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ARTICLE INFO ABSTRACT
Keywords: Objectives: To evaluate the effect of doxycycline and dexamethasone doped nanoparticles covering titanium
Titanium surfaces, on osteoblasts proliferation and differentiation.
Nanoparticles Methods: Doxycycline and dexamethasone doped polymeric nanoparticles were applied on titanium discs (Ti-
Osteoblasts DoxNPs and Ti-DexNPs). Undoped NPs and uncovered Ti discs were used as control. Human MG-63 osteoblast-
gz::;ﬁzg:;one like cells were cultured. Osteoblasts proliferation was tested by MTT assay. Alkaline phosphatase activity was
Doxycycline analyzed. Differentiation gene expression was assessed by real-time quantitative polymerase chain reaction.
Polymers Scanning Electron Microscopy was performed to assess osteoblasts morphology. Mean comparisons were con-
ducted by ANOVA and Wilcoxon or Tukey tests (p < 0.05).
Results: No differences in osteoblasts proliferation were found. Osteoblasts grown on Ti-DoxNPs significantly
increased alkaline phosphatase activity. Doxycycline and dexamethasone nanoparticles produced an over-ex-
pression of the main osteogenic proliferative genes (TGF-B1, TGF-BR1 and TGF-BR2). The expression of Runx-2
was up-regulated. The osteogenic proteins (AP, OSX and OPG) were also overexpressed on osteoblasts cultured
on Ti-DoxNPs and Ti-DexNPs. The OPG/RANKL ratio was the highest when DoxNPs were present (75-fold in-
crease with respect to the control group). DexNPs also produced a significantly higher OPG/RANKL ratio with
respect to the control (20 times higher). Osteoblasts grown on titanium discs were mainly flat and polygonal in
shape, with inter-cellular connections. In contrast, osteoblasts cultured on Ti-DoxNPs or Ti-DexNPs were found
to be spindle-shaped and had abundant secretions on their surfaces.
Significance: DoxNPs and DexNPs were able to stimulate osteoblasts differentiation when applied on titanium
surfaces, being considered potential inducers of osteogenic environment when performing regenerative proce-
dures around titanium dental implants.
1. Introduction biofilm development at the implant surface [1] and ii) the activation of
the immune system which is leaded by bacteria and titanium elutes,
Peri-implantitis is an inflammatory process associated, among ions and particles provoking an exacerbated inflammatory reaction
others, with a microbial challenge around dental implants, leading to a against implants [2]. At this stage, bone destruction together with a
progressive destruction of the supporting bone [1]. Two factors are proliferation of connective and granulation tissue are produced, re-
considered crucial in the development of this disease: i) a pathogenic sulting in tissue fibrosis, thus leading to the implant loss if incomplete
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or no treatment is applied [3]. Reported prevalence of peri-implantitis
is variable, but it is considered to be around 20% of the placed dental
implants [4].

Considering the importance of inflammation for fibrosis formation,
immunomodulatory and anti-inflammatory drugs, as dexamethasone
have been proposed for the fibrosis treatment [3]. Peri-implantitis is
also an infectious disease. Therefore, a wide spectrum antibiotic as
doxycycline may be efficacious as an adjuvant to the treatment and
prevention of this disease [5,6]. Dexamethasone is not only an im-
munomodulator and anti-inflammatory, but also an osteogenic drug
used for cell culture experiments to induce proliferation and maturation
of Human Bone Marrow Stem Cells [7] as well as to increase extra-
cellular matrix mineralization of osteoblasts [8,9]. Doxycycline has also
been reported to exert osteogenic effect when immobilized on mem-
branes for bone regeneration [10]. These antibiotic and anti-in-
flammatory drugs may ideally be administered through a system which
is able to permit their local release. It will not only reduce the non-
specific effects of the drugs on other tissues, but also enable to perform
an effective therapy by mild and sustained dosages [5,6].

Surface functionalization of dental implants has already been in-
tended. However, it was not successfully performed, mainly due to the
fact that these surfaces are chemically inert. The lack of reactive
functional groups at implants surfaces hampers the grafting of drugs or
any other molecule. There are some chemical techniques which may be
able to modify implants surfaces. Nevertheless, these techniques in-
volve multiple laboratory steps, high costs [3], and the may limit their
clinical applications.

Our proposal is the immobilization of polymeric nanoparticles (NPs)
doped with dexamethasone or doxycycline onto implant surfaces in
order to facilitate the local delivery of the drugs. This may be performed
applying an easy implant surface modification method, which may be
performed at the clinical environment, thus enhancing the effective
loading and selective release of the antibiotics and/or anti-in-
flammatory drugs at the implant site.

The present work aimed to evaluate if doxycycline and dex-
amethasone-doped polymeric nanoparticles, applied onto titanium
surfaces, may exert effects on the osteoblasts’ proliferation and differ-
entiation.

2. Materials and methods
2.1. Specimens preparation

Nanoparticles production: four different NPs have been manu-
factured as described by Osorio et al. [11]: (a) Undoped NPs (Un-NPs);
(b) NPs doped with doxycycline (Dox-NPs) and (c) NPs loaded with
dexamethasone (Dex-NPs). NPs were produced through a polymeriza-
tion/precipitation procedure with a composition of 2-hydroxyethyl
methacrylate (backbone monomer), ethylene glycol dimethacrylate
(cross-linker) and methacrylic acid (functional monomer), with a final
diameter of approximately 220 nm [12]. For the functionalizing pro-
cess, 30 mg of NPs were immersed during 30 min at room temperature,
and under continuous agitation, in an aqueous solution of dex-
amethasone (4OmgL_1) (Sigma-Aldrich, Chemie Gmbh, Riedstr, Ger-
many) and doxycycline hyclate (40mgL~') (Sigma-Aldrich) until
reaching the adsorption equilibrium. The suspensions were centrifuged,
and the NPs were separated from the supernatant and re-suspended in
phosphate buffered saline (PBS) [13]. Doped NPs were previously
shown to effectively liberate drugs [13].

Doxycycline and dexamethasone loading efficacy: it was eval-
uated by testing the concentration in the aqueous solution of dex-
amethasone and doxycycline hyclate before and after NPs immer-
sion, during the NPs doping process execution. Concentrations were
analysed by a Waters mass spectrometer with a C18 UPLC column
(UPLC Synapt G2 Mass Spectrometer Waters, Waters Corp. Milford,
MA, USA). In the case of dexamethasone, values were obtained with
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an UV-Vis detector at 242-nm wavelength (PDA 200-500-nm).
Calibration curves were created by plotting the attained values
against previously known concentrations. The quantities of released
drugs in each well were determined using these calibration curves.
The loading efficacy for the drug was the result of discounting the
final drug amount in the supernatants, to the initial quantity present
in the loading solutions.

Specimens’ production: Sterile titanium discs (TiD) (grade 2) of
6 mm of diameter were manufactured and donated by Klockner
(Klockner S.A., Barcelona, Spain), surfaces were comparable to the
commercially available SLActive® surface. Titanium discs were placed
inside the 24-well plate, and covered with 10 pL of the different na-
noparticles suspensions diluted in PBS (10rngmL_1)[6]. The control
group did only receive 10 pL of phosphate buffer solution (PBS).

2.2. Cell Culture

The surface over TiD covered with Un-NPs, Dox-NPs, Dex-NPs and
PBS were used for the establishment of the cell cultures. The human
MG63 osteosarcoma cell line was employed. Osteoblasts were obtained
from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were maintained in Dulbecco’s modified Eagle medium
(DMEM,; Invitrogen Gibco Cell Culture Products, Carlsbad, CA, USA). It
was added to the culture medium: Penicillin 100IUmL ™! (Lab Roger
SA, Barcelona, Spain), amphotericin B 2.5mgmL71 (Sigma, St. Louis,
MO, USA), gentamicin 50mgmL~! (Braum Medical SA, Jaen, Spain),
1% glutamine (Sigma), and 2% HEPES (Sigma) supplemented with 10%
fetal bovine serum (FBS; Gibco, Paisley, UK) [14]. Then, cultures were
kept in a humidified atmosphere of 95% air and 5% CO,, at 37 °C. Cells
were detached from the flask using 0.05% trypsin (Sigma) and 0.02%
ethylenediaminetetraacetic acid solution (EDTA; Sigma). Cells were
then rinsed and re-suspended in complete culture medium with 10%
FBS [14].

2.3. Cell Proliferation Assay

Osteoblasts were seeded at 1 x 10 cells/mL per well. The cells
were cultured in a humid atmosphere 95% air and 5% CO, at 37 C.
After 48 h, cell proliferation was assayed using the 3-(4,5-di-
methylthiazol-2-yl) — 2,5-diphenyltetrazolium (MTT) test (Sigma). The
media was replaced by phenol red-free DMEM with MTT 0.5mgmL ™!
and after incubated for 4 h. MTT cellular reduction resulted in the
formation of insoluble crystal deposits of formazan, that were dissolved
by adding dimethyl sulfoxide (Merck Biosciences, Darmstadt,
Germany). Absorbance was measured with a spectrophotometer
(Sunrise, Tecan, Mannedorf, Switzerland) at 570-nm [14]. The results
were expressed as mean absorbance and standard deviation (SD). At
least three experiments performed for each type of nanoparticles.

2.4. Alkaline Phosphatase Activity measurement

The alkaline phosphatase (AP) activity was used to evaluate the
early osteoblasts differentiation by a colorimetric assay (Diagnostic
kit 104-LL, Sigma). The conversion of the colourless substrate p-ni-
trophenyl phosphate to the yellow p-nitrophenol was measured by
this test; it was accomplished by the AP enzyme. The rate of colour
shift corresponded with the amount of AP enzyme present in the
culture. Some standards of p nitrophenol (0-250 uM) were also
prepared from dilutions of a 1000 uM stock solution, they were as-
sayed in parallel [14]. After 72 h, cell cultures on the discs placed
inside the 24-well plate were lysed in 100 pL of triton x-100 and then
with 1 M Tris pH 8.00 by ultrasonication for 4 min. The suspension
was then mixed with a 7.6 mM p-nitrophenylphosphate solution, at a
proportion of 1:10 and finally incubated for 15 min at 37°C. A sub-
strate solution was prepared by merging an aqueous solution of
4mgmL~"! of 4-nitrophenyl phosphate disodium salt (Sigma) with an
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Table 1
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Sequences of Primers for the amplification of osteoblasts’ cDNA by real-time polymerase chain reaction.

Gene Sense Primer (5'—3’) Antisense Primer

TGFp1 TGAACCGGCCTTTCCTGCTTCTCATG GCGGAAGTCAATGTACAGCTGCCGC
TGFB-R1 ACTGGCAGCTGTCATTGCTGGACCAG CTGAGCCAGAACCTGACGTTGTCATATCA
TGFB-R2 GGCTCAACCACCAGGGCATCCAGAT CTCCCCGAGAGCCTGTCCAGATGCT
TGFB-R3 ACCGTGATGGGCATTGCGTTTGCA GTGCTCTGCGTGCTGCCGA TGCTGT
Runx-2 TGGTTAATCTCCGCAGGTCAC ACTGTGCTGAAGAGGCTGTTTG

VEGF CCTTGCTGCTCTACCTCCAC CACACAGGATGGCTTGAAGA

0SX TGCCTAGAAGCCCTGAGAAA TTTAACTTGGGGCCTTGAGA

BMP-2 TCGAAATTCCCCGTGACCAG CCACTTCCACCACGAATCCA

BMP-7 CTGGTCTTTGTCTGCAGTGG GTACCCCTCAACAAGGCTTC

AP CCAACGTGGCTAAGAATGTCATC TGGGCATTGGTGTTGTACGTC

Col-1 AGAACTGGTACATCAGCAAG GAGTTTACAGGAAGCAGACA

0SC CCATGAGAGCCCTCACACTCC GGTCAGCCAACTCGTCACAGTC

OPG ATGCAACACAGCACAACATA GTTGCCGTTTTATCCTCTCT

RANKL ATACCCTGATGAAAGGAGGA GGGGCTCAATCTATATCTCG

UBC TGGGATGCAAATCTTCGTGAAGACCCTGAC ACCAAGTGCAGAGTGGACTCTTTCTGGATG
PPIA CCATGGCAAATGCTGGACCCAACACAAATG TCCTGAGCTACAGAAGGAATGATCTGGTGG
RPS13 GGTGTTGCACAAGTACGTTTTGTGACAGGC TCATATTTCCAATTGGGAGGGAGGACTCGC

equal volume of 1.5 M alkaline buffer (Sigma). The reaction was
stopped, by adding 1 mL 0.05 N NaOH, then, the final absorbance
was measured with a spectrophotometer at 405-nm (Sunrise, Tecan,
Ménnedorf, Switzerland). The total protein content was estimated by
the Bradford method using a protein assay kit from Bio-Rad La-
boratories (Bio-Rad Laboratories, Nazareth-Eke, Belgium). Experi-
ments were conducted in triplicate.

2.5. RNA extraction and real-time polymerase chain reaction (RT-PCR)
assessments

After 48 h of culturing, the Qiagen RNeasy extraction kit (Qiagen
Inc., Hilden, Germany) was used in order to extract the osteoblastic
mRNA. The amount of extracted mRNA from the cells was measured by
means of UV spectrophotometry at 260-nm (Eppendorf AG, Hamburg,
Germany). Afterwards, 1 pg of mRNA from each group was brought to
40 pL of total volume, reverse-transcribed to cDNA and amplified with
iScriptTM cDNA Synthesis Kit (Bio-Rad laboratories, Hercules, CA,
USA) by polymerase chain reaction [10].

The RNA was then reverse transcribed and after the NCBI- nucleo-
tide library and Primer3-design were used in order to design the pri-
mers to detect mRNA of: runt-related transcription factor 2 (Runx-2),
osterix (0OSX), alkaline phosphatase (AP), osteocalcin (OSC), osteopro-
tegerin (OPG), ligand for RANK (RANKL), type I collagen (Col-I), bone
morphogenetic proteins 2 and 7 (BMP-2 and BMP-7), TGF-1 and TGF-
B receptors (TGF-fR1, TGF-fR2, and TGF-BR3) and vascular en-
dothelial growth factor (VEGF). Results were always normalized using
ubiquitin C (UBC), peptidylprolyl isomerase A (PPIA), and ribosomal
protein S13 (RPS13) as housekeeping genes [10]. The primer sequences
are included in Table 1.

The RT-qPCR was conducted using the SsoFast™ EvaGreen®
Supermix Kit (Bio-Rad laboratories). The obtained cDNA (5 uL per
sample) was placed in 96-well microplates and amplified by means of
an IQ5-Cycler (Bio-Rad laboratories). The annealing and elongating
temperatures were set at 60-65°C and 72°C, respectively. Over 40 cy-
cles were performed. The Ct values were plotted against the log cDNa
dilution in order to obtain a standard curve for each of the targeted
gene. Then, nonspecific PCR products and primer dimers were ruled out
creating a melting profile and carrying out an agarose gel electro-
phoresis. The results were expressed as the proportion of ng of mRNA
per average ng of housekeeping mRNA [10]. The whole process was
performed in triplicate.

2.6. Scanning Electron Microscopy (SEM)

Osteoblasts were seeded at 1 x 10* cells/mL per well, onto the discs
previously placed inside the 24-well plate, and covered with the distinct
nanoparticles. The cells were cultured for 48 h, at 37°C and in a humid
atmosphere of 95% air and 5% CO,. Two discs of each experimental
group were submitted to critical drying point and were covered with
carbon. SEM (GEMINI, Carl Zeiss SMT, Oberkochen, Germany) analysis
was performed [14].

2.7. Statistical Analysis

Normal distribution was probed by Kolmogorv-Smirnov tests
(p > 0.05). Mean comparisons were conducted by one-way ANOVA for
variables following a normal distribution and by Kruskal-Wallis for non-
parametric data distribution. Bonferroni multiple comparisons were
carried out. Significance was set at p < 0.05. Data were always ex-
pressed as means + standard deviation (SD).

3. Results
3.1. NPs loading efficacy

Doxycycline and dexamethasone loading efficacy was 92% and
91.63%, respectively.

3.2. Cell Proliferation Assay

The results of the MTT assay are presented in Fig. 1, as mean and
standard deviations of the osteoblastic cells proliferation. No differ-
ences between groups were found (p = 0.122).

3.3. Alkaline Phosphatase (AP) Activity

Mean and standard deviations of AP activity are expressed as in-
ternational units (IU) of AP per mg of total proteins and they are pre-
sented in Fig. 2. Statistically significant differences were found between
Ti-DoxNPs (0.08 IU) and the other groups (with values ranging from
0.02 to 0.001).

3.4. Real-time Quantitative Polymerase Chain Reaction
Results from the RT-qPCR analysis are displayed in Fig. 3. In gen-

eral, it can be seen that the incorporation of doxycycline and dex-
amethasone to the experimental NPs caused an up-regulation of the
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Fig. 1. Mean and standard deviation of absorbance values obtained after the
MTT assay for the different experimental groups. No statistical differences were
found between groups. Ti: titanium discs, Ti-NPs: Titanium discs covered with
un-doped NPs, Ti-DoxNPs: Titanium discs with doxycycline doped NPs, Ti-
DexNPs: Titanium discs with dexamethasone doped NPs.

mTi mTi-NPs mTi-DoxNPs Ti-DexNPs

Fig. 2. Mean and standard deviation of international units of AP per mg of
proteins values obtained at the different tested discs. Distinct letter indicates
significant differences between groups after ANOVA and post-hoc comparisons
(p < 0.05). Ti: titanium discs, Ti-NPs: Titanium discs covered with un-doped
NPs, Ti-DoxNPs: Titanium discs with doxycycline doped NPs, Ti-DexNPs:
Titanium discs with dexamethasone doped NPs.

expression of the main osteogenic genes. Regarding the most relevant
proliferation-related genes, it can be observed how Dox-NPs and Dex-
NPs up-regulated TGF-B1, being overexpressed about 2 and 4 times,
respectively, if compared to the control titanium discs (p < 0.05). TGF-
BR1 genes were also overexpressed about 8 and 4 times (Dox-NPs and
Dex-NPs, respectively) and TGF-BR2 about 5 (Dox-NPs) and 2 (Dex-
NPs) times respect to the control discs (p < 0.05). TGF-fR3 was not
upregulated in any case (p > 0.05).

The expression of AP and Runx-2 was largely increased when os-
teoblasts were cultured in the presence of Dox-NPs and Dex-NPs (4-fold
and 8-fold increases, respectively, for AP; and 3-fold and 4-fold times
for Runx-2 respect to the control group; p < 0.05). In both cases, dif-
ferences between osteoblasts grown with Dex-NPs and Dox-NPs were
also significant (p < 0.05). In the case of OSX gene expression, Dox-
NPs and Dex-NPs produced an up-regulation (5-fold and 3-fold in-
creases respect to the control titanium discs, respectively) with sig-
nificant differences between both groups (p < 0.05). In relation to
bone morphogenetic protein BMP-2, Dox-NPs and Dex-NPs equally
produced a double-fold up-regulation respect to the control group.
However, for BMP-7, Dex-NPs produced positive up-regulation about 7-
fold change and Dox-NPs (with significant differences with Dex-NPs)
up-regulated BMP-7 about 3.5 times. OSC expression was only sig-
nificantly up-regulated in the group of Dex-NPs, being overexpressed
about four times (p < 0.05).

Dox-NPs and Dex-NPs groups attained a marked down-regulation of
the expression of RANKL, and in the case of Dox-NPs, OPG was also
overexpressed. Therefore, The OPG/RANKL ratio was significantly
higher when Dox-NPs were present (300-fold increase respect to the

Dental Materials xxx (XXXX) XXX—XXX

control group). Dex-NPs did not produce a significantly higher OPG/
RANKL ratio respect to the control group.

VEGF and COL-I genes expression were not modified by the pre-
sence of doxycycline nor dexamethasone doped NPs onto the titanium
discs (p = 0.12 and p = 0.38, respectively).

3.5. Scanning electron microscopy

Selected images from the SEM analysis are displayed in Fig. 4. A
general (Fig. 4 A to 4D) and a higher magnification view (Figs. 4E to
4H) of the four groups are provided. Cells were grown in every ex-
perimental group, and difference in number of cells is not appreciable
(Fig. 4 A to 4D). Osteoblasts grown on titanium discs were mainly flat
and polygonal in shape, with inter-cellular connections (Fig. 4 A and
4E). Mineral depositions may be observed on the surfaces of osteoblasts
cultured in the presence of Dex-NPs and Dox-NPs (Fig. 4 C and 4D). At a
higher magnification, it may be observed that osteoblasts grown in the
presence of Dox-NPs and Dex-NPs are spindle-shaped and have more
abundant secretions on their surfaces (Fig. 4 G and 4 H). Cytoplasmatic
extensions between cells and towards each other are clearly evidenced
in all groups (Figs. 4E to 4H).

4. Discussion

This study aimed to evaluate if doxycycline and dexamethasone-
doped polymeric nanoparticles, applied onto titanium surfaces, may
exert effects on the osteoblasts’ proliferation and differentiation. For
this purpose, a MG-63 osteoblast-like cell model was designed.
Proliferation was studied by means of MTT assay and also by the ex-
pression of proliferation-related genes using RT-qPCR (e.g., TGF-f1,
TGFB-R1, TGFB-R2 or TGFpB-R3). Osteoblasts’ differentiation was
quantitatively tested by AP activity analysis. Moreover, the expression
of differentiation-related genes (e.g., AP, OSC, BMP-2, BMP-7, Runx-2
or OSX) was also measured. The ratio of the genes expression OPG/
RANKL was analyzed in order to ascertain bone remodelling activity
and the potential effect on bone mass preservation [15]. Finally, SEM
images of the cultured osteoblasts onto the titanium surfaces were
evaluated as indirect evidence of NPs-to-cells and cell-to-cell interac-
tions. Cell morphology was also analyzed, provided the previously re-
ported association between changes in osteoblast morphology and its
differentiation stages [16].

In the present research, doped polymeric nanoparticles have been
applied onto titanium surfaces. Previously, various novel nanos-
tructured biomaterials and drug carriers, including titanium-based na-
notubes, polymer micelles, liposomes vesicle, peptides, multifunctional
polymers and other bioactive materials have also been researched for
implant surface modification, trying to enhance the bone healing pro-
cess and to avoid pathological bone loss [17].

The MG-63 osteoblast-like cell line was selected since these cells
share their main characteristics with primary human osteoblasts and
there are no interspecies differences with primary human osteoblasts.
Tumoral line cells need a shorter isolation time and there is unlimited
accessibly [18,19]. Proliferation of the MG-63 osteoblasts was studied
by MTT assay, and no differences were found among the experimental
groups and the control (titanium discs) (Fig. 1). This result is crucial, as
at this point, it is demonstrated that osteoblasts are able to grow onto
titanium surfaces treated with the experimental NPs as much as they
grown in the titanium surface per se. Therefore, it may be inferred that
the NPs are not harmful to the osteoblastic cells, and may be proposed
as carriers for therapeutic agents. To analyze these results, it should be
taken into account that SLA titanium surfaces are considered as the
‘gold standard’ for osteoblasts proliferation [20].

The present NPs are polymeric in nature. The NPs have a final
diameter of approximately 220 nm [12], but even when the mean
diameter of these NPs exceed 100 nm, following recommendations
on biopolymers terminology they can be considered as nanoparticles
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Fig. 4. SEM images of the osteoblasts cultured on the experimental titanium discs for 48 h. (A, E) Osteoblasts seeded on titanium are flat and polygonal shaped with
multiple cytoplasmatic connections. (B, F) Osteoblasts cultured on Ti-NPs are clearly visible, covering the complete surface. (C, G) Osteoblasts grown on Ti-DoxNPs
are fusiform and extracellular substance production is clearly noticed. (D, H) Osteoblasts proliferation on Ti-DexNPs discs are spindle shaped, they constitute a
continuous cell layer and they also have abundant extracellular substance deposits. Magnifications are 500x and 5,000x.

being below 500 nm [21]. They have been found to be non-cytotoxic
in previous in vitro experiments using fibroblasts [11] or stem cells
derived from human bone marrow [7]. They are non-resorbable and
do not elute any chemicals which may be harmful to cells [11]. This
initial proliferation and early adhesion of cells to titanium covered
by NPs, which is also evidenced by SEM (Fig. 4) is essential, as it may
determine the final fate of osteoblasts on the implant surface. In this
study, it is also evidenced by SEM analysis that the osteoblasts were
firmly attached to the NPs-covered Ti surfaces, and after 48 h they
were completely spread around the disks (Fig. 4). Osteoblasts cul-
tured on Ti-DoxNPs and Ti-DexNPs did also show production of
abundant extracellular matrix and exhibited some mineral deposits
(Fig. 4 G and 4 H). Therefore, it may be hypothesized that these NPs
covering the Ti surfaces may enhance the ability of osteoblasts to

secrete matrix proteins and deposit bone mineral for osteogenesis
[22]. It is also worth noting that the overall results from RT-qPCR
analysis evidenced that the incorporation of doxycycline and dex-
amethasone to the experimental NPs-covered Ti surfaces produced,
in the cultured osteoblasts, an over-expression of the main tested
osteogenic proliferation-related genes. Dox-NPs and Dex-NPs up-
regulated TGF-1 TGF-fR1 and TGF-BR2. TGF-BR3 was the only gen
that was not upregulated in any case (Fig. 3). These growth factors
are known to participate in the activation of the MAPK cascade
[22,23]. The MAPK signaling pathway is involved in controlling cell
growth, development and division, by influencing nuclear tran-
scription factors [23,24]. In addition, the MAPK signaling pathway
plays a pivotal role in the activation and signaling of other various
osteogenic growth factors [23,25].
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When evaluating AP activity, significant differences were found
between osteoblasts cultured on Ti-DoxNPs and the other experimental
groups (Fig. 2). Our results are in accordance with a previous in vitro
study in which doxycycline appears to enhance osteoblasts maturation
and differentiation, rather than proliferation [24]. It seems that dox-
ycycline exert activity through the Wnt/B-catenin pathway, which
regulates and accelerates bone regeneration [26,27]. The activation of
Wnt pathways has the potential to improve bone healing processes.
During the bone repair activity, the expression of many Wnt ligands and
receptors is upregulated [26,28], being this point specially important in
peri-implantitis treatment. The presence of Dkk-1, an inhibitor of Wnt
signaling, results in osteogenesis inhibition. In a previous work, it was
evidenced that doxycycline inhibited the Dkk-1 pathway while acti-
vating Wnt signaling, which is pivotal for osteoblast differentiation
[26,29]. Thus, doxycycline, by acting on Wnt pathway activation, may
accelerate bone regeneration as a part of a healing process [30].

Osteoblast differentiation is a complex process. It includes two main
steps: i) osteogenic commitment, mainly characterized by the upregu-
lation of a transcription factor, Runx2 [31], and ii) osteogenic differ-
entiation, in which the expression of specific osteogenic proteins and
transcription factors such as AP, OPG and OSX is produced [32,33,34].
In this study, the expression Runx-2 was up-regulated when DoxNPs
and DexNPs were present (3-fold and 4-fold times, respectively)
(Fig. 3). This effect has been previously encountered after dex-
amethasone [35] and doxycycline administration [30]. Moreover, the
expression of specific osteogenic proteins (AP, OSX and OPG) was also
higher on osteoblasts cultured on Ti-DoxNPs and Ti-DexNPs (Fig. 3).
This finding, points out the participation of the tested drug-loaded NPs,
at both steps of the process of osteoblasts differentiation. The canonical
Wnt signaling is an important pathway controlling osteoblast differ-
entiation and it has been advocated to be promoted by dexamethasone
[35] and doxycycline [30]. However, the exact mechanisms underlying
these effects have not been proved at the present experimental design,
and it may be considered as a study limitation.

OSC expression was only significantly up-regulated in the group of
DexNPs (Fig. 3), as dexamethasone has been shown to increase the
transcription of osteocalcin, promoting osteogenic differentiation, and
activating the function of osteoblasts [23].

BMPs are proteins that belong to the TGF-f superfamily, and several
effects have been demonstrated on osteoblasts proliferation, differ-
entiation and general functioning. At the present research, BMP-2 and
BMP-7 were both up-regulated by DoxNPs and DexNPs (Fig. 3), which
may also be a signal of enhanced osteogenesis [36]. Therefore, it may
be advocated an osteogenic effect induced in response to these bone
morphogenic proteins stimulation (the BMP-Smads pathways) which is
further sustained by the Wnt signalling [35,37]. Taking this into ac-
count, it seems that DoxNPs and DexNPs may be able to act in three of
the main molecular pathways involved in osteogenesis: i) the BMP-
Smads, ii) the Wnt/B-catenin and iii) the mitogen-activated protein
kinase (MAPK). It is known that these several pathways coordinate and
interact with one another to promote the proliferation and differ-
entiation of osteoblasts [22].

The receptor activator of NF-kB ligand (RANKL) and the osteopro-
tegerin (OPG) are a system of molecules that regulate bone remodeling,
stimulating and inhibiting osteoclast differentiation, respectively. It has
also been established their participation in the complex set of molecular
interactions leading to bone loss in the peri-implantitis process [38].
Local deregulation of the RANKL-OPG interplay, in favour of the pro-
osteoclastic component, may lead to bone resorption at the alveolar site
[39] and play an important role in the onset and severity of the peri-
implant diseases [40]. Osteoblasts grown in the presence of DoxNPs
attained a marked OPG overexpression and a down-regulation of the
RANKL. The OPG/RANKL ratio was about 300-fold increase respect to
the control group. DexNPs did not produce OPG up-regulation, which is
in accordance with previous reports about glucocorticoids action on
osteoblast differentiation [39,41]. However, a marked lowering effect
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in RANKL expression was encountered (Fig. 3). It may seem to be
contradictory, but it has been evidenced that not all glucocorticoids are
stimulators of RANKL gene expression. These drugs have the ability to
generate glucocorticoid receptor ligands that regulate their own cel-
lular effect. This permits an anti-inflammatory activity without in-
hibiting OPG production and/or without stimulating or even by low-
ering RANKL production [39,41].

In the light of the present results, and lacking further research, it
could be hypothesized that the application of these NPs on the titanium
surface of dental implants may promote peri-implant bone formation. It
could be considered as an effective local strategy to promote osteogenic
differentiation by a proper localized drug-delivery system. It should be
considered that other substances as growth factors including bone
morphogenetic proteins and transforming growth factor-f have been
previously proposed to favour the differentiation into bone cells or to
stimulate bone cells proliferation in this same clinical scenario.
However, they posse high cost, difficult dosage and rapid degradation,
limiting their clinical use. Therefore, there is a clear need to expand
alternative high capacity osteogenic inducers [42]. Doxycycline and
dexamethasone have been previously proposed to induce osteogenic
differentiation of bone marrow-derived mesenchymal stem cells in vitro
[7,43] and to significantly enhance bone-related gene expression and
the formation of mineralized nodules [44]. Doxycycline loaded NPs
seem to have a major osteogenic effect than those functionalized with
dexamethasone. Moreover, they have been shown to have a potent
antibacterial and anti-biofilm formation properties [6]. However, the
benefit of DexNPs as immunomodulator agents remains to be ascer-
tained.

The novelty of this investigation should be highlighted, due to the
thorough evaluation of the effect of these experimental drug-loaded
NPs on osteoblastic cells, including proliferation, differentiation, mi-
neralization and genes expression. DexNPs and DoxNPs have been
shown to be able to induce osteoblasts differentiation and to modulate
the expression of the main molecules implicated in osteogenesis.
Therefore, these NPs may constitute a potential new tool for multiple
potential in-chair treatments. However, as it is an in vitro study, it
should be interpreted with caution and next steps including preclinical
in vivo experimental research is needed.

Another limitation of the present study is that the experimental
design does not include mechanistic assays. However, it should be taken
into account that osteogenic differentiation is a complex process in-
volving numerous signaling cascades; and mechanistic assays, which
could facilitate the understanding of a particular action, are usually
unable to ascertain the complex biological and regulatory processes,
requiring expression of the multiple implicated steps. It is recognized
that new experiments for discovering unknown interactions of dox-
ycycline and dexamethasone with target genes and biochemical path-
ways are needed in future investigations.
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