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Lipid has been widely studied as a vehicle and loading vector, but there have been
no reports of any such related application in the dental field. The purpose of this
research was to fabricate and characterize a nano-size calcium-phosphate lipid (CL)
system as a potential vehicle in dental regeneration study, wherein the biocompatibility
with dental pulp stem cells (DPSCs) was evaluated. The effect of CL on DPSCs
proliferation was analyzed by a CCK-8 assay, and the anti-inflammatory effect was
investigated by quantitative polymerase chain reaction (QPCR). Moreover, the effect of CL
on odontogenic differentiation of inflamed DPSCs (iDPSCs) was studied by Alizarin red
staining, tissue-non-specific alkaline phosphatase (TNAP) staining, gPCR, and western
blot analyses. The results of this study showed that CL did not affect the proliferation
of DPSCs, it down-regulated the inflammatory-associated markers (IL-78, IL-6, TNF-«,
COX-2) of DPSCs treated with Escherichia coli lipopolysaccharide (LPS), and enhanced
the in-vitro odontogenic differentiation potential of iDPSCs. This novel biomaterial has
a broad application prospect for its bioactivity and flexible physical property, and thus
represents a promising pulpal regeneration material.

Keywords: calcium-phosphate lipid, dental pulp stem cells, biocompatibility, LPS, anti-inflammation

INTRODUCTION

The calcium-phosphate lipid system has shown success in a wide range of treatment strategies due
to its multiple properties, such as an efficient encapsulating ability and its antimicrobial properties
(Verderosa et al., 2019), many of which were yet unexplored (Satterlee and Huang, 2016). Since
1970s, an attempt to characterize the calcium-phosphate complex to increase transfection efficiency
and allow delivery has been made (Graham and van der Eb, 1973; Maitra, 2005; Sokolova et al.,
2006; Xu et al., 2019). Lipids have broad application prospects since they were easily designed,
synthesized, and characterized (Zhi et al., 2018; Williams and Grant, 2019). Many factors on the
surface of the nanoparticle can influence blood residence time and organ-specific accumulation
(Alexis et al., 2008; Nuti et al., 2018; Tyo et al., 2019). The length and type of aliphatic chain
determine the phase transition temperature and the fluidity of the bilayer, resulting in the stability,
and transfection efficiency of a given lipid (Zhi et al., 2018; Li et al., 2019). In 2010, calcium
phosphate nanoparticles were successfully coated with a lipid bilayer (Li et al., 2010), and these
so-called Lipid-Calcium-Phosphate (LCP) nanoparticles showed efficient gene silencing ability in
vivo (Li et al.,, 2012) as well as versatility in encapsulating various therapeutic compounds, such as
small molecule drugs (Zhang et al., 2014), siRNA (Yang et al., 2012; Yao et al., 2013), and peptides
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FIGURE 1 | Schematic representation of proposed method to synthesis CL.
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(Xu et al,, 2013). In consideration of its latent capacity, there is a
great application possibility to tissue engineering. The DNA-lipid
film was studied as a bone-guiding scaffold in craniofacial tissue
(Fukushima et al., 2004), however, there has been little research
concerning lipid-based pulp tissue regeneration.

Pulpal vitality of the young immature tooth is essential for root
development and reparative dentin formation, which is easily
affected, when exposed to external cues. Irreversible pulpitis in
an immature permanent tooth will interrupt root development,
causing worse function, and shorter survival time of the tooth.
Dental pulps with pulpitis suffer higher expressions of pro-
inflammatory cytokines (IL-1a, IL-1f, IL-6, and TNF-a) and
innate immune response (TLR2, TLR4) than pulps without

pulpitis (Zhai et al., 2019). It is a great challenge to find a bioactive
and anti-inflammatory material for dental pulp regeneration if
failed to preserve vital pulp tissue. The purpose of this novel
study is to fabricate the calcium-phosphate lipid (CL) suspension
and evaluate its biocompatibility as a composition of dental pulp
tissue engineering material.

MATERIALS AND METHODS

Synthesis of Calcium-Phosphate Lipid (CL)
and Structural Characterization

The fabrication of CL was performed as previously reported
(Li et al, 2012). Briefly, 300 pL of 500mM CaCl, was
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dispersed in 15mL Cyclohexane/Igepal CO-520 (71/29 v/v)
solution to form a very well-dispersed water-in-oil reverse micro-
emulsion. Three hundred microliter of 25 mM Na,HPO, (pH
= 9.0) in chloroform was dispersed in the same solution
to form the phosphate phase, and 200 pL (20 mg/mL)
dioleoylphosphatydicacid (DOPA) in chloroform was added. The
amphiphilic DOPA could stay at the interface of micro-emulsions
and interact with the precipitated CaP core through binding
with the surface Ca?* (Kord Forooshani et al., 2019).The above
two solutions were mixed adequately for 20 min, then 30 mL
ethanol was used to wash the cyclohexane and surfactant 2-3
times (centrifuging at 12,000 g for 15 min each time). The pellets
were dissolved in 1 mL chloroform forming CaP core suspension.
Then 500 WL of CaP core was mixed with 50 pL of 10 mM
DOTAP/Cholesterol (1:1) and 50 wL of 3 mM DSPE-PEG-2000
to encapsulate the core. After evaporating the chloroform, the
residual lipid was dispersed in 400 wL of 5 mM Tris-HCI buffer
(pH = 7.4) to form calcium-phosphate lipid (Figure 1). The
CL suspension was diluted with a-modified minimum essential
medium (a-MEM, GIBCO/BRL, USA) to obtain the gradient
solutions (50pg/mL, 5pug/mL, 500ng/mL).

The surface morphology of CL was investigated by scanning
electron microscopy (SEM) analysis (JSM 7900F, Japan).
The hydrodynamic diameter of CL was determined at room
temperature using a dynamic light scattering device (DLS,
Zetasizer Nano, Malvern, UK). The calcium content was
determined through Inductively Coupled Plasma-Atomic
Emission Spectrometry (ICP-AES) and the sample was diluted
with distilled de-ionized water (DD water) and phosphate buffer
saline (PBS) in 1:1 v%.

Cell Culture

This research had been reviewed and approved by the Ethics
Committee of the Peking University Health Science Center.
The human dental pulp stem cells (DPSCs) were collected
from 14- to 18-year-old patients who were undergoing dental
extraction as part of orthodontic treatment. DPSCs were isolated
from the pulp tissue derived from the root canal and then
digested in 4 mg/mL dispase (Sigma-Aldrich, St. Louis, MO,
USA) and 3 mg/mL type-I collagenase (Sigma-Aldrich, St.
Louis, MO, USA) for 1h at 37°C. Single-cell suspensions were
obtained by passing cells through a 70-pm strainer (Falcon;
BD Biosciences, San Jose, CA). The cell suspensions (0.5-
1.0 x 10%/well) were seeded on 12-well plates containing o-
MEM supplemented with 10% fetal bovine serum (FBS, GIBCO,
USA), 100 U/mL penicillin, and 100 pg/mL streptomycin and
then incubated at 37°C in 5% CO,. DPSCs were identified
by our previously published method (Wang et al, 2013).
DPSCs between the fourth and sixth passage were used for
this research.

Quantitative Polymerase Chain Reaction
Analysis (qPCR)

The qPCR analysis was taken out by following a previously
published method. In brief, Escherichia coli lipopolysaccharide
(LPS) (Sigma Aldrich, St Louis, MO, USA) powder was
dissolved in sterile distilled water to a final concentration

of 1pg/mL. According to the results of our previous work
(Zhu et al, 2019), after stimulation of LPS within 6h,
mRNA level of inflammatory cytokines of DPSCs will increase
significantly. DPSCs were treated with 1 pwg/mL LPS for 1h to
trigger inflammatory reaction, and termed LPS-induced DPSCs
(inflamed dental pulp stem cells, iDPSCs). iDPSCs were co-
cultured with CL dilutions for 3 h. Untreated DPSCs were used
as a control group. iDPSCs group and CL group (iDPSCs
+ CL dilution) were compared with control group at 3h.
Total RNA were extracted from the treated iDPSCs using
TRIzol (Introgen, Carlsbad, CA, USA), then converted to cDNA
with Moloney murine leukemia virus reverse transcriptase (M-
MLV RTase, Promega, Madison, WI, USA). qPCR analysis
was performed on a total volume of 20 L in SYBR®
Green master mix (Rox, Roche Applied Science, IN, USA),
with 0.5 pwL c¢DNA and 200nM of the primers. Specific
primers (listed as Table1) for Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), dentin sialophosphoprotein (DSPP),
interleukin-1f (IL-1p), interleukin-6 (IL-6), interleukin-8 (IL-8),
tumor necrosis factor-a (TNF-a), cyclooxygenase-2 (COX-2),
alkaline phosphatase (ALP), osteocalcin (OCN), runt-related
transcription factor 2 (RUNX2), and bone sialoprotein (BSP)
were designed by Primer 3 and synthesized (BGI, China). qPCR
amplifications were performed as the following thermal cycling
conditions: 50°C for 2 min, then 95°C for 10 min, followed by
40 cycles of 94°C for 15s, and 60°C for 1 min. ABI PRISM
7500 Sequence Detection System (Applied Biosystems, Foster
City, CA, USA) was used for the reaction. All data were
analyzed by using PRISM6 software (one-way ANOVA and LSD
comparison test).

Western Blot Analysis
According to the results of qPCR, iDPSCs were treated with CL
dilutions for seven days, and cells were lysed in RIPA buffer

TABLE 1 | Primers used for quantitative PCR.

Target gene Sequence Product size (bp)

GAPDH Forward: GCAAATTCCATGGCACCGTC 465
Reverse: GGGGTCATTGATGGCAACAATA

DSPP Forward: TCCTAGCAAGATCAAATGTGTCAGT 152
Reverse: CATGCACCAGGACACCACTT

BSP Forward: ACCCTGCCAAAAGAATGCAG 281
Reverse: TGCCACTAACATGAGGACGT

RUNX2 Forward: CACTGGCGCTGCAACAAGA 157
Reverse: CATTCCGGAGCTCAGCAGAATAA

IL-18 Forward: TGCACGATGCACCTGTACGA 298
Reverse: AGGCCCAAGGCCACAGGTAT

IL-6 Forward: ACGAACTCCTTCTCCACAAGC 397
Reverse: CTACATTTGCCGAAGAGCCC

COX-2 Forward: CTGGCGCTCAGCCATACAG 401
Reverse: ACACTCATACATACACCTCGGT

TNF-« Forward: CAGAGGGAAGAGTTCCCCAG 285

Reverse: CCTCAGCTTGAGGGTTTGCTAC
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containing protease and phosphatase inhibitors. Proteins were
extracted and then quantified by using the BCA Protein Assay
(Pierce, USA). Forty micrograms of proteins derived from each
sample were separated on 10% SDS-PAGE gels and transferred
to PVDF membranes (Millipore, Bedford, MA, USA) at 100V
for 60 min. The membranes were incubated in blocking buffer
(5% non-fat dry milk in Tris-buffered saline containing 0.05%
Tween-20, pH 7.4) for 1h and then incubated with antibodies:
DSPP (ab216892, Abcam, China), RUNX2 (D1L7F, Cell Signaling
Technology, Danvers, MA, USA), OCN (ab13420, Abcam,
China), and B-actin (D6AS, 8457T, Cell Signaling Technology,

Danvers, MA, USA) in 1:1000 dilutions at 4°C overnight. The
membranes were then incubated with horseradish peroxidase-
conjugated secondary antibody (PV9001, PV9002, ZSJQ, China)
for 1h at room temperature. The bands were visualized by using
Fusin Fx (Vilber Lourmat, France).

Statistical Analysis

Image] and PRISM6 were used. Statistical analysis was performed
using one-way ANOVA and LSD comparison test. The level of
statistical significance was p < 0.05.
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RESULTS

The Physical Properties and
Biocompatibility of CL

The spherical characteristic of CL could be observed under
SEM (Figure 2), the particles dispersed better in PBS
(Figure 2B) than DD water, and most of the particles
attracted each other and formed larger granules in latter
dilution (Figure2C). The diameters ranged from 100 to
500nm in DD water, average value was 204.3nm. The
concentration of calcium in the DD water was 2.06 ppm,
rising to 2.19 ppm after 24h. To simulate the body fluid
condition, the CL was diluted with PBS, and calcium
concentration was 3.02 ppm, but the difference was not
significant (Figure 2E). The gradient solutions of CL were used
to culture the DPSCs, to examine the biocompatibility.
The results of CCK-8 showed that CL had no cellular
toxicity (Figure 2D).

Effects of CL on Regulating the
Inflammatory Cytokines Expression of

iDPSCs

Results of qPCR showed mRNA expression levels of all
inflammatory cytokines were up-regulated in iDPSCs. CL had
an obvious effect in down-regulating the expression of IL-1p,
TNF-a, and IL-6, with negative correlation of the concentration,
while suppressing the expression of COX-2 dependent with the
concentration (Figure 3).

Effects of CL on the Osteo/Odontogenic
Differentiation of iDPSCs

The mineralization potential of iDPSCs under CL treatment
was examined through Alizarin red staining (Figures 4A-C)
and TNAP staining assay (Figures 4B-D). Compared to DPSCs
cultured in the osteogenic medium (OM), less mineralized
nodules formed in cultured iDPSCs, but CL could significantly
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FIGURE 3 | Quantitative PCR analysis results for the inflammatory cytokines IL-18 (A), TNF-a (B), IL-6 (C), and COX-2 (D) upon treatment with CL. The asterisks
indicate significant differences between groups (*p < 0.05 one-way ANOVA and LSD comparison test) and the bars represent the standard deviation of three
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induce the formation of calcium compounds in iDPSCs. The ALP
activity varied in the same trend, but the differences were not
significant (Figure 4D). The osteo/odontogenic differentiation
ability was further investigated by examining related biomarkers
and their downstream proteins. The qPCR analysis showed that
CL significantly increased the expression of ALP and DSPP at
mRNA level (p < 0.05) (Figures 5A,B), the expression of ALP
was up-regulated most under 50 pg/mL (Figure 5A), while DSPP
increased most under 500 ng/mL (Figure 5B). CL significantly
increased the expression of DSPP and OCN at protein level, but
the expression of RUNX2 showed no significance (Figures 5C,D,

p > 0.05). This result was consistent with previous research,
showing DSPP and RUNX2 expressed at the different stages of
tooth development (Chen et al., 2009).

DISCUSSION

Calcium-phosphate lipid is formulated using a reverse micro-
emulsion system. In separate round-bottom flasks, water droplets
containing either calcium or phosphate are stirred in an oil
phase containing cyclohexane and the surfactant Igepal. When
the two emulsions are mixed and the separate droplets collide, the

oM - + +
LPS - - +
CAP - - -

oM - + +
LPS - - +
CAP - - -
C Alizarin red staining D
800000+
"g 600000+ %'
c
a a
B 400000+ g
© ®
S =)
£ 200000+ 2
£ £
0=
& S xQe q\&v Q\&v ‘%&\«
® ST M
N > Q S
F o R
&L K
PR A
< > o
X Q
& &
9 o &

800000+
600000+
400000+

200000+

FIGURE 4 | The results of Alizarin red staining (A) and TNAP staining assay (B) showed the odontogenic ability of CL, and the results of quantitative analysis (C,D)
showed the differences were not significant (p > 0.05). OM represented osteogenic medium.

+ + +
+ + +
50pg/mL Spg/mL 500ng/mL

+ + +
+ + +
50pg/mL Spg/mL 500ng/mL

TNAP staining

Il Control

I oM

Il OM+LPS

Bl OM+LPS+CAP 50ug/mL
Bl OM+LPS+CAP 5ug/mL
B OM+LPS+CAP 500ng/mL

0-

Frontiers in Chemistry | www.frontiersin.org

March 2020 | Volume 8 | Article 161


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhu et al. Biocompatibility Study of Lipid With DPSCs
A B
ALP DSPP
15+ * * " 3
—— * * Il Control
c c * 1
2 2 _l Il OM
n n
g 107 S 27 B OM+LPS
& % B OM+LPS+CAP 50ug/mL
:: 2 I OM+LPS+CAP 5ug/mL
.% 5 % 14 I OM+LPS+CAP 500ng/mL
o o
4 12
[ 0-
> AN
°<'>° 0“\ x\gfb R &V R &V R &V 0\@ o\&* x\g‘b R &v R &v R &\«
® N & ® N Y X &
Q N Q‘o Q NS Q‘o
F L F F LK
X & (<) X 3 (&)
3 Q x 3 Q X
& & & &
& o o@s" & O o&“x
C D
— TR, S L P A B-actin
. OCN
=
s >
e — — - DSPP ‘5 . 4+
c
e @D =S we— b & =
o g 31
Ta
- 2
- - — RUNX2 T D 24
O =
LE
oM - + + + + + E =17
LPS - - + + + + 0-
O O QO
X X X
- - - Y > 2 .4 &
CAP & \‘&) q}é\ & o .@Q
S & & i
o o o &
FIGURE 5 | Quantitative PCR analysis of the odontoblast differentiation markers ALP (A) and DSPP (B), and western blot analysis of osteo/odontogenic markers (C).
The integrated density of bands were analyzed by Imaged (D). The molecular weights of marked protein were listed followed: B-actin 45kD, OCN 50-55kD, DSPP
37-40kD, RUNX2 55-62kD. The asterisks indicate significant differences between groups (*p < 0.05 one-way ANOVA and LSD comparison test) and the bars
represent the standard deviation of three replicates.

soluble calcium and phosphate react to form nanoprecipitates,
still suspended in the water droplets. The final nanoparticle is
generated by adding free lipids to the cores (Satterlee and Huang,
2016). The formation of asymmetric bilayer occurs when organic
solvent is removed from the mixture and exposed to an aqueous
solution. The inner leaflet is a cationic lipid to encapsulate
negatively charged polynucleotides, and neutral lipid is placed on
the outer leaflet to decrease non-specific cellular uptake/toxicity
(Li et al., 2012). Till now, calcium-phosphate lipid has been
widely considered as a carrier, however, its cellular compatibility
has been barely studied. In this study, CL was demonstrated
as anti-inflammatory and osteo/odontogenic to iDPSCs, which
could be a potential material for vital pulp therapy (VPT).

Lipid mediators are widely appreciated for their important
roles in initiating the leukocyte traffic required in host
defense (Cotran et al., 1999). Novel families of lipid mediators
could actively stimulate cessation of leukocytic infiltration,
counterregulation of pro-inflammatory mediators, and the
uptake of apoptotic neutrophils and cellular debris (Serhan et al.,
2014), probably via cell-cell interactions within inflammatory
exudates (i.e., pus), controlling the size, magnitude, and
duration of the inflammatory event (Serhan, 2007). It had
been demonstrated that specialized lipid mediators which were
biosynthesized during self-limited acute inflammatory response
(Serhan et al, 2014), called RvDI1, RvD5, and PDI1, could
directly enhance phagocytosis of E. coli, counter-regulate a
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panel of pro-inflammatory genes, including NF-kB and TNEF-
o, and cooperate with antimicrobial process (Chiang et al.,
2012; Jia et al, 2019). In the so-called lipid-mediator class
switching process, specialized pro-resolving mediators (SPMs)
were produced via a prostaglandins and leukotrienes (LTs)
switch. SPMs triggered multiple reactions, such as limiting
neutrophil tissue infiltration and influencing the translation of
mRNAs encoding enzymes, and they were isolated in low-dose
and locally active (Serhan et al, 2011), resulting in reducing
exudate IL-6 and human neutrophil trans-endothelial migration
in response to TNF-a (Dalli et al., 2013). Calcium-phosphate
lipid might be able to trigger this reaction due to its similar lipid-
bilayer structure, to rescue the inflammatory condition, which
was consistent with the results that low-dose CL showed more
efficient reduction in IL-1f, IL-6, and TNF-a (Figures 3A-C).
Further mechanisms need to be studied in future research,
including macrophage reactions and COX-2 related pathway.

Because calcium-phosphate is acid-sensitive (Ivanets et al.,
2019), after the CL is delivered to the cellular endosome, the
late endosome’s acidic environment will dissolve the calcium-
phosphate core (Li et al., 2010). It had been proved that calcium
ions of calcium-phosphate lipid released more with a lower pH
(Tang et al., 2015). In our study, the pH of DD water was about
7.7 and was freshly prepared (data not shown), with the pH a little
bit higher than PBS (pH = 7.4). Calcium released more in PBS
(Figure 2E), which was consistent with previous conclusions.
Since Ca’* is one of the critical factors in cell differentiation
(Maeno et al., 2005; Valerio et al., 2009; Rahmanian et al,,
2019), mineralization (Dvorak et al., 2014), and activation of
multiple cellular pathways (Yang et al., 2017; Liu et al., 2019),
CL might influence iDPSCs differentiation via free Ca®* released.
Also, it was reported that lipid membrane behavior upon
local application of Ca®>t might contribute to several cellular
processes, such as cell division and trafficking of proteins (Ali
Doosti et al., 2017), and cationic liposomes were reported to be
able to inhibit the activation of phosphatidylinositol-3 kinase-
Akt (PI3K-Akt) pathway (Inoh et al., 2017). CL was supposed to
enhance osteo/odontogenesis for the richness of Ca>*; upstream
and downstream pathways still need to be further studied.
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