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Titanium (Ti) is a common material used in dentistry 
for the manufacturing of dental implants, crowns, 

and bridges. Thanks to its favorable characteristics, 
such as high corrosion resistance, good mechanical 
properties, biocompatibility with the surrounding tis-
sues,1,2 Ti is one of the most long-lasting materials 
used.3 Osseointegration and postcondition, which are 
related to the cells’ capability to anchor on the implant 
and to the bones’ ability to grow on a specific surface,4 
are two of the main aspects of an efficient implant sys-
tem. It has been widely demonstrated that Ti plays a 

pivotal role in this field, enticing osteoblasts and bone 
deposition and leading to the filling of the whole space 
between the implant and the surrounding tissue. Re-
searchers are continuously focused on the optimization 
of Ti-based implant surfaces and internal topography 
characteristics by using different techniques, such as 
additive manufacturing, aiming at developing custom-
ized alloys with specific porosity and controlled surface 
features. In particular, it has been recently demon-
strated that macro-porous Ti-based implants with an 
open interconnected structure, characterized by pores 
ranging from 200 to 400 µm, are able to guarantee a 
stable bone tissue placement that helps promote bone 
regeneration.5,6

In a previous study,7 a laser-melted 3D-printed Ti-
specimen (Ti A) was drawn in computer-aided-design 
(CAD) and produced via a laser melting technique with 
an open cell form. This was validated in terms of bio-
compatibility and capability to induce in vitro osteo-
genic differentiation. In accordance with the above 
reported results, the open cell inner form of Ti A, resem-
bling the trabecular structure of bone tissue, demon-
strated a faster osteogenic differentiation along with an 
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ameliorated cell interaction with the scaffold surface, 
thus revealing a better bioactivity profile compared to 
standard Ti specimens.7 

Immediately after placement, an inflammatory re-
sponse is activated by the immune system and after-
wards by cells of soft tissues, thus requiring a tight 
equilibrium between pro-inflammatory and anti-
inflammatory processes to avoid implant rejection 
events.8 Indeed, a dysregulated inflammatory condi-
tion affects the healthy tissue surrounding the implant 
and prevents osteomodulation,9 however, an ineffec-
tive inflammatory response might interfere with ma-
terial integration, osteogenic differentiation, and new 
tissue growth. Debris or particles released from the 
host implanted material or surgical trauma triggered 
by placement procedures require a balanced interac-
tion between biomaterials and the immune response 
to obtain an optimal material inclusion.10,11 Moreover, 
it has been also demonstrated that the intensity of the 
inflammatory response is related to surface character-
istics and internal topography of Ti specimens, in par-
ticular hydrophilic and wettable rough Ti alloys appear 
to generate an anti-inflammatory microenvironment.12

Nuclear factor E2-related factor 2 (Nrf2) is a tran-
scription factor regulating oxidative stress and attenu-
ating inflammation through the translocation from the 
cytoplasmic compartment to the nuclear compart-
ment, where it transcriptionally activates the following 
antioxidant enzyme genes: heme oxygenase-1, super-
oxide dismutase (SOD), glutathione peroxidase enzyme 
(GPX), and more.13,14 Upon periodontitis, Nrf2 plays an 
important role in anti-apoptotic pathways, by reducing 
intracellular reactive oxygen species (ROS), inducing the 
transcription of anti-apoptotic and anti-inflammatory  
factors, or by contrasting the production of pro- 
inflammatory cytokines.15 In the periprosthetic osteoly-
sis occurring in Ti-joint replacement induced by wear 
particles, Nrf2 has been found to be downregulated.16 
By contrast, ROS production and osteoclast differen-
tiation, along with bone resorption, are suppressed 
through the Nrf2-induced nicotinamide adenine dinu-
cleotide phosphate oxidase 4 blockade.17 In this view, 

materials able to modulate the Nrf2 pathway (directly 
or indirectly) could be a promising approach to take.

Dental pulp stem cells (DPSCs) were previously used 
as a valid source for bone regeneration,18–20 promoted 
by differentiation factors such as ascorbic acid (Asc), 
β-glycerophosphate (β-Gly), and dexamethasone (Dex), 
generally dissolved in the culture medium and deliv-
ered to the target cells. A limit of the canonical delivery 
of differentiation factors to DPSCs might be the short 
half-life of the dissolved factors in the growth medium, 
thus decreasing their effectiveness before reaching the 
intracellular compartment. To overcome this limitation 
and to better deliver necessary differentiating factors 
to DPSCs, the present authors have set up a cell system 
where a liposomal formulation (LipoMix) was tested, 
proving its capability to accelerate and enhance DPSC 
osteogenic commitment.20 

The aim of this study was to evaluate the occurrence 
of DPSC osteogenic commitment cultured on Ti A by 
comparing the cell response obtained in the presence 
of conventional differentiated conditions (DM) (differ-
entiating factors dissolved within the culture medium) 
with that obtained from DPSCs in the presence of the 
LipoMix formulation. Additionally, to investigate the 
modulation of inflammation in the two above men-
tioned experimental conditions, the expression of the 
master regulator of intracellular antioxidant response 
(the transcription factor Nrf2) and the activity of one 
of its enzymatic effector (catalase) were measured. Fi-
nally, Prostaglandin E2 (PGE2) secretion was evaluated 
to investigate whether the presence of Ti A and Lipo-
Mix might influence the release of pro-inflammatory 
molecules.

MATERIALS AND METHODS

Synthesis of Ti
Porous Ti specimens A (Andrew Medical) were designed 
and synthesized as previously described and summa-
rized in Table 1.7

Table 1  Description of Titanium Specimens

Material Size/shape Synthesis Heat treatment Post-production treatment 

Ti6Al4V Discs 5 mm in 
diameter and 2 in mm 
depth / Open cell form

• RenAM 500Q (Renishaw)
• Laser power: 200 W
• Speed: 0.9 m/s
• Layer thickness: 15 µm

Vacuum heat treatment at 
800°C for 1 hour

• �Sonication for 5 minutes in deionized 
water at 25°C

• �Submersion in NaOH (20 g/L) and 
hydrogen peroxide (20 g/L) at 80°C 
for 30 minutes

• �Sonication for 5 minutes in deionized 
water

• �Submersion in a mixture of organic 
acids (50% maleic/oxalic) at 80°C for 
45 minutes
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Preparation of Liposomes
Liposomes of POPC and/or cholesterol were prepared 
by using the lipid film rehydration method as described 
in our previous work.20 The thin lipid film was obtained 
by adding 225 nmol of POPC (Avanti Polar Lipids) and 25 
nmol of cholesterol (Merck) dissolved in chloroform in a 
round bottomed flask and drying the solution under re-
duced pressure at 40 °C. To embed the liposomes with 
hydrophilic the differentiating factors Asc and β-Gly, 
the phospholipid film was rehydrated for 30 min with 
2 mL of phosphate buffer saline (PBS), 250 µL of Asc, 
and 250 µL of β-Gly. To embed the liposomes with the 
hydrophobic differentiating factor Dex, the liposomes 
were rehydrated for 30 minutes with 250 µL of Dex in 
DMSO mixed with 2.25 mL of PBS. Liposomes were 
then sonicated, sterilized, and equal volumes of the 
two liposomal suspensions, with the hydrophilic and 
hydrophobic differentiating factors, were mixed obtain-
ing a final concentration of β-Gly, Asc, and Dex of 50 
mmol/L, 1 mmol/L, and 100 nmol/L, respectively, into 
the final suspension. The final concentration of lipids 
was 0.1 mmol/L (phospholipids and cholesterol ratio= 
90:10). Dimensions and surface charge (ζ-potential) of 
liposomes were characterized by using a dynamic laser 
light scattering apparatus (Brookhaven Instrument). 
In order to image the obtained liposomes, the Atomic 
Force Microscopy (AFM) analysis was performed via a 
MultiMode 8 AFM microscope with a Nanoscope V con-
troller (Bruker). The sample for AFM analysis was pre-
pared by depositing a drop of diluted suspensions of 
POPC-Chol liposomes on a SiO2 wafer and then drying 
it in the oven at 30° Celsius for 2 hours and at room tem-
perature overnight. The obtained sample was scanned 
by the silicon ScanAsyst-Air probe (triangular geometry, 

cantilever resonance frequency of 70 kHz, and nomi-
nal spring constant of 0.4 N/m) using ScanAsyst in Air 
mode. Images of 512 × 512 pixels were collected with 
scan sizes of 1.6 × 1.6 mm and 4 × 4 mm and were ex-
plained using the NanoScope analysis 1.8 software.

Cell Culture and Treatments
The experimental design is summarized in Fig 1. 

Human DPSCs were purchased from Lonza Group, 
cultured up to passage 5 at 30° Celsius with 5% carbon 
dioxide in α-MEM medium (Merck), which was supple-
mented with 10% of fetal bovine serum and 1% penicil-
lin/streptomycin (Euroclone S.p.A.). Subsequently, 0.25 
× 104 cells were seeded on each Ti disc. The cells were 
allowed to adhere under culture conditions and then 
they were incubated with DM (Ti A + DM) or Lipo-Mix 
(Ti A + LipoMix) for up to 28 days. Media were replaced 
every 72 hours. DM condition consisted of complete 
α-MEM supplemented with the following osteogenic 
differentiating factors: Dex 10 nM, β-Gly 5 mM, and Asc 
0.1 mM (Merck). LipoMix was made up of liposomes 
embedded with the three osteogenic differentiating 
factors dispersed 1:10 v/v in α-MEM, reaching in the 
medium at the same final concentration as the DM con-
dition. After each experimental time point (1, 3, 7, 14, 
and 28 days), supernatants were collected for further 
analyses.

Cell Metabolic Activity (MTS Test)
Cell metabolic activity of DPSCs seeded on Ti discs and 
treated as previously described was measured by the 
3-(4,5-dimethylthiazol-2-yl)- 5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) test. At the es-
tablished time points, the assay was carried out as already 
reported in a previous paper by the present authors.21

Fig 1    Schematic description 
of the experimental design 
and methods.
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Protein Extraction and Western Blot Analysis
At the established time points, cells seeded on Ti were 
detached by means of trypsin and then scraped and 
harvested through centrifugation. Pellets were then 
treated as abovementioned, the supernatants were har-
vested, and the protein concentration was measured.21 

A total of 15 µg of lysate for each sample were sep-
arated on a 4% to 20% SDS-PAGE Gel (ExpressPlus 10 
× 8, GenScript Biotech Corporation) by electrophore-
sis and then underwent a transfer on a nitrocellulose 
membrane. The membrane was blocked in 5% non-fat 
milk, 10 mmol/L Tris-HCl pH 7.50, 100 mmol/L NaCl, and 
0.1% (v/v) Tween-20, and then incubated at 4° Celsius 
and gently shook in the presence of mouse monoclo-
nal anti-β1 Integrin (1:200), rabbit polyclonal anti-Nrf2 
(1:750) (all from Santa Cruz Biotechnology), and mouse 
monoclonal anti-β-actin (1:5000) (Merck) primary an-
tibodies. The day after, the membrane was probed in 
the presence of specific IgG horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Calbiochem). 
Immunoreactive bands were revealed by means of ECL 
detection system (LiteAblot Extend Chemiluminescent 
Substrate, EuroClone), and a densitometric analysis 
was carried out using a ChemiDoc XRS system and the 
QuantiOne 1-D analysis software (BIORAD); note that 
densitometric values were expressed as Integrated Op-
tical Intensity. Densitometric values were normalized 
on obtained values of internal β-actin.

Alizarin Red S (ARS) Staining
After 7-, 14-, and 28-days, calcium deposits indicative 
of cell mineralization were detected by using ARS stain-
ing. At the established time points, Ti discs were rinsed 
twice in PBS with Ca2+/Mg2+ and cell monolayer was 
fixed for 15 min at room temperature in paraformalde-
hyde 4% and then twice rinsed in distilled water. After 
that, each alloy was incubated with 40 mL of Alizarin 
Red S solution (final concentration) (Merck) at room 
temperature under shaking. After 20 minutes of incu-
bation, the dye excess was removed by multiple rinses 
with distilled water. Calcium deposits were made sol-
uble for the spectrophotometric evaluation by adding 
800 µL/ Ti of 10% acetic acid and probed under shaking 
for 30 minutes. After Ti surfaces scraping, calcium de-
posits were collected and vortexed in a tube, followed 
by the addition of heated mineral oil (Merck). After 5 

minutes in ice, the tubes were centrifuged at 20,000× 
g for 15 minutes. The Optical Density (OD) of the solu-
tion was spectrophotometrically read at 405 nm wave-
length (Multiscan GO, Thermo Fisher Scientific) after the 
removal of the supernatant and addition of 10% ammo-
nium hydroxide. The obtained data were normalized on 
RNA quantification data.

RNA Extraction
To extract RNA, a PureLink RNA Mini Kit (Life Technolo-
gies) was applied following the procedure already de-
scribed.21 The extracted RNA was eluted in 30 µL of 
nuclease-free water and the RNA concentration (ng/µL) 
was determined through Qubit RNA BR Assay Kit (Life 
Technologies).

Reverse Transcription and Real-Time Reverse 
Transcription-Polymerase Chain Reaction (Real-
Time RT-PCR) 
To reverse transcribe 250 ng of RNA, the high-capacity 
cDNA Reverse Transcription Kit (Life Technologies) was 
used. Reactions were carried out with volumes of 20 µL 
and probed in a thermal cycler following the previously 
described steps.21 Gene expression was determined by 
quantitative PCR via the PowerUp SYBR Green Master 
Mix (2×) (Thermo Fisher Scientific). Each amplification 
reaction was carried out in a MicroAmp Optical 96-weel 
Reaction Plate (Life Technologies) in a final volume of 
20 µL consisting of 10 µL of SYBR Green, 1 µM of each 
primer (stock solution 100 µM), 10 ng of cDNA, and 
Nuclease-Free Water. Primer sequences are reported in 
Table 2.

The run method consisted of the following steps: 
50 ° Celsius for 2 minutes, 95 ° Celsius for 2 minutes, 
40 cycles of amplification at 95 °Celsius for 15 seconds, 
and 60 ° Celsius for 1 minute in QuantStudio 3 (Thermo 
Fisher Scientific).21 Gene expression data were then 
elaborated by means of QuantStudio Design and Anal-
ysis Software version 1.5.1 (Thermo Fisher Scientific). 
The PCR products’ authenticity was confirmed by the 
analysis of the melt curve. The investigated gene fold 
changes were measured in relation to 18S ribosomal 
expression and it was used as housekeeping. The fold 
change of the SP7 gene was calculated by the com-
parative ∆∆CT method (relative quantification) and ex-
pressed in relation to day 1 in DM condition.

Type 1 Collagen Secretion
A human type 1 collagen enzyme-linked immunosor-
bent assays (ELISA) kit (Cosmo Bio) (assay limits: mini-
mum = 0.02 µg/mL, maximum = 40 µg/mL) was used 
to determine the amount of collected type 1 collagen 
secreted in the supernatants 1, 3, 7, 14, and 28 days of 
culture after the procedure.21 The absorbance of the fi-
nal solution was measured at 450 nm wavelength using 

Table 2  Primer Sequences for Quantitative PCR

Primer Sequence (5’–3’) Reference

18S-FW CATGGCCGTTCTTAGTTGGT Primer blast

18S-RW CGCTGAGCCAGTCAGTGTAG Primer blast

SP7-FW CTCAGGCCACCCGTTG Primer blast

SP7-RW CATAGTGAACTTCCTCCTCAAGC Primer blast
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a microplate reader (Multiskan GO, Thermo Scientific). 
The concentration of type 1 collagen (µg/mL) was cal-
culated using a standard curve generated with specific 
standards provided by the kit and normalized with the 
amount of RNA (ng/µL) of each sample.

Alkaline Phosphatase Activity
Alkaline phosphate (ALP) activity (mU/mL/ minute) 
was determined through a colorimetric ALP activity as-
say kit (Abcam; sensitivity > 10 µU; range = 10 µU–250 
µU) by using the supernatants collected at the estab-
lished time points. The supernatants were pipetted in 
a 96-well clear flat bottom treated-culture microplate 
(Falcon) and incubated with 5 mmol/L pNPP substrate 
for 1 hour at room temperature in the dark. A stop solu-
tion was then added into each well and the absorbance 
was measured at 405 nm wavelength via a microplate 
reader (Multiskan GO, Thermo Scientific). The ALP activ-
ity was calculated following the manufacturer’s instruc-
tions and normalized with the amount of RNA (ng/µL) 
of each sample.

Catalase Activity
The catalase activity (mU/mL) was measured after 1, 3, 
7, 14, and 28 days with a colorimetric assay performed 
by the Amplex Red Catalase Assay kit (Molecular Probes, 
Thermo Fisher Scientific) while following the manu-
facturer’s instructions. The Amplex Red reagent has 
greater stability, yields less background, and produces 
a red-fluorescent product (excitation/emission maxima 
~571/585 nm) that is more readily detected than the 
similar reduced methylene blue derivatives commonly 
used for colorimetric determination of lipid peroxides 
in plasma, sera, cell extracts, and a variety of membrane 
systems.22 The absorbance of each experimental point 
was measured at 560 nm wavelength and subtracted 
from the value of the no-catalase control. Data of the 
catalase activity, calculated using the standard curve, 
were normalized on RNA quantification data.

PGE2 Secretion
The secretion of PGE2 (pg/sample) released in the cul-
ture medium was determined through the superna-
tants harvested after each time point by ELISA assay 
(Enzo Life Sciences; range = 39.1–2,500 pg/mL; species 
independent) according to the manufacturer’s indica-
tions. To determine the optical density values, a Multi-
scan GO microplate spectrophotometer (Thermo Fisher 
Scientific) was used, and the absorbance was read at 
405 nm wavelength. The PGE2 concentration was de-
termined by plotting the obtained values on a standard 
curve through the Prism5 software (GraphPad). The se-
cretion values were normalized on RNA quantification 
data and expressed as means of absolute amounts of 
PGE2 secreted/well (pg/sample).

Vascular Endothelial Growth Factor Secretion 
At the established time points (1, 3, 7, 14, and 28 days of 
culture), amounts (pg/mL) of human vascular endothe-
lial growth factor (VEGF) released into the collected su-
pernatants was read by using a VEGF ELISA kit (Enzo Life 
Sciences; range = 8–2,000 pg/mL; 100% cross-reactivity 
to human VEGF 165; no cross-reactivity to VEGF121, 
PDGF-AA, IL-10, GRO, Endothelin-1, big Endothelin-1, 
G-CSF, SCF, IL-8, HGF, or Endothelin-3.) following the 
manufacturer’s instructions. Briefly, 100 µL of each su-
pernatant was loaded in a well of a 96-well plate with 
break-apart strips coated with a mouse monoclonal an-
tibody specific to VEGF, supplied by the kit. After 1 hour 
of incubation at room temperature and under gentle 
shaking, each well was washed with the provided wash 
buffer and then incubated with VEGF detector antibody 
for 30 minutes at room temperature. After some wash-
es, the plate was incubated for additional 30 minutes 
with VEGF conjugate. A TBM solution triggered an HRP-
catalyzed reaction with the generation of a blue stained 
solution, which turns yellow after adding a stop solu-
tion. The absorbance was read at 450 nm wavelength 
by a GO microplate spectrophotometer. A generated 
standard curve allowed the determination of VEGF pg/
mL release, and it was normalized with ng/µL of RNA for 
each sample.

Statistics
Statistical analysis was performed by one-way ANOVA 
through Prism 5.0 software (GraphPad) followed by 
Tuckey’s post-hoc test. Statistically significant values 
were established for P < .05.

Each experiment has been performed in triplicate.

RESULTS

Liposomes Characterization
The analyses performed confirmed that the embedding 
of hydrophilic osteogenic differentiating factors in the 
liposomes does not change the liposomal size (Table 
3). A small reduction was observed in the case of Dex-
enriched liposomes due to the fact that Dex solubilizes 
in the membrane bilayer thus interfering with the phos-
pholipidic rearrangement, as previously evidenced.18

Table 3  �Dimensions and ζ-potentials of 
investigated liposomes

Sample Mean diameter (nm) ζ-potential (mV)

Empty liposomes 371 ± 88 –6.2 ± 0.6

Liposomes + Asc + β-Gly 377 ± 70 –5.8 ± 0.7

Liposomes + Dex 313 ± 124 –10.6 ± 0.6
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Figure 2 shows two AFM 2D height channels of di-
luted POPC-Chol liposomes in order to clarify the range 
of the representative vesicles. The color scale indicates 
the height of the sample and evidences the presence 
of flat and irregular vesicles. This feature usually repre-
sents a fixation artifact—due to the alteration induced 
by the drying step—leading to the formation of bilayer 
films spread over the surface of the SiO2 wafer with 
the presence of flattened vesicles on the top of these 
bilayers. The dimensions of the dried liposomes are in 
agreement with DLS measurements. Indeed, the cross-
sectional height profiles taken along different vesicles 
and the Particle Analysis tool in the Nanoscope soft-
ware applied to the images showed that the mean di-
ameter falls in the range of 200 ± 150 nm.

Cell Viability Evaluation
DPSCs seeded on Ti A were cultured in the presence of 
α-MEM (Ti A + DM) or LipoMix (Ti A + LipoMix) for up to 
28 days. After 1, 3, 7, 14, and 28 days, cell viability was 
measured by the MTS test. After 3 days of culture, cells 
grew on Ti A + DM disclose with an appreciable increase 
in viability with respect to Ti A + DM at day 1; in parallel, 
a viability increase was recorded in cells grown on Ti A + 
LipoMix compared to Ti A + DM. After 7 days of culture, 
a statistically significant reduction of the viability rate 
was recorded in the Ti A + DM sample with respect to Ti 
A + DM at day 1. After 14 days of culture, both Ti A + DM 
and Ti A + LipoMix cell samples showed a significant in-
crease compared to the same experimental conditions 
at day 1. In addition, cells grown in the presence of Ti A 
+ LipoMix evidence a significant peak of viability level 
with respect to cells grown in the presence of Ti A + DM. 
Finally, after 28 days of culture, both cells grown on Ti A 
+ DM and Ti A + LipoMix revealed an increase of viabil-
ity with respect to the same experimental conditions at 
day 1 (Fig 3).

Evaluation of DPSC Adhesion Capability 
The protein expression of β1 integrin, highly involved 
in the DPSC adhesion process to the surfaces, has been 
investigated after 1, 3, 7, 14, and 28 days of culture via 
a western blot analysis. In the presence of Ti A + DM, 
expression-levels of β1 integrin decrease in a time- 
dependent manner from day 1 to day 28. In parallel, 
cells grown on Ti A + LipoMix express β1 integrin in a 
higher extent compared to Ti A + DM at the same ex-
perimental times. After 7 days of culture, cells grown 
in the presence of Ti A + LipoMix evidence a significant 

Fig 2    AFM images of representative LipoMix characterized by dif-
ferent magnifications. The color scale is indicative of the height of the 
sample.

Height Height800.0 nm 320.0 nm

73.5 nm 28.7 nm

Fig 3    MTS assay performed on DPSCs cultured for 1, 3, 7, 14, and 28 
days in the presence of Ti A + DM or Ti A + LipoMix. The bar graph 
shows the mean ± SD of three independent experiments. The follow-
ing letters mean statistical significance: a = P < .01, b = P < .001, c = 
P < .0001 vs the same experimental condition (Ti A + DM or Ti A + 
LipoMix) at day 1; d = P < .01, e = P < .001, f = P < .0001 vs Ti A + DM at 
the same experimental time.
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f = P < .0001 vs Ti A + DM at the same experimental time.
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reduction of β1 integrin expression with respect to the 
same condition at day 1. The decrease was amplified at 
day 14 while after 28 days of culture, an appreciable in-
crease in β1 integrin expression was registered (Fig 4). 

Analysis of the Deposition and Mineralization of 
Extracellular Matrix (ECM)
In order to evaluate the deposition and mineralization 
process of the extracellular matrix (ECM) by DPSCs, an 
Alizarin red staining evidencing the calcium inorganic 
nodules of ECM was carried out followed by the analy-
sis of SP7, type 1 collagen, and ALP osteogenic mark-
ers. Alizarin red staining was performed after 7 days, 14 
days, and 28 days. At all tested experimental times, cells 
cultured in the presence of Ti A + LipoMix revealed a 
statistically significant increase in the matrix deposition 
with respect to DPSCs in the presence of Ti A + DM (Fig 
5). 

Then, the gene expression of the late osteogenic 
marker, namely SP7, was evaluated after 1, 3, 7, 14, 
and 28 days of culture. After 3, 7, and 28 days of cul-
ture, SP7 gene expression appears significantly reduced 
in cells grown both in the presence of Ti A + DM and 
Ti A + LipoMix with respect to the same experimental 
conditions at day 1. After 14 days of culture, Ti A + DM 
revealed a significant reduction of SP7 gene expression 
again compared to Ti A + DM at day 1, whereas Ti A + 
LipoMix showed a marked peak compared to both Ti A 
+ LipoMix at day 1 and Ti A + DM at day 14 (Fig 6a).

Next, the secretion within the culture medium of a 
second well known osteogenic marker, represented by 
type 1 collagen, was measured by means of an ELISA 
assay, after 1, 3, 7, 14, and 28 days of culture. After 7 and 
14 days of culture Collagen I released by DPSCs cultured 
on Ti A + LipoMix is significantly higher compared to 
both Collagen I secretion of DPSCs grown on Ti A + DM 
and the same experimental condition at day 1 (Fig 6b). 
Among the bone ECM proteins, ALP was included and 
thus, ALP activity was also tested after 1, 3, 7, 14, and 
28 days of culture. After 1 day of culture, the recorded 
level of ALP activity in DPSCs cultured on Ti A+ LipoMix 
had statistically decreased with respect to ALP activity 
disclosed in the presence of Ti A+ DM. After 3, 7, and 28 
days of culture, ALP activity in Ti A + DM and in Ti A + 
LipoMix was significantly reduced with respect to the 
same experimental conditions as day 1. Conversely, af-
ter 14 days of culture, a statistically significant increase 
in ALP activity in Ti A + LipoMix experimental condition, 
with respect to Ti A + DM, is disclosed in Fig 6c.

Evaluation of Oxidative Stress Counteraction 
The expression of the redox-sensitive Nrf2 protein was 
measured through a western blot analysis after 1, 3, 7, 
14, and 28 days. At the earliest experimental time (1 
day), Nrf2 expression was comparable in-between the 

two experimental conditions. At day 3, cells weakly ex-
press Nrf2 both when cultured on Ti A + DM and on Ti + 
LipoMix. After 7 days of culture, the protein expression 
was significantly augmented in Ti A + LipoMix com-
pared to Ti A + DM. After 14 days of culture, Nrf2 ex-
pression in Ti A + LipoMix slightly decreased compared 
to Nrf2 expression in the same experimental condition 
at day 7; however, it was higher than the ones regis-
tered for DPSCs on Ti A + DM. Finally, after 28 days, a 
statistically significant decrease of Nrf2 expression was 
recorded in Ti A + LipoMix, while levels of expression 
remain stable in Ti A + DM compared to day 14 (Fig 7a).

In parallel—after 1, 3, 7, 14, and 28 days of culture—
the catalase activity was read finding a reduction of the 
enzyme activity in Ti A + LipoMix with respect to Ti A + 
DM after 1 and 3 days. In addition, after 3 days of cul-
ture, the enzyme activity was also significantly reduced 
with respect to the same experimental point at day 1. 
On the contrary, after 7 and 14 days of culture, catalase 
activity increased in the Ti A + LipoMix sample and ap-
peared to be significantly higher with respect to the 
recorded values in the Ti A + DM sample. Additionally, 
after 7 and 28 days of culture, the recorded level was 
significantly reduced both in Ti A + DM and in Ti A + Li-
poMix compared to the same experimental conditions 
at day 1 (Fig 7b).

Evaluation of Angiogenesis
PGE2 secretion levels were measured by means of an 
ELISA essay performed after 1, 3, 7, 14, and 28 days 
of cell culture. After 1 and 3 days of culture, the PGE2 
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Fig 5    Alizarin red staining performed on DPSCs cultured for 7, 14, 
and 28 days in the presence of Ti A + DM or Ti A + LipoMix. The bar 
graph shows the mean ± SD of three independent experiments and 
represents OD values of solubilized orange-red stained calcium 
deposits/OD MTS ratio. The following letters mean statistical sig-
nificance: a = P < .01, b = P < .001, c = P < .0001 vs the same experi-
mental condition (Ti A + DM or Ti A + LipoMix) at day 1; d = P < .01,  
e = P < .001, f = P < .0001 vs Ti A + DM at day 1. OD = optical density; 
MTS= 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)2-(4-
sulfophenyl)-2H-tetrazolium
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secretion of cells grown on Ti A + LipoMix were appre-
ciably reduced compared to PGE2 levels of cells grown 
on Ti A + DM. Furthermore, after 3 days of culture, it was 
possible to evidence an increase of PGE2 level both in 
Ti A + DM and in Ti A+ LipoMix with respect to same ex-
perimental conditions at day 1. Conversely, after 7, 14, 
and 28 days of culture, a statistically significant increase 
in PGE2 secretion was recorded in Ti A + LipoMix with 

Fig 6    (a) Relative gene expression of SP7 in DPSCs cultured for 1, 
3, 7, 14, and 28 days in the presence of Ti A + DM or Ti A + LipoMix. 
Data are expressed as relative to Ti A + DM at day 1 (calibrator sample 
defined as 1). (b) ELISA assay for type 1 collagen secretion in DPSCs 
cultured for 1, 3, 7, 14, and 28 days in the presence of Ti A + DM or Ti A 
+ LipoMix. Secretion levels are reported as μg/mL/μL of RNA. (c) ALP 
activity in DPSCs cultured for 1, 3, 7, 14, and 28 days in the presence of 
Ti A + DM or Ti A + LipoMix. Bar graph showing the enzymatic activity 
of ALP (U/mL) were normalized on μL of RNA values. For each assay, 
the mean ± SD of three independent experiments is shown in all bar 
graphs. The following letters mean statistical significance: a = P < .01, 
b = P < .001, c = P < .0001 vs the same experimental condition (Ti A + 
DM or Ti A + LipoMix) at day 1; d = P < .01, e = P < .001, f = P < .0001 vs 
Ti A + DM at day 1.

Fig 7    (a) Nrf2 expression levels in DPSCs cultured for 1, 3, 7, 14, and 
28 days in the presence of Ti A + DM or Ti A + LipoMix. The most rep-
resentative of three independent western blot experiments is shown, 
and β-actin is used as loading control. The bar graph displays densi-
tometric values, expressed as mean ± SD, of Nrf2 normalized on load-
ing control. (b) Catalase activity in DPSCs cultured for 1, 3, 7, 14, and 
28 days in the presence of Ti + DM or Ti A + LipoMix. The bar graph 
shows the mean ± SD of three independent experiments and repre-
sents the activity of catalase expressed in mU/mL and normalized on 
RNA values. The following letters mean statistical significance: a = P < 
.01, b = P < .001, c = P < .0001 vs the same experimental condition (Ti 
A + DM or Ti A + LipoMix) at day 1; d = P < .01, e = P < .001, f = P < .0001 
vs Ti A + DM at the same experimental time.

Ti A + DM

1 
da

y

1 
da

y

3 
da

y

3 
da

y

7 
da

y

7 
da

y

14
 d

ay

14
 d

ay

28
 d

ay

28
 d

ay

Ti A + LipoMix

β-actin

Nrf2 61 kDa

42 kDa

N
rf

2 
(re

la
tiv

e 
pr

ot
ei

n 
ex

pr
es

si
on

)

0.6

0.4

0.2

0.0
1 3 7 14 28

  Ti A + DM   Ti A + LipoMix

Days

c

c c
c

f

f

c, f
c, f

Ca
ta

la
se

 a
ct

iv
ity

 (m
U

/m
L)

60

40

20

0
1 3 7 14 28

  Ti A + DM   Ti A + LipoMix

Days

c
c

c
c

f f

c, d

a, f

a

b

A
LP

 a
ct

iv
ity

 
(m

U
/m

L/
m

in
 o

n 
ng

/µ
L 

of
 R

N
A

)

0.15

0.10

0.05

0.00

Days

  Ti A + DM   Ti A + LipoMix

1 3 7 14 28

SP
7 

(re
la

tiv
e 

ge
ne

 e
xp

re
ss

io
n) 3

2

1

0

Days

  Ti A + DM   Ti A + LipoMix

1 3 7 14 28

c c
c c

c c c

c, f

Co
lla

ge
n 

ty
pe

 1
 

(µ
g/

m
L 

on
 n

g/
µL

 o
f R

N
A

) 0.15

0.10

0.05

0.00

Days

  Ti A + DM   Ti A + LipoMix

1 3 7 14 28

b, f

c, f

b

a

b

c

f f

c c

c
c

c

c
c

© 2025 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 



The International Journal of Oral & Maxillofacial Implants  435

Gallorini et al

respect to Ti A + DM. Finally, after 7, 14, and 28 days of 
culture, recorded PGE2 levels for Ti A + DM appeared 
appreciably reduced with respect to the same experi-
mental conditions at day 1; while PGE2 measured levels 
in Ti A + LipoMix condition were, after 7 and 28 days, 
significantly reduced with respect to the same experi-
mental condition at day 1 and, after 14 days, it signifi-
cantly increased (Fig 8a).

Then, VEGF secretion was taken into consideration 
by measuring release levels through an ELISA assay af-
ter 1, 3, 7, 14, and 28 days of culture. At all tested experi-
mental times, VEGF secretion levels appeared to have 
significantly increased in Ti A + LipoMix with respect to 
Ti A + DM condition. Furthermore, a statistically signifi-
cant augmentation of VEGF levels was recorded after 3 
and 14 days of culture in Ti A + LipoMix with respect to 
the same experimental condition at day 1, whereas an 
appreciable reduction was disclosed after 7 and 28 days 
with respect to the same experimental condition at day 
1. Finally, VEGF release in Ti A + DM after 7, 14, and 28 
days of culture had significantly increased with respect 
to the same experimental condition at day 1 (Fig 8b).

DISCUSSION

The optimization of Ti surfaces and of their internal 
topography still represents a challenging goal for re-
searchers working in regenerative dentistry. In par-
ticular, it has been previously demonstrated that a 
3D-printed Ti A, with an open cell form, characterized 
by interconnected pores and resembling the trabecu-
lar structure of bone tissue, was able to better promote 
and accelerate DPSC differentiation towards the osteo-
genic phenotype.7

Standard differentiation protocols admit that mes-
enchymal stem cells are induced to the osteogenic 
phenotype when cultured in the presence of differen-
tiating factors, such as Asc, β-Gly, and Dex; previously 
dissolved in the culture medium, thus reducing the 
effectiveness before reaching their molecular target. 
To guarantee an ameliorated and increased delivery 
of osteogenic differentiating factors directly to DPSCs, 
LipoMix (liposomal formulation containing differentia-
tin factors) was developed by our group in a previous 
work.20 Thus, the current paper aimed to evaluate the 
efficacy of a liposome-triggered osteogenic differen-
tiation in DPSCs cultured on an innovative 3D-printed 
Ti A scaffold characterized by an open cell form shape. 
Then, the obtained results were compared with those 
derived from DPSCs cultured on Ti A in the presence of 
DM in the standard condition.

Ti A surface architecture, in the presence of LipoMix 
formulation, was able to efficiently promote an appre-
ciable DPSC viability. In particular, the open cell form of 

Ti A and the presence of a network of interconnected 
pores that were already showed in the scanning elec-
tron microscopy cross-sectional view of Ti A7 could 
explain the decrease in cell viability recorded for both 
of the following experimental conditions: (1) at day 7 
and (2) day 14. At day 7, cells that had penetrated and 
adhered in the deep pores of Ti A, colonized the inner 
structure of the alloy first—as already demonstrated 
in different experimental models23—thus, imped-
ing to record a high viability signal at the beginning 
of the experimental period. The highest cell viability 
level was recorded later, approximately in the middle 
of the differentiation period at 14 days, and could be 
explained by admitting that cells—having filled up the 
inner pores network—colonized on the Ti A surface (as 
already disclosed in scanning electron microscopy mor-
phologic analysis of our previous work).7 After 14 days, 
a steady state could be hypothesized probably due to 
the achievement of a confluence state, as often found 
in previous reports.18,19 Additionally, pre-osteoblasts 

Fig 8    ELISA assay for (a) PGE2 and (b) VEGF secretion of DPSCs cul-
tured for 1, 3, 7, 14, and 28 days in the presence of Ti A + DM or Ti A + 
LipoMix. Secretion levels are reported as pg/mL per RNA values (PG). 
The bar graph shows the mean ± SD of three independent experi-
ments. The following letters mean statistical significance: a = P < .01, 
b = P < .001, c = P < .0001 vs the same experimental condition (Ti A + 
DM or Ti A + LipoMix) at day 1; d = P < .01, e = P < .001, f = P < .0001 vs 
Ti A + DM at the same experimental time.

PG
E2

 p
g/

m
L 

(n
or

m
al

iz
ed

 o
n 

ng
/µ

L 
of

 R
N

A
) 0.25

0.20

0.15

0.10

0.05

0.00
1 3 7 14 28

  Ti A + DM   Ti A + LipoMix

Days

c

cc

c

f

c, f

c, f

c, f

c, f

a

VE
G

F 
pg

/m
L 

(n
or

m
al

iz
ed

 o
n 

ng
/µ

L 
of

 R
N

A
) 0.250

0.125

0.000
1 3 7 14 28

  Ti A + DM   Ti A + LipoMix

Days

c

c

c

f

c, f

c, f

c, f

c, f

b

© 2025 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 



436  Volume 40, Number 4, 2025

Gallorini et al

proliferation and attachment on 3D biomaterials are 
reported to be tightly regulated by the modulation 
of several proteins including β1 integrin (also named 
CD29), which is a collagen-binding protein uniformly 
expressed on DPSC surface24 and time-dependently 
augmented during DPSC osteogenic commitment.20 
The present results were in accordance with the afore-
mentioned studies, which underlines that the highest 
expression of β1 integrin indicated a pronounced ca-
pability for liposome formulation, in combination with 
3D-printed Ti architecture, to promote a better and 
stronger cell adhesion in comparison to DM in the stan-
dard condition.

In the last few decades, ECM deposition was com-
monly assumed as a positive indicator of osteogenic dif-
ferentiation.25 In the present experimental model, it can 
be argued that the administration of differentiating fac-
tors by means of LipoMix formulation not only promot-
ed mineralized nodules formation but also significantly 
anticipated their formation with respect to standard 
DM conditions. This hypothesis was confirmed by the 
expression of SP7, a transcription factor responsible 
(after upstream activation by RUNX2) for osteoblasts 
mineralization and osteoids generation.26 This effect 
allows RUNX2–SP7-double-positive pre-osteoblasts 
differentiation into mature bone cells.27 In accordance 
with this role, the presence of consistent peaks of SP7 
in DPSCs exposed to liposomal formulation, confirms 
the early progression of the mineralization process and 
the efficacy of the osteogenic differentiation on the Ti 
A surface promoted by LipoMix. ALP is an osteogenic 
marker that catalyzes the hydrolysis of pyrophosphate 
and leads to calcium deposition, thus promoting the 
subsequent inorganic matrix crystals formation.5,20 ALP 
enzymatic activity generally increases during stem cells 
osteogenic differentiation and before the beginning 
of matrix mineralization.28 The ALP activity level in the 
present experimental model further supports the hy-
pothesis of a positive LipoMix effect on the promotion 
of DPSC osteogenic differentiation. Indeed, appreciably 
augmented DPSC osteogenic differentiation has been 
found in the presence of LipoMix at day 14 with respect 
to DM condition. To complete the osteogenic markers 
panel analysis, collagen fibers—the scaffolds for the 
deposition of hydroxyapatite crystals29—were consid-
ered. Type 1 collagen secretion has been also taken into 
consideration finding again a peak in protein secretion 
in the presence of liposomal formulation. Interestingly, 
this information is also in accordance with β1 integrin 
expression and evidences a double role for this protein: 
(1) it allows cell adhesion at early times and (2) pro-
motes deposition of ECM, type 1 collagen interaction, 
at late experimental times.

Oxidative stress is a double-edged sword because 
excessive amounts of oxidants cause damage to 

biomolecules, whereas the maintenance of a physi-
ologic level of ROS is essential for governing crucial cell 
functions through redox signaling.30 Nrf2 is the master 
regulator of the intracellular defense against toxic and 
oxidative insults because it triggers the transcription 
of genes involved in a oxidative stress response and 
ROS enzymatic detoxification, such as catalase, SOD1, 
and GPX.14 Dental placement of a Ti alloy inevitably 
generates ROS. The process of implant placement may 
also lead Ti particles to enter the soft tissue and cause 
inflammation in gingival fibroblasts and dental pulp 
cells.31 Recently, the critical role of Nrf2 in regulating 
antioxidant cell responses during metal implant pro-
cedures has been highlighted.16 Analogously, the ten-
dency during dental procedures to apply compounds 
capable of counteracting the excessive early oxidative 
stress by activating intracellular antioxidants molecular 
signaling is rapidly emerging.32 Moreover, the modifica-
tion of Ti roughness, implant surfaces, and their inner 
characteristics are crucial for determining the evolution 
of the cell inflammatory response in terms of cytokine 
secretion and anti-inflammatory signaling induction.33 
In this light, expression levels of Nrf2 were measured in 
our experimental model along with the activity rate of 
the antioxidant enzyme catalase and the pro-inflamma-
tory mediator PGE2. DPSCs on Ti A added with LipoMix 
rapidly express Nrf2 and the levels of expression of Nrf2 
are kept consistent for the entire experimental proce-
dure. Despite the fact that ascorbic acid embedded in 
the liposome formulation was administered in minimal 
concentrations to trigger the secretion of collagen type 
1—and thus, initiating ECM deposition to be mineral-
ized34—it is plausible that it can be rapidly incorporated 
by cells on the Ti surface and trigger the Nrf2-mediated 
antioxidant response. In clinical practice, antioxidants 
such as ascorbic acid are choices for periodontal dis-
ease and peri-implantitis treatment, whereas oxidative 
stress needs to be tightly regulated at the earliest stag-
es32; and thus, the administration of the innovative for-
mulation LipoMix after the Ti application could ensure a 
faster absorption of antioxidants by soft tissues, which 
avoids compound degradation and the occurrence of 
lag time before the beginning of the antioxidant ef-
fect. Along the same lines, at the earliest experimental 
times (1 and 3 days) in the present study, catalase was 
activated as well but to a lesser extent with respect to 
Ti A + DM, whereas a switch could be detected start-
ing from day 7 when the catalase was significantly ac-
tivated by LipoMix. Finally, PGE2 levels decreased with 
respect to Ti A + DM at day 1 and 3 but increased after 
day 7, which was in agreement with the activity of cata-
lase. It has been widely recognized that a high level of 
ROS is cytotoxic and inhibits normal cellular processes. 
However, with more recent discoveries, it is evident that 
ROS also plays an important and positive role in skeletal 
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tissue repair, specifically fracture healing.35 In particular, 
the enhanced expression of catalase and its augmented 
activity has been demonstrated in several experimental 
models of osteogenesis. In addition, catalase-mimetic 
coatings of nanomaterials reveal a better osteoconduc-
tive profile because they protect pre-osteoblasts from 
oxidative stress occurrence.36

The process of osteoblast differentiation and bone 
mineralization is closely coupled to neovasculariza-
tion.37 During ossification, it is important that the con-
densation of the Mesenchymal stem cell signal arrives 
in a timely manner to the vascular cells so that osteo-
genic differentiation and mineralization can occur. 
Mesenchymal stem cells can directly signal to assist 
angiogenesis in fracture healing by interaction with a 
variety of factors (among which is VEGF). Moreover, the 
aggregation of mesenchymal stem cells participates in 
the regulation of angiogenesis by modulating redox-
sensitive proteins in the endothelial compartment.36 
In the present experimental model, the VEGF secre-
tion was strongly increased in the presence of LipoMix 
at all the experimental times. It was plausible to as-
sume that the increase of the intracellular antioxidant 
machinery enhanced by the LipoMix contributed also 
to the angiogenesis promotion. Moreover, the earlier 
PGE2 decrease, triggered by LipoMix, is a sign of anti- 
inflammatory process occurrence. Similarly, the suc-
cessive PGE2 increase is pro-angiogenetic being 
prostaglandins also involved in the promotion of neo-
vascularization.38 The present authors have already re-
ported on the pro-angiogenic role of PGE2 in models of 
osteogenesis in the presence of DPSCs and biomateri-
als,39 thus reinforcing our findings.

This study had the following limitations: (1) primary 
DPSCs should be isolated from several donors to study 
the heterogeneity of cell responses that are donor-re-
lated to allow authors to better identify customized Ti 
specimen; (2) rather than performing qRT-PCR on a few 
selected mineralization markers, it would be potentially 
more interesting to perform an RNAseq analysis, which 
could lead to the identification (potentially) of previ-
ously unknown genes involved; and (3) the cellular up-
take of liposomes should be investigated.

To design innovative open cell forms and to custom-
ize surface properties, are crucial steps to ameliorate 
osseointegration and osteoconduction upon Ti-based 
implantation. Moreover, a balanced modulation of in-
flammation may represent the key event to improve 
soft tissue healing and osteogenic differentiation of DP-
SCs. In this scenario, to accelerate osteogenic cell com-
mitment, by administering differentiating factors via 
innovative drug delivery systems, might further amelio-
rate the performance of Ti-based implants. In this light, 
DPSCs were here grown onto previously selected Ti A 

in the presence of the innovative liposomal formulation 
LipoMix. 

CONCLUSIONS

Our data confirmed the ameliorated mineralization 
profile of DPSC grown onto Ti A. Most important, the 
presence of LipoMix not only accelerated the mineral-
ization occurrence but also led to an earlier balanced 
modulation of inflammation-related parameters (ie, 
Nrf2 expression levels and catalase activity). Results 
highlight that the administration of differentiating fac-
tors enclosed in an innovative delivery system and the 
open cell inner form of Ti A (resembling the trabecular 
structure of bone), were able to improve the osteogenic 
commitment of DPSCs and that the combination Lipo-
Mix + Ti A could represent a promising tool in regen-
erative dentistry. A schematic representation of the 
conclusions is reported in Fig 9.

However, further and deepened studies will be re-
quired to better characterize and improve the cellular 
uptake of liposomes to guarantee a tailored delivery of 
differentiating factors. 
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Fig 9    Schematic description of conclusions.
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