, roughness indentation must be hierarchically structured [16]. Dental
implant surface energy is initially extremely high because titanium oxide is produced
when titanium is in contact with atmospheric oxygen [17]. Nevertheless, the adsorption
of atmospheric hydrocarbons, caused by the high surface energy, lowered the interfacial
energy in time-dependent manner and consequently the wettability, turning the surface
from hydrophilic into a hydrophobic one [18]. Preventing loss of surface energy in order
to preserve wettability has been a crucial aspect and an important research topic in recent
years. Bayer and Meyer [19], in 1988, underlined the advantages of storage in water
titanium dental implant to maintain energy surface. This evidence led to the SLActive
(Sandblasted, Large grit, Acid-etched, Activated surface) technology, with the immersion
of an SLA surface in a saline solution [20]. In addition, other methods were reported
in order to prevent hydrocarbons deposition, such as storage in dry methanol [21] or
removing hydrocarbons with chair-side devices like UV light or glow discharge [22,23].
Finally, different types of coating have been studied, such as Hyaluronan coated dental
implant [24] or exsiccation of layer of potassium phosphate salt ions [25]. The dry state
storage with salts showed very encouraging results in terms of wettability preservation, but
the biological response with this kind of coating is still unknown. The aim of the present
study is to describe the response of pre-osteoblastic cells in vitro in terms of cell adhesion,
proliferation, morphology, and osteodifferentiation to a new dry bioactivated salt coated
surface (HNS, Hydrophilic/Nano Scale SLA surface with dry bioactive technology) and a
commercial Sub-Micron Surface Roughtness (RM).

2. Materials and Methods
2.1. Ti Disc Preparation

Five mm diameter and 1 mm thick discs were fabricated from Ti Grade 23 and
subjected to one of the following modifications:

1. SM: Commercial Sub-Micron Roughness Surface obtained by sandblasting and acid-etching.
2. HNS: Hydrophilic/Nano Scale sandblasted and acid-etched surface with dry

bioactive technology.
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A recent study [26] described SM to have a hydrophobic behavior with an esti-
mated Contact Angle (CA) of 76.5◦, while HNS reported a CA of 0◦ and thus an ultra-
hydrophilic surface.

2.2. Sample Size

A power analysis was estimated on the pilot samples [27] using the mean contamina-
tion values of 117.5000 ± 0.0054 spots/field (control) vs. 11,348.5 ± 0.0007 spot/field (test)
(p = 0.0001) was projected by setting effect size dz = 1.438, error probability a = 0.05, and
power = 0.95 (1-b error probability), resulting in 6 samples from each sub-group (G* Power
3.1.7 for Mac OS X Yosemite, version 10.10.3).

2.3. Cell Culture

To characterize the biological response in vitro, a pre-osteoblastic murine cell line MC3T3-
E1 (ECACC) was used [28]. Cells were maintained in Alpha MEM culture medium sup-
plemented with 10% fetal bovine serum (Gibco Life Technologies, Milan, Italy), 100 U/mL
penicillin, 100 µg/mL streptomycin (Gibco Life Technologies, Milan, Italy). Cells were kept
under a humidified atmosphere of 5% CO2 in air, at 37 ◦C.

2.4. Cell Adhesion Assay

Cell adhesion was evaluated on titanium disks placed in a 24-well plate as support.
Cells were detached using trypsin for 3 min, carefully counted, and seeded 2 × 103 at
cells/disk in 80 µL of growth medium on the disks with different roughness. The 24-well
plates were kept at 37 ◦C, 0.5% CO2 for 12 min. Titanium disks were then washed twice
with PBS and then fixed in 4% paraformaldehyde for 15 min at room temperature. Cells
were stained with 1 µM DAPI for 15 min at 37 ◦C to visualize cell nucleus. Cells were
counted using a Nikon Eclipse T-E microscope with 4X objective.

2.5. Proliferation Assay

In order to evaluate cell proliferation, CellTiter-Glo® Luminescent Cell Viability Assay
(Promega Corporation, Madison, WI, USA) was used. This is a method of determining
the number of viable cells in culture based on quantitation of the ATP present. Briefly,
3000 cells/disk were seeded, and the proliferation was assessed at 24, 48, and 120 h
measuring the luminescence through a microplate reader (Filtermax F5; Molecular Devices
LLC, San Jose, CA, USA).

2.6. Cell Morphology

Cells were seeded on titanium disks at a concentration of 1000 cells/disk in a 24-well
plate and then kept in growth condition. After 1, 6, and 24 h, the titanium specimens were
washed in PBS and then the cells were fixed with 4% paraformaldehyde (PFA) in PBS for
15 min. After washing with PBS, cells were permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich) in PBS and then saturated with 1%BSA in PBS for 40 min. In order to highlight the
focal adhesion, samples of 24 h time point were stained with Anti-Paxillin Antibody, clone
5H11 (Merck Millipore) O/N at 4 ◦C. Then, cells were stained with Rodhamine-Phalloidin
or AlexaFluor 488-Phalloidin (Life Technologies) and 1 uM Dapi (Life Technologies) to
respectively detect the cytoskeleton and the nuclei. Image acquisition was made recurring
to a Nikon Eclipse Ti-E microscope with a 10X, 20X, and 60X objective (Plan Fluor Nikon).
Image analysis was performed by means of ImageJ software. Then, cell area of MC3T3-
E1seeded on HNS and SM samples was measured.

2.7. Osteogenic Activity

In order to evaluate the osteogenic activity of MC3T3-E1 seeded on HNS and SM
samples, the cells were cultured for 21 days in Osteogenic Medium (Alpha MEM culture
medium supplemented with 10% fetal bovine serum and 50 µg/mL ascorbic acid, 10 mM
β-glicerophosphate, 10 nM dexamethasone), which was changed every 3 days.
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After 21 days, Alizarin Red S staining was performed on titanium samples. In order
to quantify this staining, the samples were treated with a 10% acetic acid solution, then, the
absorbance at 405 nm of this solution was measured through a microplate reader (Filtermax
F5; Molecular Devices).

Twenty-one days after osteogenic induction, the alkaline phosphatase (ALP) activity
was evaluated on culture medium and on cell lysates by using a specific kit Alkaline
Phosphatase Assay Kit ab83369 (Abcam), measuring the absorbance at 405 nm through a
microplate reader (Filtermax F5; Molecular Devices).

2.8. Statistical Analysis

Due to the nonparametric nature of the data collected, differences between groups
were analyzed using the Mann–Whitney–Wilcoxon test, by means of GraphPad Prism
7 software (GraphPad Software, Inc., La Jolla, CA, USA). All of the statistical comparisons
were conducted with a 0.05 level of significance.

3. Results
3.1. Cell Adhesion Assay

To characterize the biological response in vitro, the widely used pre-osteoblastic
murine cell line MC3T3-E1 was used. In particular, in order to evaluate the early biological
response, the ability of the cells to adhere to the titanium discs was studied. As shown in
Figure 1, SM surfaces are able to determine a significant increase in the adhesion level of
MC3T3 12 min after seeding.
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Figure 1. Cell adhesion was evaluated on all samples at 12 min. The level of cell adhesion was
measured by counting the number of adherent cells for each sample. Values represent mean ± SEM.
The symbol (*) indicates the statistical significance vs. HNS surface considering a p-value < 0.05.

3.2. Cell Morphology

To qualitatively evaluate the early cell morphology, fluorescence microscopy experi-
ments were conducted by marking the cytoskeleton and nuclei. As can be appreciated from
Figure 2, no particular alterations or differences in cell morphology are observed between
MC3T3s plated on HNS and SM surfaces at T1. On the other hand, a slight difference is
observed in the level of spreading, which is greater at T2 than at T1, with cells seeded on
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HNS surfaces appearing very slightly more elongated and less round than those plated on
SM surfaces.Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 11 
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Figure 2. Early cell morphology. Panel depicting the early morphological characterization performed on adherent MC3T3-E1
osteoblasts seed at 2 h (T1) and 6 h (T2) on HNS and SM surfaces. The cytoskeleton is labeled red with Rhodamine-Phalloidin.
Cell nuclei are stained blue with DAPI.

In order to investigate the morphological differences of the MC3T3-E1 24 h after
seeding on the different surfaces, different magnifications were considered (100, 200, and
600X). Cells were labeled in order to highlight the cytoskeleton, nucleus, and focal adhesion
points through paxillin labeling.

As it is possible to appreciate in Figure 3, cells seeded on the HNS surface appear much
more elongated and fusiform than those grown on the SM surface, which instead showed
a greater spreading. Furthermore, the cells on the HNS surface have long, intertwining
filopodia. Overall, as observed in the quantification of cellular areas, the cells grown on the
SM surface have a significantly greater cellular area than those grown on the HNS surface.
Observing qualitatively the labeling of paxillin (in red), no important differences in the
arrangement of focal adhesions are appreciated, however, it is possible to notice a slight
increase in the amount of red staining in the cells grown on the SM surface.
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Figure 3. Cell Morphology. MC3T3-E1 seed on HNS and SM sample after 24 h. Staining for Focal
Adhesions (Paxillin in red), cytoskeleton (actin, Alexafluor 488-phalloidin in green), neclui (DAPI in
blue). Images were acquired at 100, 200, and 600 magnifications. Quantification of cell area performed
with ImageJ. Values represent mean ± SEM. The symbol (*) indicates the statistical significance vs.
HNS surface, considering a p-value < 0.05.

3.3. Cell Proliferation

Cell proliferation on HNS and SM surfaces was then evaluated. No significant differences
are observed at 24 h, however, starting from 48 h, it is possible to appreciate a significant
increase in the proliferation of cells seeded on the SM surfaces compared to those on HNS.
This difference is particularly evident considering the data at 120 h (Figure 4).
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3.4. Osteogenic Activity

Finally, the ability of HNS and SM surfaces to impact the osteoblastic differentiation
of MC3T3-E1 pre-osteoblasts was evaluated. The cells were grown in osteogenic medium
for 21 days, and the calcium deposits were then measured by Alizarin Red S staining, and
the activity of alkaline phosphatase was evaluated on both the culture medium and the cell
lysate.

As it is possible to appreciate in Figure 5A,B, the HNS surface is able to determine an
impressive and significant increase in the calcium deposit compared to the SM surfaces.
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Figure 5. Osteogenic activity of MC3T3-E1 cultured for 21 days in osteogenic medium on HNS or SM
surfaces. Representative picture of staining of calcium deposit on titanium samples through Alizarin
Red S (A). Quantification of optical density at 405 nm of solubilized Alizarin Red S staining with 10%
acetic acid (B). Evaluation of ALP activity on cell lysate (C) and culture medium (D) of MC3T3-E1
by using ALP Activity Assay Kit ab83369 (Abcam). Values represent mean ± SEM. The symbol (*)
indicates the statistical significance vs. HNS surface, considering a p-value < 0.05.
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Surprisingly, the cells grown on the SM surfaces show, on the contrary, a significant
increase in the activity of alkaline phosphatase both in the cell lysate Figure 5C and in the
culture medium Figure 5D.

4. Discussion

New technologies and research in the dental implant field have led, in the last decade,
to a higher success rate and a better understanding of osteointegration processes [29].
Progress mainly derived from new implant surface and, consequently, the introduction
of devices with different roughness, wettability, and chemistry [30]. These variables are
strongly related, and understanding their role in the osteointegration process has given
implants superior clinical outcomes. The topography of the surfaces has been developed at
the micro (1–10 µm) and nano level (1–100 nm). Micro-roughened surfaces are obtained
with SLA or anodic oxidation treatments, while nano-roughened surfaces derived from
TiO2 nanotube layer, Coating with Hydroxyapatite or Calcium-Phosphorus Compound
or Functional Peptides, Photofunctionalization, Laser Ablation, and Flouride Treatment
by Cathodic Reduction [31]. HNS surface showed encouraging results in vitro [32]. Sev-
eral studies suggest that nanostructured topography provides a structure analogous to
natural bone enhancing protein absorption and the signaling pathways controlling cells
adhesion, proliferation, and differentiation [33,34]. Surface wettability is another crucial
aspect of osseointegration [35]. Wettability is quantified by the Contact Angle (CA), and
hydrophilic, hydrophobic, superhydrophilic, or superhydrophobic surfaces are recognized.
Most in vitro studies highlight those hydrophilic surfaces enhance early osteointegration
due to close interaction with biological fluids and better protein adsorption [36,37]. How-
ever, some studies suggest that extremely high surface energies can hinder motility and
cell functions [38]. Implant chemistry is modified by means of different coating materials,
including carbon, bisphosphonates, bioactive glass and ceramics, fluoride, hydroxyapatite
and calcium phosphate, Ti-nitride and salts [39]. In this study, a new surface created by
adding salts to an SM surface (HNS) was tested. Salt’s addition was made in order to
improve the wettability and stabilize the hydrophilic surfaces over time, avoiding wet
storage [40]. It is quite interesting to note that SM surface determines a slight but significant
increase in cell adhesion in a short time compared to HNS surface. It has been observed
that large increases in cell adhesion could also correlate with increases in cell spreading at
an early time. In this study, we observed a slight difference in the level of spreading, which
is greater at T2 than at T1, with cells seeded on HNS surfaces appearing very slightly more
elongated and less round than those seeded on SM surfaces indicating faster differentiation
on HNS surfaces.

HNS surface has long and intertwining filopodia that could be a response of cells to
surface nano-topography that results in a higher stage of differentiation.

This could indicate that in the SM surface there is a greater proliferation and cell
adhesion which is not an aspect that implies a faster differentiation.

As mentioned above, cell morphological differences are much more evident 24 h after
seeding. It is possible to observe that cells on the SM surface are rounder, with greater cell
spreading and that these cells have a tendency to aggregate more than those on the HNS
surface. Although it is necessary to deepen with further studies, this phenomenon could be
related to the tendency to proliferate more on this surface. Indeed, the proliferation essay
showed statistically significant differences between HNS and SM at 48 h and 120 h, with SM
surface greatly enhancing proliferation. Although the precise mechanism is still unknown
and further studies are needed, these results could also be due to the residual impurity
and contaminants on HNS surface hindering proliferation despite its ideal topography and
hydrophilicity. The difference between HNS and SM can be also attributable to in vitro
experimental conditions, and other studies are needed to clarify the role of Bioactivation
with salt in the early stages of healing.

Finally, we focused on the effects of bone differentiation on considered surfaces. To
this end, we evaluated calcium deposits and alkaline phosphatase activity, two classic
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indicators of bone differentiation. It is very interesting to observe that HNS surface can
significantly increase calcium mineralization deposits compared to SM surfaces. However,
considering alkaline phosphatase activity, it is surprising to note that it is higher in cells
grown on SM surface.

In order to interpret these data, some speculations can be made, which will be clarified
in subsequent studies. It is possible that the nature of the HNS surface is more prone to
determine the deposition of calcium minerals but also that the cells on this surface are able
to deposit calcium in greater quantities. On the other hand, we have shown that cells on
the SM surface proliferate more. Treatment with an osteodifferentiating medium is known
to induce the reduction of proliferation in favor of osteodifferentiation. Despite this, it is
possible that cells on the SM surface could proliferate more than those on the HNS surface
(especially in the initial stages of induction), and this could contribute to a greater amount
of alkaline phosphatase resulting in an increase in its total activity.

Many studies have evaluated the early biological response of super hydrophilic dental
implant surfaces [41–46], showing increased attachment, proliferation and osteogenic
potential of osteoblast-like cells. However, there are no similar studies in the literature
able to compare sandblasted and acid etched surfaces with bioactive ones activated by
salts. The activity of the salt layer, in terms of increasing surface energy, is encouraging
and the purity of the grade 23 Titanium surface is also demonstrated by salts total ability
to dissolve in contact with fluids. This study is the first investigating the role of salts layer
during the first phase of healing and it has been shown that the benefits are associated
with the massive deposition of calcium salts. A study of Bagambisa et al. [47] showed that
culture experiments have not always been correlated to in vivo results so this potential and
interesting biochemical advantage should be validated by future animal studies with the
aim of evaluating the rate of bone implant contact in the early stages of healing.

5. Conclusions

Notwithstanding all the limitations of this in vitro study, it is possible to state that
further investigation is needed to understand chemical interactions and eventual clinical
advantages in the osseointegration process due to dry bioactivation of implant surfaces
with salt.
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