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Abstract

Human dental pulp stem cell (DPSC) differentiation toward the osteoblastic phenotype is enhanced when 
culture media are supplemented with differentiating factors, i.e. ascorbic acid, β-glycerophosphate and 
dexamethasone. Liposomes, spherical vesicles formed by a phospholipid bilayer, are frequently used as 
carriers for drugs, growth factors and hydrophobic molecules. The aim of this work was to speed up DPSC 
commitment to the osteogenic lineage by embedding differentiating factors within liposomes. Firstly, 
liposomes were prepared by rehydrating a phospholipidic thin film and characterised in terms of dimensions. 
Secondly, liposome-exposed DPSCs were characterised by their immunophenotypic profile. Levels of CD90 
were significantly decreased in the presence of liposomes filled with ascorbic acid, β-glycerophosphate and 
dexamethasone (Lipo-Mix) with respect to normal differentiation medium (DM), while CD73 and CD29 
expression were enhanced, suggesting osteogenic commitment. Additionally, an appreciable extracellular 
matrix deposition is detected. Thirdly, the Lipo-Mix formulation better increases alkaline phosphatase activity 
and levels of Collagen I secretion with respect to DM. In parallel, the new liposome formulation is capable of 
decreasing the release of H2O2 and of triggering a precocious antioxidant cell response, redressing the redox 
balance required upon mesenchymal stem cell commitment to osteogenesis. It can be therefore hypothesised 
that Lipo-Mix could represent a suitable tool for clinical regenerative purposes in the field of tissue engineering 
by speeding up DPSC osteogenic commitment, mineralised matrix deposition and remodelling.

Keywords: Liposomes, DPSC differentiation, ascorbic acid, dexamethasone, β-glycerophosphate, oxidative 
stress.
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Erk1/2		  extracellular signal-regulated kinase 1/2
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bioactive agents such as fragmented or whole 
antibodies (Cortese et al., 2020; Moura et al., 2012), 
fluorophores (Singh et al., 2001; Zappacosta et al., 
2014), growth factors or other molecules (Monteiro 
et al., 2015; Sinjari et al., 2019; Viale et al., 2016; 
Zappacosta et al., 2019a; Zappacosta et al., 2019b).
	 Tissue regeneration is based on stem-cell 
differentiation towards specific lineages. It 
generally occurs if an adequate delivery of growth/
differentiation factors is guaranteed to the target cells. 
In this context, biocompatible nano-carriers – such 
as liposomal formulations – are ideal candidates 
for directly delivering signalling molecules and/or 
growth/differentiation factors, as has already been 
demonstrated (Lee et al., 2011; Santo et al., 2013a; 
Santo et al., 2013b).
	 MSCs are adult stem cells identified by: their 
adherence to plastic; the expression of cell surface 
markers, including CD90, CD73, CD105 and CD29; 
lack of the expression of hematopoietic markers; 
no immunogenic effect; and their ability to replace 
damaged tissues (Maleki et al., 2014). Due to their 
behaviour in terms of proliferation, differentiation, 
and adherence to plastic, they have been widely 
used in experimental models of regenerative studies. 
DPSCs are identified as MSCs. Human DPSCs, 
isolated from dental pulp, represent an appreciable 
source of undifferentiated stem cells with a higher 
clonogenic capability compared to bone marrow 
stem cells (Brożek et al., 2017). Moreover, dental 
pulp is an accessible surgical site facilitating easy 
sample harvesting and extraction of cells. DPSCs 
can easily progress from undifferentiated cells to 
secretory odontoblasts/osteoblasts, thus allowing 
the deposition of a mineralised extracellular matrix 
(Goto et al., 2016; Graziano et al., 2008).
	 The standard protocol for in vitro stem-cell 
differentiation towards the osteoblastic lineage 
requires continuous exposure to a cocktail of specific 
differentiation factors, added to the standard medium 
for at least 21  d; usually Asc, Dex and β-Gly are 
included (Song et al., 2009). Dex induces Runx2 
expression, the Asc leads to the increased secretion 
of Col1, which in turn leads to increased Col1/α2β1 
integrin-mediated intracellular signalling, and β-Gly 
serves as a source of phosphate in HA, simultaneously 
influencing intracellular signalling molecules 
(Langenbach and Handschel, 2013). Moreover, it 
has been reported that the molecular pathways 
underlying the MSC osteoblastic differentiation are 
tightly regulated by ROS. In parallel, high levels of 
ROS lead to oxidative stress-related apoptosis and 
cell cycle arrest in MSCs (Atashi et al., 2015).
	 Considering that a challenging target of 
regenerative medicine is to efficiently promote the 
osteoblastic differentiation of stem cells, this study 
aimed at using liposomes as nano-carriers systems 
to deliver all the 3 differentiating factors (Asc, Dex 
and β-Gly) to DPSCs. The efficiency of this Lipo-
Mix formulation in triggering DPSCs commitment 
to the osteogenic lineage was evaluated in terms of 

FITC		  fluorescein isothiocyanate
FSC		  forward scatter
GPI		  glycophosphatidylinositol
HA		  hydroxyapatite
HRP		  horseradish peroxidase
IOI		  integrated optical intensity
MAPK		  mitogen-activated protein kinase
MFI		  median fluorescence intensities
MSC		  mesenchymal stem cells
OD		  optical density
PBS		  phosphate buffered saline
PDI		  polydispersity index
PE			  phycoerythrin
pErk1/2		 active Erk1/2
PMSF		  phenylmethylsulphonyl fluoride
pNPP		  p-nitrophenyl phosphate
POPC		  1- palmitoyl-2-oleyl-sn-glycero-3-	
			   phosphocoline
ROS		  reactive oxygen species
Runx2		  runt-related transcription factor 2
SD			  standard deviation
SDS		  sodium dodecyl sulphate
SSC		  side scatter
T0			  time of cell detachment
TGF-β		  transforming growth factor-β
Wnt		  wingless and int-1
α-MEM		 α-modified minimum essential 		
			   medium
β-Gly		  β-glycerophosphate
ζ-potential	 superficial charge

Introduction

Phospholipids are molecules with amphiphilic 
properties because they include in their structure 
both hydrophobic and hydrophilic chemical groups. 
As a result of their amphiphilicity, when immersed in 
an aqueous medium, phospholipids are able to self-
assemble into micelles, lipid bilayers and liposomes 
(Fahy et al., 2008).
	 Liposomes, initially discovered by Bangham in 
the 60s (Bangham et al., 1965), are spherical vesicles 
obtained due to the tendency of the hydrophilic polar 
heads of phospholipids to expose towards water 
and the hydrophobic phospholipidic tails to cluster 
together – forming a bilayer that encloses an aqueous 
core. Considering their several advantageous 
properties, numerous studies have examined 
liposomes as possible nano-carriers. Liposomes 
possess a versatile structure allowing loading of a 
huge range of bioactive compounds both in their 
inner compartment and within the lipidic bilayer 
(Almeida and Souto, 2007; Gomes-da-Silva et al., 2012; 
Moura et al., 2012). Their properties include very-low 
cytotoxicity and full biodegradability (Moreira et al., 
2002), as well as an appreciable capability to augment 
the efficacy of bioactive molecules (Akbarzadeh 
et al., 2013). Liposomes have been widely used as 
drug-release systems thanks to both their carrying 
capability and ability to simultaneously protect 



110 www.ecmjournal.org

M Gallorini et al.                                                                                 Liposomes with factors for DPSC differentiation

osteogenesis speed, expression of specific markers 
and deposition of mineralised matrix when compared 
with differentiating factors commonly dissolved and 
diluted within the culture medium. The relationship 
between DPSC differentiation capacity and ROS 
generation was also investigated.

Materials and Methods

Preparation of liposomes
In order to form a thin lipid film on the inside wall of 
a flask, appropriate aliquots of POPC (Avanti Polar 
Lipids, Inc, Alabaster, AL, USA) and cholesterol 
(Sigma-Aldrich, St. Louis, MO, USA) dissolved 
in chloroform to obtain a final concentration of 
10 mmol/L (with ratio of 90 : 10), was put in a round-
bottomed flask and dried using a rotary evaporator 
under reduced pressure at 40 °C. The phospholipid 
film was kept at 4 °C overnight, before rehydration 
with PBS (pH 7.4). Empty liposomes, without 
differentiating factors, were obtained by rehydration 
of the film in 2.5  mL of PBS (pH 7.4). Liposomes 
embedding hydrophilic differentiating factors, 
i.e. Asc and β-Gly, were obtained by rehydrating 
the phospholipid film with a solution containing 
2  mL of PBS, 250  µL of Asc and 250  µL of β-Gly. 
Liposomes enriched with Dex were obtained by 
rehydrating the film with a solution containing 
2.25 mL of PBS added with 250 µL of Dex in DMSO 
(Sigma-Aldrich). After 30  min of rehydration, the 
liposomes were sonicated at 37  kHz (Elmasonic 
P60H, 180 W) for 30  min. For the in vitro test, 
liposomes were sterilised under an UV lamp for 2 h 
(Hera Safe, distance 20cm, 254 nm wavelenght, 15W 
power). In order to obtain a liposomal suspension 
with the 3 differentiating factors, the same amount 
of the 2 latter liposomal suspensions, containing 
the hydrophilic and hydrophobic differentiating 
factors, respectively, were mixed. β-Gly, Asc and Dex, 
(50 mmol/L, 1 mmol/L and 100 nmol/L, respectively) 
were included in the liposomal suspension.
	 Liposomes were characterized in terms of size and 
ζ-potential by using a dynamic laser light scattering 
apparatus (Brookhaven Instrument Corp., Holtsville, 
NY, USA).

Preparation of medium
Three different culture conditions were investigated: 
DM, Lipo-Empty and Lipo-Mix. DM was obtained 
by supplementing complete α-MEM with osteogenic 
differentiating factors (Dex: 10  nmol/L, β-Gly: 
5 mmol/L, Asc: 0.1 mmol/L (Sigma-Aldrich). Lipo-
Empty was made up of empty liposomes diluted 
1 : 10 v/v with DM. Lipo-Mix consisted of liposomes 
embedded with the 3 osteogenic differentiating 
factors (Dex, β-Gly and Asc), dispersed 1 : 10 v/v in 
α-MEM. The final concentrations of the differentiating 
factors in Lipo-Mix were 10 nmol/L, 5 mmol/L and 
0.1 mmol/L, respectively.

Cell culture
DPSCs (Lonza Group Ltd., Basel, Switzerland) were 
cultured, at 37 °C with 5 % CO2 – in α-MEM (Sigma-
Aldrich), supplemented with 10 % FBS, 1% penicillin/
streptomycin (Euroclone S.p.A., Milan, Italy) – under 
DM, Lipo-Empty or Lipo-Mix conditions for up 
to 21 d. At each experimental time (1, 3, 7, 14 and 
21  d) samples were collected and processed for 
experimental tests.

Immunophenotyping by flow cytometry
DPSCs were seeded at passage 5 (0.5 × 105 cells/well) 
in 6-well plates and allowed to adhere for 24 h. After 
having detached the cells at T0 and exposed cultures 
to DM, Lipo-Empty and Lipo-Mix conditions for 3, 
5 and 7 d, respectively, DPSCs were harvested with 
Accutase® solution (Sigma Aldrich) and collected by 
centrifugation (450 ×g) in the cold. The cell pellets were 
washed once with FACS binding buffer (5 mmol/L 
Tris-HCl, 0.5  mmol/L ethylenediaminetetraacetic 
acid, 1  mmol/L NaCl in deionised water, pH  7.4). 
Cells were then incubated with fluorochrome-
conjugated antibodies (1  :  50 dilutions) in 50 μ L 
of FACS buffer for 15  min in the dark at room 
temperature. Samples were stained separately in 
each single screening tube with anti-CD45-FITC 
(eBioscience, Waltham, MA, USA), anti-CD90-FITC 
(BD Pharmigen, San Jose, CA, USA), anti-CD73-PE 
(R&D System, Minneapolis, MN, USA), anti-CD105-
PE and anti-CD29-PE (both from Ancell Corporation, 
Stillwater, MN, USA). After that, volumes were 
doubled by adding fresh FACS-binding buffer and 
samples were centrifuged at 450 ×g for 5 min in the 
cold, to remove excess antibody. Finally, 20,000 
events were run in a CytoFlex cytometer (Beckman 
Coulter, Brea, CA, USA) equipped with a 488  nm 
laser and FL-1 and FL-2 in a linear mode. Relative 
fluorescence emissions of cells, gated by means of 
their FSC and SSC, were analysed with the CytExpert 
Software (Beckman Coulter). MFI ratios, for the FITC 
and the PE fluorescence, were also determined for the 
mouse isotype controls. Individual values obtained 
from three independent experiments (n  =  3) were 
summarised as means and SD.

ARS staining
DPSCs were seeded as described above for the 
immunophenotyping. After 1, 3, 7, 14 and 21 d of 
culture, medium was removed and the cell monolayer 
washed in PBS with Ca and Mg. Cells were fixed 
for 15  min with 4  % paraformaldehyde at room 
temperature and then rinsed 2× with deionised 
water. ARS solution (Sigma-Aldrich), at a final 
concentration of 40  mmol/L, was added in each 
well and incubated for 20 min at room temperature, 
followed by several washes with deionised water to 
remove excess dye. Calcium nodules, highlighted by 
ARS, which appeared as bright orange-red stained 
areas, were acquired using a Leica DMIL inverted 
light microscope at 20 × magnification.
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ALP activity
At the established exposure times, cell supernatants 
were collected from 6-well plates (cell seeding 
0.5 × 105 DPSCs/well) and ALP activity was determined 
using an ALP assay kit (Colorimetric) (Abcam, 
Cambridge, UK). The kit uses pNPP as a phosphatase 
substrate that turns yellow (λ max = 405 nm) when 
dephosphorylated by ALP. 80 µL of each supernatant 
were collected and loaded in duplicate in a 96-well 
clear flat bottom treated-culture microplate (Falcon, 
Corning, NY, USA) and 50 µL of 5 mmol/L pNPP/
well were added afterwards. After 1 h of incubation 
at room temperature in the dark, 20  µL of the 
provided stop solution were added in each well. The 
absorbance was measured at 405 nm by means of a 
microplate reader (Multiskan GO, Thermo Scientific, 
Inc., Waltham, MA, USA). The ALP activity (mU/mL/
min) was calculated by following the manufacturer’s 
specifications and values and expressed as the fold 
increase on the DM sample at day 1.

Cell lysis and protein extraction
After 1, 3 and 7  d of treatment, as previously 
described, cells were detached from the 6-well 
plates by trypsinisation, collected in cold PBS by 
centrifugation at 450 ×g and pellets were then washed 
2 × with cold PBS. Lysis buffer (70 µL) containing a 
cocktail of protein inhibitors [PBS, containing: 1 % 
IGEPAL® CA-630, 0.5 % sodium deoxycholate, 0.1 % 
SDS, 10 mg/mL PMSF, 1 mg/mL aprotinin, 10 mM 
sodium orthovanadate and 50  µg/mL leupeptin 
(Sigma-Aldrich)] was added to the pellets and 
samples were kept on ice for 30  min. After that, 
samples were resuspended and set on ice for an 
additional 30 min. Cell lysates were centrifuged for 
15  min at 20,000  ×g and supernatants containing 
proteins as the whole cell fraction were collected. 
Protein concentration was determined through a 
bicinchoninic acid assay (QuantiPro™ BCA Assay 
kit for 0.5-30 µg/mL protein, Sigma-Aldrich, Milan, 
Italy) following the manufacturer’s instructions. The 
amount of protein in each sample was calculated from 
a standard curve, established with the BSA provided 
with the kit, by means of the Prism 5.0 software 
(GraphPad, San Diego, CA, USA).

Immunoblotting
DPSCs cell lysates (20 µg/sample) were electrophoresed 
on a 4-20  % SDS-PAGE gel (ExpressPlus™ 10 ×  8, 
GenScript Biotech Corporation, Nanjing, China) 
and transferred to nitrocellulose membranes. The 
latter were blocked in 5  % of non-fat milk or 5  % 
BSA, 10  mmol/L Tris pH  7.5, 100  mmol/L NaCl, 
0.1 % Tween 20 and probed overnight at 4 °C under 
gentle shaking with mouse monoclonal anti-β-
actin (Sigma-Aldrich) (primary antibody dilution 
1  :  10,000), mouse monoclonal anti-pro-collagen 
1A1 (primary antibody dilution 1  :  200), mouse 
monoclonal anti-BSPII (primary antibody dilution 
1 : 200) antibodies (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), rabbit anti-p44/42 MAPK and 
anti-phosho-p44/42 MAPK (Erk 1/2 and p-Erk 1/2) 
monoclonal antibodies (primary antibodies dilution 
1 : 1,000) (Cell Signaling Technology, Danvers, MA, 
USA). Subsequently, the membranes were incubated 
in the presence of specific HRP-conjugated IgG 
secondary antibodies. Immunoreactive bands were 
revealed using the ECL detection system (LiteAblot 
Extend Chemiluminescent Substrate, EuroClone 
S.p.a., Milan, Italy) and underwent densitometry. 
Densitometric values, expressed as IOI, were 
estimated using a ChemiDoc™ XRS system and 
the QuantiOne 1-D analysis software (BIORAD, 
Richmond, CA, USA). Values obtained were 
normalised based on densitometric values of internal 
β-actin. Results are expressed as mean values ± SD.

Hydrogen peroxide release
At the suitable exposure times, cell supernatants were 
collected as previously described for the analysis of 
ALP activity. The quantitative determination of H2O2 
released in supernatants was performed by means of 
a H2O2 colorimetric detection kit (cat. no. ADI-907-
015, Enzo Life Sciences, Inc., Farmingdale, NY, USA). 
For each sample, 50  µL of supernatant/well were 
loaded, in duplicate, in a half-area microtiter plate, 
and 100 µL of colour reagent were added in each well. 
The contents of the wells were mixed by shaking the 
plate for 10 s and then incubating it for 30 min at room 
temperature. The OD was measured at 550 nm by 
means of a spectrophotometer (Multiskan GO). The 
results were calculated by subtracting the average 
blank OD from the average OD, for each sample, 
and then interpolating these values with a standard 
curve – following the manufacturer’s instructions.

ELISA analysis of Col1 secretion
Absolute amounts of Col1 secreted in supernatants 
harvested from 6-well plates from 1 to 21  d of 
culture were detected using a human Col1 ELISA 
kit (cat. no. ACE-EC1-E105-EX, Cosmo Bio Co., Ltd., 
Tokyo, Japan). Samples were pipetted into suitably 
coated wells, then the blue conjugate and the yellow 
antibody were added. After 2 h of incubation at room 
temperature on a plate shaker, wells were washed and 
then incubated with the pNPP substrate for 45 min. 
Finally, a stop solution was added, and absorbance 
was measured at 450 nm using a microplate reader 
(Multiskan GO). The concentration of Col1 (μg/mL) 
was calculated using a standard curve generated with 
specific standards provided by the manufacturers by 
means of the Prism 5.0 software (GraphPad).

Statistical analysis
Statistical analysis was established by one-way 
ANOVA, followed by Tukey’s post-hoc test using 
the Prism 5.0 software (GraphPad). Results were 
expressed as means ± SD. Values of p  <  0.05 were 
considered statistically significant.
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Results

Characterisation of liposomes
The obtained liposomes were characterised in terms 
of dimensions by DLS. The data were obtained as 
averages of at least 3 measurements (Table 1).
	 The analyses performed showed average size 
heterogeneity in the sample, essentially due to the fact 
that the sonication process is a method that allowed 
only an approximate control of liposomal dimensions. 
The heterogeneity of the samples was confirmed by 
the value of the PDI that was much higher than 
0.1, indicating the presence of several dimensional 
populations of liposomes in each sample. The average 
dimension of liposomes did not vary significantly 
on hydrophilic molecule entrapping, whereas the 
embedding of Dex in the phospholipidic bilayer 
resulted in the formation of much smaller liposomes. 
This decrease was not unexpected because the 
insertion of a similar molecule, such as cholesterol, 
in the bilayer is known to affect the features of the 
membrane. A rigid steroid molecule may be able to 
stabilise the bilayer, making these structures more 
rigid and reducing their spontaneous leakage. In 
EPC liposomes, the insertion of cholesterol has been 
demonstrated to decrease the liposomal diameter 
(Takechi-Haraya et al., 2016). The value of ζ-potential 
was slightly negative and did not vary very much 
in the investigated samples. However, attention 
is drawn to an increase of the negative value of 
ζ-potential in the case of liposomes embedding Dex. 
This effect was expected, because Dex solubilises in 
the bilayer, inserting among the phospholipids like 
the structurally similar cholesterol. The presence 
of Dex, as demonstrated by Magarkar et al. for 
cholesterol (Magarkar et al., 2014), could decrease 
metal cation binding (i.e. Na+ and K+) with the lipid 
headgroup, releasing these ions from the membrane 
interface to the aqueous bulk and decreasing the 
corresponding ζ-potential value.

DPSC immunophenotypic profile analysis
To characterise the immunophenotypic profile 
of DPSCs exposed to liposomes, samples were 
analysed for the expression of a panel of surface 
markers characteristic of MSCs. As a matter of 
comparison, each CD marker level was referenced 
to the immunophenotype of routine sub-cultured 
cells at passage 5, namely T0 (Fig. 1). Briefly, about 
95-99 % of DPSCs were stained positive for CD90, 
CD73, CD105 and CD29 and negative for CD45 (data 
not shown) with the highest MFI ratio assessed for 
CD90 and CD29 (373.10 and 96.83, respectively). 

Likewise, CD73 and CD105 were clearly expressed, 
with MFI ratios of 62.94 and 16.08 (Fig. 1). The 
same surface marker panel was therefore applied to 
evaluate the immunophenotype of DPSCs cultured 
in DM and exposed to Lipo-Empty and Lipo-Mix 
for 3, 5 and 7 d (Fig. 2). As for CD90, it was broadly 
and time-dependently decreased with respect to 
T0 in all the experimental conditions. Lipo-Mix 
was the most effective formulation in lowering 
CD90 levels when compared to DM after only 3 d 
(278.20 and 322.84, respectively); however, being 
comparable to Lipo-Empty (276.21). Nevertheless, 
at 5 d of exposure to Lipo-Mix the CD90 level (MFI 
ratio 105.91) dramatically decreased compared to 
both Lipo-Empty (239.38) and DM (271.22). After 7 d 
of treatment, CD90 expression was homogeneously 
weak (Fig. 2). Conversely, CD73 was significantly 
expressed after 3 d in the presence of Lipo-Mix when 
compared to DM and Lipo-Empty (MFI ratios 230.06, 
168.95 and 123.51, respectively) and this trend was 
maintained after 5 and 7 d. As for CD105, its level was 
found to be higher than at T0 in all the experimental 
conditions, mainly after 3 and 5  d. For instance, 
CD105 levels in DM and Lipo-Mix were comparable 
after 3 d, whereas they were slightly but significantly 
increased after 5 d (Lipo-Mix 34.70 and DM 27.36). 
Finally, a peak in CD29 levels was registered in DPSC 
after 3 d of culture exposed to Lipo-Mix (258.18) with 
respect to DM (161.58) and Lipo-Empty (146.84). 
Likewise, CD29 was clearly expressed after 5 d when 
exposed to Lipo-Mix formulation and the expression 
was weakly, but significantly, maintained after 7 d, 
compared to DM and Lipo-Empty (Fig. 2).

Samples Average diameters (nm) PDI ζ-potential (mV)
Empty liposomes 361 ± 114 0.26 ± 0.03 − 6.65 ± 0.44

Liposomes + Asc + β-Gly 398 ± 139 0.29 ± 0.07 − 5.50 ± 0.66
Liposomes + Dex 318 ± 162 0.34 ± 0.02 − 10.33 ± 0.32

Table 1. Dimensions, PDI and ζ-potential of the liposomal dispersions investigated.

Fig. 1. Immunophenotypic profile of DPSCs under 
routine culture conditions (T0). Bars represent MFI 
ratios of CD45, CD90, CD73, CD105 and CD29 relative 
to the isotype control. Results from independent 
experiments (n = 3) are expressed as means ± SD.
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ECM deposition analysis
In order to evaluate the ECM deposition, an ARS 
staining was carried out. The mineralised matrix 
deposition sites were distinctly red stained (Fig. 3). 
At early experimental times (1 and 3 d of culture), 
no matrix deposition could be identified in the Lipo-
Empty sample, a pale red staining was detectable in 
the presence of DM, whereas an extended mineralised 
matrix area could be clearly seen in the Lipo-Mix 
sample, thus indicating that the mineralisation of the 
ECM can be identified, starting from approximately 
3 d of culture in Lipo-Mix and, to lesser extent, in DM 
samples. In Lipo-Empty and in DM samples large red 
stained areas, indicating the beginning of the ECM 

mineralisation, were detectable starting from 14 d of 
culture (Fig. 3).

Osteogenic differentiation analysis
To analyse the progression of the DPSC differentiation 
process, the ALP activity was measured in cell 
supernatants. The enzymatic activity appeared 
slightly but significantly augmented in Lipo-Mix 
sample with respect to both Lipo-Empty and DM 
samples after only 1 d of culture (1.24-fold increase). 
After 3  d of culture, the ALP activity recorded in 
Lipo-Mix still appeared to be clearly increased with 
respect to Lipo-Empty; at the same time ALP activity 
in DM sample was also statistically increased with 

Fig. 2. Immunophenotypic profile of DPSCs exposed to DM, Lipo-Empty and Lipo-Mix after 3, 5 and 7 d. 
Bars represent MFI ratios of CD45, CD90, CD73, CD105 and CD29 relative to the isotype control (FITC or PE). 
Results from independent experiments (n = 3) are expressed as means ± SD. a: p < 0.0001, b: p < 0.002, c: p < 0.05.
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respect to Lipo-Empty; the same trend was recorded 
after 7  d of culture. After 21  d of culture, again, 
ALP activity in Lipo-Mix sample was significantly 
higher than that monitored for Lipo-Empty and 
DM samples (Fig. 4). To conclude, the expression 
of pro-COL1A1 and the secretion of Col1, a specific 
osteogenic differentiation marker, were evaluated 
by means of Western blot analysis and ELISA assay. 
Pro-COL1A1 appeared increased after 1 d of culture 
in the Lipo-Empty sample when compared to 
Lipo-Mix; after 3 d of culture this increase in Lipo-
Empty was converted in a high spike, which was 
shown to be statistically significant respect to both 
Lipo-Mix and DM experimental conditions. After 
7 d of culture pro-COL1A1 expression in the Lipo-
Empty sample continued to be significantly higher 
with respect to Lipo-Mix. In parallel, an increase in 
protein expression was evidenced in the DM sample 
compared to Lipo-Empty and Lipo-Mix (Fig. 5). Col1 
secretion in the culture medium, measured after 
1, 3, 7, 14 and 21  d of culture, revealed that after 
1 d of culture a statistically significant higher level 
secretion was detected in the DM sample (6.22 µg) 
with respect to both Lipo-Empty (2.27  µg) and 
Lipo-Mix (3.10 µg). After 3 d, the absolute highest 
value of the experimental set was registered in the 
Lipo-Mix sample (17.15  µg). Nevertheless, in the 
presence of Lipo-Empty Col1 secretion was distinctly 
increased (6.43 µg), whereas DPSCs cultured only in 
DM secreted 4.65 µg of Col1. Starting from day 3 up 
to 21 days, the highest statistically significant Col1 
secretion level was recorded in the Lipo-Mix sample 
with respect to the Lipo-Empty and DM at 7 d of 

Fig. 3. ARS staining of mineralised bone matrix in DPSCs cultured up to 21 d. Experimental times: 1, 3, 7, 
14 and 21 d; upper line: DPSCs cultured in DM. Central line: DPSCs cultured in presence of empty liposomes 
(Lipo-Empty ). Lower line: DPSCs cultured in presence of liposomes embedded with osteogenic differentiating 
factors (Lipo-Mix). Scale bar = 100 µm.

Fig. 4. Quantitative determination of the ALP 
activity levels in DPSCs cultured in DM, in 
presence of Lipo-Empty and Lipo-Mix for 1, 3, 7, 
14 and 21 d. Values represent the means ± SD (n = 3). 
The bar graph shows the enzymatic activity of ALP 
in cell supernatants as the fold increase on the DM 
sample at day 1. a: p < 0.0001, b: p < 0.005, c: p < 0.01.

culture (4.59 µg, 1.12 µg and 1.74 µg, respectively) 
(Fig. 6).
	 The osteoblastic marker BSP II was also evaluated 
by means of Western blot analysis. A statistically 
significant increase in protein expression was seen 
in the DM sample with respect to Lipo-Empty and 
Lipo-Mix after 1 d of culture. The same trend was 
detectable after 3 and 7 d of culture (Fig. 7).

Oxidative stress evaluation
The oxidative stress occurrence was also taken into 
consideration by quantifying the H2O2 concentration 
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within the culture medium (Fig. 8a). In the Lipo-Mix 
samples, the hydrogen peroxide pool decreased over 
7 d of culture, where the concentration was extremely 
low with respect to that in DM and Lipo-Empty 
(555.65, 1490.96 and 1000.92  ng/mL, respectively). 
Notably, after 21  d of culture in the presence of 

Fig. 5 Western blot analysis of pro-COL1A1 
expression in DPSCs cultured in DM, in presence 
of Lipo-Empty and Lipo-Mix for 1, 3 and 7 d. The 
most representative of 3 separate experiments is 
shown. Densitometric values (± SD) are expressed as 
the mean IOI, normalised on β-actin. a: p < 0.0001, b: 
p < 0.005, c: p < 0.01.

Fig. 6. ELISA assay for Col1 secretion in DPSCs 
cultured in DM, in presence of Lipo-Empty and 
Lipo-Mix for 1, 3, 7, 14 and 21 d. Secretion levels are 
reported as μg/1.5 mL (total volume of supernatant 
in the well). Values represent the means ± SD (n = 3). 
a: p < 0.0001, b: p < 0.005, c: p < 0.01.

Fig. 7. Western blot analysis of BSPII expression 
in DPSCs cultured in DM, in presence of Lipo-
Empty and Lipo-Mix for 1, 3 and 7  d. The most 
representative of three separate experiments is 
shown. Densitometric values (± SD) are expressed 
as the mean IOI, normalised on β-actin. a: p < 0.0001.

Lipo-Mix, the lowest absolute value was registered 
(285.88  ng/mL). In parallel, the activation of the 
protein Erk1/2 was estimated by means of Western 
blot analysis after 1, 3 and 7 d of culture. After 1 d of 
culture a statistically significant almost 2- and 3-fold-
increase of the pErk1/2 : Erk1/2 ratio was detected in 
Lipo-Mix with respect to both DM and Lipo-Empty 
samples, respectively; DM pErk1/2 : Erk1/2 ratio was 
also significantly augmented compared to the Lipo-
Empty ratio. After 3 d of culture a trend inversion, 
compared to day 1, could be identified. pErk1/2 
: Erk1/2 ratio in fact appeared statistically increased 
in the DM sample with respect to Lipo-Mix and 
Lipo-Empty experimental conditions. Moreover, Erk 
activation in the Lipo-Mix sample was significantly 
augmented with respect to the Lipo-Empty. The same 
trend for pErk1/2 : Erk1/2 ratio was found after 7 d 
of culture (Fig. 8b).

Discussion

MSCs derived from dental pulp are critical 
components required for the regeneration of soft 
and hard tissues, thus playing a pivotal role in tissue 
engineering and regenerative medicine. Considering 
that DPSC differentiation towards the osteoblastic 
phenotype could be enhanced and speeded up by 
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delivering in situ specific differentiating factors 
(Melling et al., 2018), differentiating factors were 
embedded within liposomes and DPSCs then 
exposed to these constructs. DPSCs were chosen as 
the experimental model, based on the evidence that 
they represent an appreciable cell source for hard-
tissue regeneration (Otabe et al., 2012). Dental pulp 
contains a mesenchymal population expressing key 
MSC-associated markers. Remarkable expression-
levels of CD90, CD73, CD105 and CD29 represent 
the minimal criteria for defining a multipotent 
mesenchymal stromal cell (Dominici et al., 2006). 
CD90 is a GPI-anchored cell surface protein that plays 
multiple roles in many physiological processes, such 
as cell differentiation and regeneration (Yang et al., 
2020). It has been reported that a CD90 knockdown 
enhances the osteogenic differentiation of MSCs in 
vitro (Moraes et al., 2016) and plays a crucial role in 
MSC fate decision (Saalbach and Anderegg, 2019). 
Notably, in the current experimental model, the 
lowest level of CD90 expression was registered after 
7 d with Lipo-Mix, making it plausible to hypothesise 
an osteogenic commitment enhancement with respect 
to the canonical DM. The ecto-5’-nucleotidase, also 

known as CD73, is a GPI-anchored cell surface 
protein involved in adenosine production. It has 
been reported that the extracellular nucleotide ATP 
can be one of the key mediators in bone metabolism 
(Takedachi et al., 2012) and that adenosine-A1 receptor 
stimulation enhances osteogenic differentiation 
of DPSCs through the Wnt/β-catenin signalling 
(D’Alimonte et al., 2013). Thus, highly significant 
CD73 levels of expression in DPSCs after only 3 d 
exposed to Lipo-Mix, could be related to an early 
induction of the osteogenic differentiation (Fig. 2). 
CD29, is a transmembrane protein that can interact 
with matrix proteins and collagen fibres generating 
intracellular signals and can be targeted to promote 
homing of MSCs to bone, osteogenic differentiation 
and bone formation (Marie, 2013). In the presence 
of Lipo-Mix, CD29 was significantly expressed by 
DPSCs (Fig. 2), suggesting enhanced ECM trafficking. 
To conclude, levels of CD105, a transmembrane 
glycoprotein functioning as a co-receptor for ligands 
of the TGF-β superfamily (Schoonderwoerd et al., 
2020), has been found to increase rapidly in freshly 
harvested MSCs after 4-7 d of culture and it afterwards 
gradually decreases during differentiation (Levi et al., 

Fig. 8. Oxidative stress occurrence and related proteins in DPSCs cultured in DM, in presence of Lipo-Empty 
and Lipo-Mix. (a) Quantitative determination of the H2O2 released. Values represent the means ± SD (n = 3). 
The bar graph shows the H2O2 release (ng/mL) in cell supernatants. c: p < 0.005. (b) Western blot analysis of 
ERK1/2 and p-ERK1/2 expression in DPSCs cultured in DM, in presence of Lipo-Empty and Lipo-Mix for 1, 
3 and 7 d. The most representative of three separate experiments is shown. Densitometric values (± SD) are 
expressed as the mean of IOI, normalised on β-actin. a: p < 0.0002, c: p < 0.005.
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2011). The results of the current study, regarding 
the CD105 trend in DPSCs exposed to both DM and 
Lipo-Mix, were perfectly in agreement with this 
evidence (Fig. 2). Moreover, the hypothesis that the 
CD105 peaks after 3 and 5 d of culture coincide with 
an early induction of the osteogenic differentiation in 
the Lipo-Mix condition was confirmed by the matrix 
deposition. Clusters of calcium and phosphate salts 
can be detected early in the Lipo-Mix, whereas an 
appreciable mineralisation can only be seen in the 
DM and Lipo-Empty conditions at late stages (Fig. 3).
	 The osteogenic differentiation progress in 
the 3 tested experimental conditions was also 
measurable from the ALP activity. Firstly, these data 
again provided evidence for a stronger and faster 
progression of osteogenic commitment in the Lipo-
Mix condition. Secondly, given that MSCs are able 
to differentiate into both osteoblasts and adipocytes, 
and that the balance between adipogenesis and 
osteogenesis moves in favour of adipogenesis when 
cells are exposed to liposome formulations (James, 
2013), definitively excludes the possibility of empty 
liposomes triggering an osteogenic differentiation 
(Fig. 4).
	 ROS are oxygen-derived small molecules, which 
react readily with a variety of chemical structures 
such as proteins, lipids, sugars, and nucleic acids. It 
is currently believed that regulated ROS production 
promotes essential signalling pathways, which 
regulate cell functions such as differentiation, and 
numerous reports describe the importance of a 
redox control of MSC differentiation (Kim et al., 
2020; Sancilio et al., 2019;). In addition, ROS-activated 
MAPK signalling can regulate stem cell proliferation, 
migration and differentiation (Kong et al., 2019). It 
is plausible to assume that a redox control through 
pErk1/2 occurs under the osteogenic commitment 
of DPSCs after a Lipo-Mix administration, being the 
H2O2 concentration decreased in a time-dependent 
manner and Erk1/2 activated by phosphorylation in 
parallel. This result is in agreement with Mody et al., 
who demonstrated the ability of H2O2 to inhibit bone 
differentiation (Mody et al., 2001). Prominently, Lipo-
Mix seemed to trigger and shorten this molecular 
pathway with respect to DM, once again supporting 
the hypothesis that POPC liposomes can be efficient 
tools for differentiating-factor delivery.
	 Col1 is a key protein of the bone ECM able to bind 
cell-surface integrins, such as CD29, and to promote 
osteoblast adhesion and differentiation. Furthermore, 
Col1 can be considered an early marker of osteogenic 
differentiation, being an upstream activator of Runx2 
transcription factor recruitment (Di Carlo et al., 
2020; Lagenbach and Handschel, 2013; Pavlin et al., 
2001). The experimental model for the current study 
reflects this work. In fact, the Lipo-Empty condition 
showed a tentative hyper-expression of pro-Col1 
that did not correspond to a higher secretion of 
Col1 in the culture medium. This suggested that 
the Lipo-Empty was unable to actually promote 
DPSC osteoblastic differentiation. In contrast, under 

the Lipo-Mix condition, pro-Col1 is synthesised, 
converted to the mature form of Col1 and secreted 
into the culture medium, allowing a very high level 
of secretion to be recorded at the early stages of the 
culture – confirming Col1’s role as an early marker 
of the osteogenic differentiation (Fig. 6).
	 Furthermore, the Baht et al. (2008) and Tye et al. 
(2005) groups demonstrated that the efficiency of BSP 
II in HA nucleation is significantly strengthened in 
presence of Col1 – implying a co-operative effect of 
the 2 proteins in mineral deposition. In the light of 
this evidence, the lower expression of BSP II in Lipo-
Mix-treated cells can be argued considering that the 
very high availability of Col1, needed for the early HA 
nodule formation, keeps the BSP II protein expression 
at basal level: however, guaranteeing a high level of 
mineral deposition (Fig. 7). There is a plethora of 
literature reporting that MSCs play an essential role 
in supporting bone healing through the secretion 
of nutritional and immunomodulatory factors and 
that the MSC-based therapy can influence bone 
regeneration through both paracrine and autocrine 
systems (Xu et al., 2020). In view of this, trying 
to enhance DPSC commitment to the osteogenic 
lineage with the Lipo-Mix formulation could be a 
suitable tool for regenerative medicine purposes 
in a clinical situation. Likewise, investigating the 
intracellular molecular pathway triggered after its 
administration lays the ground for further tissue 
engineering and drug delivery studies in an effort 
to design appropriate coatings or supplementations 
carried by liposomes.

Conclusions

The results presented demonstrate that Lipo-Mix is 
capable of shortening DPSC osteogenic commitment 
in terms of CD-marker expression and ALP activity, 
when compared to the canonical DM. At a molecular 
level, the matrix mineralisation enhancement can be 
partly ascribed to BSPII-collagen interaction, due to 
the large amount of Col1 secreted in the presence 
of Lipo-Mix. This new formulation positively 
modulates ROS and proteins related to survival. 
Further analyses are required to clarify the molecular 
mechanisms underlying Lipo-Mix administration 
and its better performance in terms of mineralisation 
and differentiation in vitro.
	 The Lipo-Mix formulation could represent 
an innovative and feasible form to deliver both 
hydrophilic and lipid molecules directly to DPSCs. 
They could be encapsulated within the same 
structure, represented by the outer phospholipidic 
bilayer and the liposomal aqueous core, depending 
on the solubility features of the differentiating factors. 
Taken together, the results of the current study 
provide the foundation for constructing innovative 
and economical tools to enhance and to shorten 
MSC commitment to the osteoblastic lineage for 
regenerative medicine purposes.
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Discussion with Reviewer

Reviewer 1: In my opinion, to reinforce the 
conclusions, the authors should perform in vivo 
assay using liposomes to induce bone regeneration 
in murine model with mandible damage.
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Authors: The referee is correct in stating that the 
liposomal formulations should be tested in a murine 
in vivo model with mandible damage. However, as the 
liposomal formulation and the experimental model 
used for delivering the osteogenic differentiating 
factors to DPSCs is extremely new, the current study 
was very necessary in order to investigate the basal 
molecular mechanisms underlying these biological 

processes. This paper only represents the starting 
point of a bigger project, in which in vivo studies are 
planned to be included.

Editor’s note: The Scientific Editor responsible for 
this paper was Thimios Mitsiadis.


