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Abstract: Equine bone blocks have osteogenic effects promoting bone regeneration with biocompatibility and osteoconductivity capacity. Human dental pulp stem cells (hDPSCs) can differentiate
into osteoblasts enhancing biomineralization with such scaffolds. Melatonin is able to improve bone
health and mediate bone formation. Collagenated equine bone blocks were coated with ammoniafunctionalized graphene-oxide (G-N) at two different concentrations (2 µg/mL, G-N2; and 10 µg/mL,
G-N10). The homogeneity of G-N coating was checked by Raman spectroscopy, whereas thermogravimetric analysis (TGA) allowed us to quantify the amount of G-N deposited on the blocks. The
aim of this study was to investigate in vitro the effect of G-N-coated collagenated equine bone blocks
on the proliferation and differentiation of hDPSCs with the addition of a melatonin. This evaluation
was determined after 7, 14, and 21 days of culture by the expression of specific microRNAs, RUNX2
and SMAD5 gene expression, osteocalcin levels, and histological analysis. The results showed that
equine blocks G-N2 and G-N10 and melatonin gave an optimal cell adhesion as shown by histological
analysis, and an increase in the hDPSCs osteogenic potential as confirmed by microRNA and gene
expression with an increase in osteocalcin levels. This study suggests that equine bone blocks coated
with G-N2 and G-N10 and melatonin promote the osteogenic process.
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1. Introduction
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The clinical treatment of large-size bone defects requires an interdisciplinary approach
of bone regeneration techniques to restore the anatomical, physical, and functional conditions after acquired trauma, infection, neoplasm, or surgical resection [1]. The procedure
by autologous bone grafts represents the gold standard way for bone regeneration due to
their self-capabilities of osteoconduction, osteoinduction, and osteogenesis [2,3].
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The osteoconduction process is a physiological mechanism based on the new bone
formation on a biomaterials and scaffolds surface. This property is associated to the substrain of the bone healing process by a space-maintaining capacity in fractures or damaged
hard tissue defects [4]. These components represent key factors able to enhance the
integration of the graft, to promote the remodeling of the bone substitute and to induce the
new bone formation [5]. The osseointegration of the bone graft is characterized by necessary
components such as osteogenic progenitor cell differentiation, secretion of osteoconductive
matrices, and release of osteoinductive growth factors conveyed by organized blood
clot [5,6]. On the contrary, the autologous bone graft approach is related to considerable
increase in surgical procedures and a higher postoperative patient morbidity, in favor
of new-generation biomaterials with heterologous and synthetic origin and biomaterials’
bioactive coating [7]. Human dental pulp stem cells (hDPSCs) represent an easy-access
reliable source of multipotent mesenchymal stem cells (MSCs). The hDPSCs are able to
differentiate into osteoblasts and can be seeded on a bioscaffold and successfully applied
for tissue engineering of bone defects [8–10]. The treatment of severe defects of the jaws
requires bone regeneration while the augmentation procedures with bone substitutes and
barrier membranes are indicated for localized ridge atrophy [11,12]. The gold standard of
graft materials for bone regeneration is autologous bone, due to osteogenic, osteoinductive,
and osteoconductive properties. The application of natural substitutes such as allografts
and xenografts seems to be an alternative [13,14]. The using of xenografts is common and
may have a “similar” structure of the component being replaced. Equine bone has been
proposed as a bone substitute alone or in combination with other materials [15].
Bone blocks are proposed for large bone defect treatment due to their biocompatibility
and osteoconductivity properties. Plenty of techniques have demonstrated that equine
bone derived materials have osteogenic effects and promote bone regeneration acting as
little resorbable scaffolds [16–19].
Our previous results showed that equine bone blocks enhanced hDPSCs differentiation [20]. Melatonin (N-acetyl-5-methoxytryptamine) is a natural hormone able to improve
bone health because it targets the overall remodeling process through its dual actions
on osteoblasts and osteoclasts and is an important mediator in bone formation [21–24].
Moreover, the association of melatonin combined with xenografts induced in dog jaws
models the promotion of osteointegration with higher bone-to-implant contact compared
to the scaffold alone [25]. There are various phases to the bone remodeling process that
include the activation of osteoclast precursors to initiate bone resorption, followed by the
activation of osteoblasts to form and mineralize new bone matrix [26].
In our previous study, we demonstrated that equine bone block enhanced hDPSC differentiation and the effect was further enhanced by the simultaneous presence of an equine
bone block and 100 µM of melatonin that stimulated early stages of cell differentiation. This
study led us to conclude that hDPSCs/equine bone blocks and melatonin seemed to be an
effective biocompatible system useful for bone tissue engineering due to the osteogenic results obtained [20]. Graphene-oxide (GO) enriched materials have raised a growing interest
in many research areas, due to the capacity of GO to promote cell adhesion, proliferation,
and differentiation [27–29]. The GO was demonstrated to be able to guarantee the viability
and to enhance osteogenic differentiation of stem cells when compared with traditional
substrates or scaffolds [27–30]. miRNAs are regulators of bone development influencing
the progression of differentiation through regulating Bone Morphogenetic Protein (BMP)
signaling [31] targeting both SMAD5, a transcription factor that activates early osteoblast
differentiation markers and RUNX2 which influences downstream genes for the osteoblast
phenotype [32,33] and affects osteocalcin expression [34]. BMP2 signaling appears to release osteo-specific mRNAs from miRNA inhibition, upregulating only a small number of
miRNAs early in differentiation and downregulating the vast majority [35]. There is some
overlap of miRNAs from the cardiogenesis, myogenesis, neurogenesis, and hematopoiesis
pathways. miR-133 and miR-135 act in concert to regulate osteoblastogenesis in MSCs.
MiR-133a and miR-135 inhibit differentiation [36].
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The purpose of the present in vitro study was to investigate the osteoregenerative
potential of ammonia-functionalized graphene-oxide (G-N)-coated equine bone substitute
materials and melatonin on hDPSC. The innovative aspect of the present study was to
assess the potential osteoinductive properties of these new hybrid materials and therefore
their ability to improve bone regeneration. The idea to coat the equine bone block with G-N
rather than with simple GO was born by the aim to enrich with amino groups the grapheneoxide coating in order to mimic proteins (due to the simultaneous presence of carboxylic
and amine moieties on the graphitic surface), widely present in the extracellular matrix
during bone formation. Furthermore, in a recent study, the use of amine-functionalized
graphene filler for different biomedical applications evidenced the promotion of cell conductivity and consequently better cell growth and proliferation [37]. Sharma et al. reported
that the amine-functionalized graphene used in combination with bone cement has been
reported in vivo as an excellent healing agent for fractured bone, as evident from the
calcination in just 20 days against no healing in the control [37]. Melatonin was associated
with a G-N-enriched equine bone block in order to evaluate a possible synergic effect due
to the capacity of melatonin to activate the differentiated cells, i.e., osteoclasts—to initiate
bone resorption—and osteoblasts. The osteoregenerative potential of these association was
evaluated following different measurements. The degree of proliferation and mostly of
differentiation of hDPSC was determined by the isolation, quantification, and expression of
microRNAs, particularly miR-133a/b, miR-135a, miR-206, miR-29b, and miR-let-7b, which
are proper markers of bone growth promotion. Furthermore, real-time PCR analysis was
performed to analyze the expression of RUNX2 and SMAD5 genes, bone formation-linked
transcriptional factors. Finally, the levels of osteocalcin, released in the culture medium,
were assessed to evaluate the bone turnover stage and histological analyses.
2. Materials and Methods
2.1. Ammonia Graphene-Oxide (G-N) Equine Bone Block Coating
The experiments were performed using Sp Blocks (OsteoBiol, Tecnoss® , Torino, Italy),
which are cancellous blocks of heterologous bone (dimensions: 10 × 10 × 10 mm) produced
with an exclusive Tecnoss process which avoids ceramization of the hydroxyapatite crystals.
A quantity of 25 mL of homogeneous dispersion of ammonia-functionalized grapheneoxide (G-N) (Merck KGaA, Darmstadt, Germany) in water at various concentrations
(2, 10 µg/mL) was prepared by ultrasonicating for 15 min and centrifuging at 5500 rpm for
5 min in order to ensure good dispersion. Then 250 µL of this solution were dropped on
the bone block and spin coated at 500 rpm for 30 s, and 1300 rpm for 60 s. At the end of the
procedure, uniformly coated collagenated bone blocks were obtained, defined G-N2 and
G-N10 based on the concentrations of G-N used for the coating.
Thermal gravimetric analysis was performed with a TA Q500 thermogravimetric
analyzer. A fragment was cut from the equine bone blocks, loaded in a Pt pan and heated
to 900 at 10 ◦ C/min in air atmosphere after equilibrating the sample at 100 ◦ C.
Raman spectra were acquired using a Horiba Jobin Yvon HR 800 UV LabRam Raman
microscope, using as light source the built-in 632 nm laser. The spectra were normalized
on the intensity of the main hydroxyapatite scattering band (about 965 cm−1 ).
UV spectroscopy of GO and G-N was performed using a Jasco V-570 UV-vis-NIR
spectrophotometer instrument. Samples were prepared by diluting the commercial sample
to the elected concentration.
2.2. hDPSCs Extraction and Cell Cultures
Human DPSCs were extracted from third molar teeth and characterized at the Department of Experimental Medicine, Section of Histology and Embryology, Second University
of Naples (Naples, Italy) according to Iaculli et al., 2017 [8]. The utilization of dental pulps
was approved by the Internal Ethical Committee (Second University Ethical Committee)
and the donors provided written informed consent before participating in the present study.
After sorting the persistence of negativity for CD45 and positivity for CD34, it was clearly
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demonstrated that these cells were of mesenchymal origin. Moreover, the population was
found to be CD90+ /CD133+, evidencing that the cell population was still undifferentiated, as well as potentially multipotent. Therefore, hDPSCs were stored at −80 ◦ C. Once
defrosted, cells were put in culture with a growth medium (GM) composed as follows:
Dulbecco’s modified eagle medium high glucose (#ECB7501L, Euroclone, Milan, Italy), 10%
fetal bovine serum (FBS, #ECS0180L, Euroclone, Milan, Italy), 1% penicillin/streptomycin
100X (#ECB3001D, Euroclone, Milan, Italy), 1% glutamine (#ECB3000D, Euroclone, Milan, Italy), and incubated at 37 ◦ C and 5% CO2 . To induce the osteogenic differentiation,
hDPSCs were cultured in the differentiation medium (DM) for 7, 14, and 21 days. The
DM medium was constituted by the Dulbecco’s modified eagle medium high glucose +
10% FBS + 1% mL Pen/Strep + 1% L-Glutamine with the supplementation of 100 nM
dexametasone (#D4902, Sigma–Aldrich, Milan, Italy), 100 nM beta-glycerol phosphate
(#50020, Sigma–Aldrich, Milan, Italy), and 50 µM ascorbic acid (#A92902, Sigma–Aldrich,
Milan, Italy).
2.3. Experimental Study Design
The purpose of the following investigation was the analysis of G-N2- and G-N10coated equine bone graft and melatonin effects on hDPSC proliferation and differentiation
in an osteogenic pattern. The design of the study is shown in Figure 1. Human DPSCs were
plated in three different time points: An amount of ~40.000 cells were placed for 7, ~20.000
cells set for 14, and ~10.000 cells for 21 days of culture. After 24 h, G-N2 and G-N10 bone
blocks, previously sterilized, were placed in the presence of DM or GM with the addition
of HEPES (#H4034 Sigma–Aldrich, Milan, Italy) at the concentration of 15 nM. In some
experimental conditions (#M5250, Sigma–Aldrich, Milano, Italy) 100 µM of melatonin was
added due to its specific properties in bone formation and stimulation. Melatonin was
freshly prepared in 100% ethanol in order to avoid an immediate decomposition, according
to the guidelines. The procedure was set up as following described:
Group 1: hDPSCs + equine bone block (Ctrl);
Group 2: hDPSCs + equine bone block + melatonin (Ctrl + Mel);
Group 3: hDPSCs + equine bone block G-N-coated 2 µg/mL (G-N2);
Group 4: hDPSCs + equine bone block G-N-coated 2 µg/mL + melatonin (G-N2 + Mel);
Group 5: hDPSCs + equine bone block G-N-coated 10 µg/mL (G-N10);
Group 6: hDPSCs + equine bone block G-N-coated 10 µg/mL + melatonin (G-N10 + Mel).
After 7, 14, and 21 days of culture, cells were detached and harvested in order to
evaluate miRNAs (miR-133a/b, miR-135a, miR-206, miR-29b, and miR-let-7b) and gene
expression of RUNX2 and SMAD5, and osteocalcin levels.
2.4. Live/Dead Test
The evaluation of the hDPSCs’ viability in the presence of G-N2/G-N10 bone blocks
was assessed performing the live/dead test (Live/Dead BacLight™, Molecular Probes,
Eugene, OR, USA). The test was performed in accordance with the manufacturer’s instructions. This method was based on the use of a mixture of two fluorochromes, SYNTO9
and propidium iodide, emitting fluorescence at two different wavelengths (green and
red, respectively). Around 100,000 cells were plated on uncoated and G-N2/G-N10 bone
blocks and the day after, 5 µL of the dye mixture (3 µL SYNTO9 and 2 µL propidium
iodide) was added to each sample. After 15 min of incubation in the dark, a slide was
directly positioned on samples and observed by a fluorescence microscope [38]. If the cell
envelope was intact, the passage of only SYNTO9 that linked to the DNA determined a
green fluorescence staining (470–550 nm). If the cell membrane was partially damaged,
both propidium iodide and SYNTO9 could enter the cell, with a resulting red fluorescence
(630–650 nm) [39]. At the end of the assay, 40× photos of uncoated and G-N2/G-N10 bone
blocks were acquired.
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Figure 1. Design of the study.
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hsa-miR-135a-5p (UAUGGCUUUUUAUUCCUAUGUGA; #000460);
hsa-miR-206 (UGGAAUGUAAGGAAGUGUGUGG; #000510);
hsa-miR- 29b (CUGGUUUCACAUGGUGGCUUAG; # 002166);
hsa-miR-let-7b (UGAGGUAGUAGGUUGUGUGGUU; #002619);
hsa-miR-16-5p (UAGCAGCACGUAAAUAUUGGCG; # 000391).

The relative quantification of miRNAs targets was carried out using the ∆Ct formula,
according to the Ct method. The more values were close to zero, the more they were
upregulated. Three independent experiments were performed in triplicates, for each
condition and time points.
2.7. Gene Expression Analysis
For cDNA synthesis 1 µg of total RNA was directly processed with High-Capacity
cDNA Archive kits (Applied Biosystems), in accordance with the manufacturer’s instructions. Quantitative real-time PCR was carried out for the relative quantification of gene
expression of RUNX2 (runt-related transcription factor 2) and SMAD5 (SMAD family member 5), HDAC4, COL5a3 versus glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene, using TaqMan technology on an ABI Prism 9700ht Sequence Detection System instrument, connected to Sequence Detector Software (SDS, version 2.0) for data collection and
analysis.
2.8. Osteocalcin Levels Measurement
Immunoenzymatic assays to quantify the osteocalcin levels were measured in hDPSCs
at 14 and 21 days both in the GM and DM of all study groups. The measurement was
performed using the Micro Vue Bone Osteocalcin EIA (#8002, Quidel, San Diego, CA, USA)
in accordance with the guidelines. Briefly, 1× wash buffer (dilution of 10× wash buffer
1:10 with deionized water) was prepared, and standards and controls with 0.5 mL 1×
wash buffer were reconstituted. For the assay procedure, 25 µL of reconstituted standards,
controls, and samples were put into assay wells and 125 µL of anti-osteocalcin was added
to assay wells. After incubation of 120 ± 10 min at 20–25 ◦ C, enzyme conjugate with 1×
wash buffer was prepared, and 150 µL of it was added into assay wells and incubated for
60 ± 5 min at 20–25 ◦ C. Finally, 150 µL of substrate solution was added and incubated
for 35–40 min at 20–25 ◦ C. Thus, 150 µL of stop solution was supplemented. Optical
density was read at 405 nm; the assay results were analyzed using a 4-parameter curve fit
y = (A − D)\(1+(x\C)B) + D. Data were referred to 105 cells.
2.9. Histological Evaluations
After 7 days of culture, a histological analysis was performed to evaluate the cell
adhesion. The specimens of the different study groups (Figure 6) were immersed in a
fixative solution of 10% buffered formalin at pH 7.2 with 0.1 M of sodium phosphate, for
4 h at room temperature. The specimens were processed to obtain thin ground sections
with the Precise 1 Automated System (Assing, Rome, Italy). The specimens were dehydrated in an ascending series of alcohol rinses and embedded in a glycolmethacrylate resin
(Techonovit 7200 VLC; Kulzer, Wehrheim, Germany). After polymerization, the specimens
were sectioned with a high-precision diamond disc to about 150 mµ and ground down to
about 30 mµ with a specially designed grinding machine. The slides were stained with toluidine blue and acid fuchsin. The slides were observed under transmitted light microscopy
(Laborlux S, Leitz, Wetzlar, Germany). The histomorphometry was performed using a
light microscope (Laborlux S, Leitz, Wetzlar, Germany) connected to a high-resolution
video camera (3CCD JVC KYF55B), and interfaced to a monitor and personal computer.
This optical system was associated with a digitizing pad (Matrix Vision GmbH) and a
histometry software package with image capturing capabilities (Image- Pro Plus 4.5; Media
Cybernetics Inc., Milan, Italy).
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2.10. Statistical Analysis
The Software StatPlus6 (Analystsoft, Walnut CA, USA) was used for data analysis.
Parametrical methods were used after having verified the existence of the required assumptions. The factors under investigation were the time elapsed, the presence of G-N2 and
G-N10, and their combination with melatonin for genes and miRNAs expression levels.
Data were expressed as means and standard deviation of the recorded values obtained
from 3 different experiments. The statistical significance among multiple samples was
determined with the one-way ANOVA analysis of variance with Bonferroni’s multiple comparison tests and Tukey’s multiple comparison tests. All statistical tests were performed
via GraphPad Prism Software, version 7 (GraphPad Software, La Jolla, CA, USA).
3. Results
3.1. Chemico-Physical Characterization of Ammonia Graphene-Oxide-Coated Collagenated
Bone Block
In order to characterize G-N, we performed a UV-VIS spectroscopy analysis, whereas,
in order to assess the chemico-physical properties of G-N-coated bone blocks, Raman
spectroscopy and thermogravimetric analysis (TGA) were conducted.
3.2. UV-VIS Spectroscopy
If compared with GO spectrum (Figure S1 Supplementary Material, red line), [40] the
UV-VIS absorption spectrum of the stable suspension of G-N (Figure S1 Supplementary
Material, black line) reveals similar adsorption bands with a slight red shift from 230 to
250 nm, because of the introduction of amine-terminal groups [41].
3.3. Raman Spectroscopy
The major bands in Raman spectra of bone tissue correspond to mineral and organic
constituents. The mineral part of the spectrum is dominated by the phosphate (PO4 3− )
internal vibration mode at 961 cm−1 and in the range of 587–604 cm−1 . The phosphate
vibration in the region 1035–1048 cm−1 is not well visible and overlaps with that of carbonate at 1073 and 1103 cm−1 . The major bands assigned to the organic components of spongy
bone tissue are: 1200–1320 cm−1 (amide III), 1595–1700 cm−1 (amide I), 1400–1470 cm−1 ,
and 2800–3100 cm−1 (bending and stretching modes of C–H groups, respectively) [42].
Most of the peaks in the spectra of the samples are the Raman signatures of hydroxyapatite
(black spectra in Figure 2). Due to the low loading of G-N, it was not possible to see by
Raman measurements clear evidence of the presence of graphitic material in the bone block
treated with the 2-µg/mL G-N solution (G-N2). Only in the red spectrum, relative to a
point in the sample, it is possible to find evidence of the presence of graphitic material
(marked with *) on the bone block. The sample treated with 10-µg/mL G-N instead shows
clearly the presence of graphitic material. Specifically, in the 10 µg/mL G-N-coated bone
block (G-N10) the signs of graphitic materials are represented by the three characteristic
bands of graphene-oxide: The G band at 1580, the D band at 1350, and the 2690 cm−1
(Figure 2) [43,44].
3.4. TGA Analysis
Thermogravimetric analysis (TGA) was used to quantify the percentage of G-N that
coats the bone blocks. TGA shows a progressive decreasing of the sample weight during
combustion (Figure 3); the bone block suffered from a weight loss lower than that of
the coated bone blocks. By increasing the concentration G-N from 2 to 10 µg/mL, a
proportional increase of weight loss has been observed. This trend demonstrates that an
increase of the concentration of G-N is connected to the amount of combustible material
that coats the bone block. The weight loss in the range from room temperature to 200 ◦ C
is due to the evaporation of physisorbed water, while the weight loss between 200 and
500 ◦ C is associated with the decomposition of collagen molecules. The slight loss between
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coated bone blocks and coated bone blocks with melatonin gave a statistically significant
increase of SMAD5. After 21 days, G-N10 gave a significant increase in SMAD5 gene
expression in respect to Ctrl while G-N2 + Mel gave a decrease in respect to Ctrl + Mel.
The hDPSCs cultured after 7 days in GM showed a gene expression of RUNX2 that
significantly increased in the presence of G-N10 and G-N2 + Mel compared to Ctrl and
Ctrl + Mel, respectively. After 14 days, both G-N2 and G-N2 + Mel significantly decreased
RUNX2 gene expression while G-N10 + Mel increased it. After 21 days, both G-N and
G-N + Melatonin gave a significant increase in RUNX2 gene expression compared to Ctrl
and Ctrl + Mel, respectively. In the hDPSCs cultured after 7 days in DM, no statistically
significant differences were found in RUNX2 gene expression, while after 14 days both G-N
and G-N + Melatonin gave a significant increase in RUNX2 gene expression compared to
Ctrl and Ctrl + Mel, respectively. After 21 days in DM the effect of G-N10 + Mel decreased
RUNX2 expression in respect to Ctrl + Mel.
3.7. MicroRNAs Expression
The degree of differentiation was evaluated through the expression of miRNAs characterizing the osteogenesis miR-133a and b, miR-135a, miR-206, miR-29b, and miR-let-7b
associated with osteogenic differentiation. For this purpose, the expression of miR-133a,
miR-133b, miR-135a, miR-206, miR-29b, and miR-let-7b was evaluated after 7, 14, and
21 days of hDPSCs culture in both GM and DM (Table 2).
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Table 1. Gene expression data.
Growth Medium
Gene Symbol

SMAD5

RUNX2

Differentiation Medium

Days
CTRL

G-N2

G-N10

CTRL + MEL

G-N2 + MEL

G-N10 + MEL

CTRL

G-N2

G-N10

CTRL ù + MEL

G-N2 + MEL

G-N10 + MEL

7

6.7 ± 0.092

6.9 ± 0.03

6.52 ± 0.04

6.58 ± 0.007

6.2 ± 0.007 ***

6.42 ± 0.05

6.18 ± 0.06

6.8 ± 0.014 ***

6.46 ± 0.07 * ##

6.01 ± 0.06

6.56 ± 0.06 ***

7.06 ± 0.012 ***

14

5.5 ± 0.05

6 ± 0.03

5.4 ± 0.08

6 ± 0.05

5.8 ± 0.03

5.6 ± 0.1

7.4 ± 0.1

6.6 ± 0.006 ***

5.8 ± 0.08 ***

6.4 ± 0.035

6 ± 0.01 ***

6.15 ± 0.015 ***

21

7.2 ± 0.02

6.3 ± 0.1 ***

6.7 ± 0.04 * ##

7.2 ± 0.07

6.2 ± 0.02 ***

6 ± 0.04 ***

8.25 ± 0.03

8.4 ± 0.14

8 ± 0.05 **

8.1 ± 0.06

8.4 ± 0.025 **

8.3 ± 0.05

7

7.1 ± 0.08

7.1 ± 0.017

6.6 ± 0.08 ***

6.6 ± 0.13

6.2 ± 0.04 ***

6.55 ± 0.092

6.2 ± 0.01

6 ± 0.03

5.8 ± 0.04

6.1 ± 0.6

5.7 ± 0.06

5.9 ± 0.05

14

5.36 ± 0.015

5.6 ± 0.04 **

5.26 ± 0.07

5.2 ± 0.07

5.53 ± 0.036 ***

4.96 ± 0.035 ***

8.5 ± 0.06

6.1 ± 0.02 ***

6 ± 0.07 ***

6.5 ± 0.09

5.5 ± 0.07 ***

5.7 ± 0.1 ***

21

6.5 ± 0.05

6 ± 0.0 ***

6 ± 0.01 ***

6.7 ± 0.007

6.2 ± 0.02 ***

6 ± 0.04 ***

7.4 ± 0.075

7.6 ± 0.08

7.25 ± 0.04

7.25 ± 0.007

7.4 ± 0.09

7.7 ± 0.035 ***

Data derived from three different experiments (each n = 3) were presented as ∆Ct means ± standard deviation. ∆Ct (Ct gene of interest –Ct GAPDH ). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as the housekeeping gene to normalize gene levels. One-way ANOVA tests were applied for statistical differences among the experimental conditions in growth medium or differentiation medium (* p < 0.01;
** p < 0.001; *** p < 0.0001) and Tukey’s test was applied for pairwise comparisons (G-N2 and G-N10 vs. Ctrl; G-N2 + Mel and G-N10 + Mel vs. Ctrl + Mel, ## p < 0.0001) when statistical significance tests where
equal were represented one time.

Table 2. miRNA expression data.
Growth Medium
miR Symbol

miR-133a

miR-133b

miR-135a

miR-206

miR-29b

miR-let-7b

Differentiation Medium

Days
CTRL

G-N2

G-N10

CTRL + MEL

G-N2 + MEL

G-N10 + MEL

CTRL

G-N2

G-N10

CTRL + MEL

G-N2 + MEL

7

11.6 ± 0.2

12.5 ± 0.4 **

12.8 ± 0.1 ***

13.1 ± 0.1

13.1 ± 0.2

—

10.9 ± 0.05

11.6 ± 0.7

10.6 ± 0.1

10.8 ± 0.8

9.7 ± 0.3

G-N10 + MEL
12.3 ± 0.1 *

14

11.2 ± 0.2

11.5 ± 0.7

11.9 ± 1.01

11.3 ± 0.7

12.1 ± 0.3

11.3 ± 0.8

9 ± 0.3

10.7 ± 0.1

11.5 ± 0.5 *

10 ± 0.2

11.7 ± 0.9

12.3 ± 0.8 **

21

11.3 ± 0.2

11.5 ± 0.7

12.7 ± 0.8

11.3 ± 0.7

12.5 ± 0.3

12.3 ± 0.1

12.2 ± 0.05

12.2 ± 0.6

13.2 ± 0.6

11.6 ± 0.4

11.9 ± 0.2

11.7 ± 0.5

7

10.1 ± 0.4

12.3 ± 0.2

—

11.4 ± 0.8

13 ± 0.8

—

11.4 ± 0.05

11.9 ± 0.4

11.9 ± 0.2

11.7 ± 0.6

12.4 ± 0.02

—

14

11 ± 0.4

12 ± 0.4

12.2 ± 1.3

11.2 ± 0.1

12.3 ± 0.4

12.8 ± 0.8

11.1 ± 0.6

11.5 ± 0.8

11.5 ± 0.8

10.8 ± 0.2

11.1 ± 0.9

12.5 ± 0.8

21

12.6 ± 0.4

12.4 ± 0.4

12.8 ± 0.05

11.5 ± 0.7

12.7 ± 0.2

12.6 ± 0.1

11.8 ± 0.05

12 ± 0.9

10.5 ± 0.5

10.5 ± 0.3

12.2 ± 0.1 *

14.4 ± 0.4 ***

7

11 ± 0.5

12.7 ± 0.1 *

12.3 ± 0.6

11.1 ± 0.1

12.4 ± 0.8

12.4 ± 0.4

11.2 ± 0.05

13.4 ± 0.7 ***

12.2 ± 0.1

11.8 ± 0.1

10.4 ± 0.4 *

—

14

10.2 ± 0.1

10.9 ± 0.7

11.03 ± 0.2

10.6 ± 1.1

10.6 ± 0.6

10.8 ± 0.3

12 ± 0.1

—

—

12.2 ± 0.2

—

—

21

12.1 ± 0.5

11.7 ± 0.3

12.3 ± 0.5

12.5 ± 0.6

12.2 ± 0.2

12.1 ± 0.4

10.9 ± 0.5

12 ± 1.04

12.8 ± 0.6 *

11.8 ± 0.6

12.1 ± 0.5

11.3 ± 0.7

7

10.8 ± 0.8

12 ± 0.1

11.8 ± 1.1

11.4 ± 0.8

12 ± 0.7

11 ± 0.3

11.9 ± 0.6

11.9 ± 0.9

12.4 ± 0.2

11.7 ± 0.8

11.2 ± 0.5

11.6 ± 0.6

14

9.9 ± 0.2

12.1 ± 0.4 ***

11.5 ± 0.6 **

11.7 ± 0.4

11.4 ± 0.4

12.4 ± 0.3

11.5 ± 0.3

11.1 ± 0.04

11.2 ± 0.4

11.6 ± 0.7

11 ± 0.8

11.9 ± 0.3

21

12 ± 0.9

12.6 ± 0.5

11.3 ± 0.8

12.5 ± 0.7

11.5 ± 0.1

11.8 ± 0.3

12 ± 0.8

11.3 ± 0.5

12.3 ± 1.1

11.4 ± 0.4

11.8 ± 0.2

11.2 ± 0.07

7

3.1 ± 0.2

2.7 ± 0.2

2.4 ± 0.1 **

2.4 ± 0.05

3 ± 0.2 **

1.9 ± 0.1 *

4.62 ± 0.02

4.99 ± 0.04 **

4.85 ± 0.1

4.14 ± 0.03

4.87 ± 0.02 ***

3.81 ± 0.08 **

14

2.9 ± 0.2

2.5 ± 0.1

1.7 ± 0.3 ***

1.9 ± 0.2

1.6 ± 0.1

2.1 ± 0.2

3 ± 0.3

3.4 ± 0.05

3.9 ± 0.2 **

2.7 ± 0.1

2.9 ± 0.1

3.3 ± 0.2 *

21

3.3 ± 0.08

2.5 ± 0.1 ***

3.8 ± 0.2 **

2.6 ± 0.1

2.6 ± 0.1

3 ± 0.04 **

2.9 ± 0.06

2.7 ± 0.04 **

2.7 ± 0.09 *

3 ± 0.06

2.9 ± 0.04

2.6 ± 0.07 ***

−1.96 ± 0.06 *

7

−1.8 ± 0.02

−3.1 ± 0.3 ***

−3.7 ± 0.2 ***

−1.7 ± 0.1

−4.6 ± 0.3 ***

−5 ± 0.2 ***

−1.46 ± 0.07

−1.80 ± 0.03

−2.03 ± 0.14 **

−1.51 ± 0.14

−1.8 ± 0.12

14

−2.3 ± 2

− 2.02 ± 0.2

−2.3 ± 0.3

−2.5 ± 0.1

−2.5 ± 0.2

−3 ± 0.3

−1.3 ± 0.07

−1.5 ± 0.08

−1.6 ± 0.2

− 2.1 ± 0.08

− 1.7 ± 0.08 *

−1.6 ± 0.1 **

21

−2.1 ± 0.1

−2.6 ± 0.1 ***

−1.9 ± 0.1

−2.1 ± 0.1

−2.2 ± 0.04

−2.4 ± 0.08 *

−1.4 ± 0.05

−1.7 ± 0.07 ***

−0.7 ± 0.06 ***

−1.05 ± 0.08

−1.04 ± 0.08

− 1.6 ± 0.05 ***

Data derived from three different experiments (each n = 3) were presented as ∆Ct means ± standard deviation. ∆Ct (Ct miRNA of interest –Ct miR-16 ). miR-16 was used as housekeeping gene to normalize miRNA
levels. The one-way ANOVA analysis of variance with Tukey’s multiple comparison test was applied. (Ctrl vs. G-N2; Ctrl vs. G-N10; Ctrl + Mel vs. G-N2 + Mel; Ctrl + Mel vs. G-N10 + Mel; * p < 0.05; ** p < 0.01;
*** p < 0.001). — means undetermined data.
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At 7, 14, and 21 days of culture in both GM and DM, the downregulation of miR-133a
in the presence of both G-N2 and G-N10 and in the presence of bone blocks plus melatonin
compared to the relevant Ctrl was observed. MiR-133b was strongly downregulated after
7 days of culture in GM in the presence of G-N10 and G-N10 plus melatonin. Moreover,
in DM conditions, the presence of G-N10 plus melatonin downregulated miR-133b. At
14 days in both GM and DM, miR-133b expression was regulated among the various
conditions in a not statistically significant way. Instead, at 21 days in both GM and DM,
miR-133b was downregulated both in the presence of G-N2 and G-N10 plus melatonin
compared to Ctrl plus melatonin. The expression of miR-135a at 7 days of culture in GM
and DM was downregulated in the presence of G-N2 coating, whereas DM was strongly
downregulated in the presence of G-N10 plus melatonin. At 14 days, only in the DM
condition was a significant downregulation of miR-135a observed in both G-N2 and G-N10
in the presence or absence of melatonin compared to Ctrl. MiR-206, only at 14 days in
GM, was downregulated in the presence of G-N2 and G-N10 in respect to Ctrl. At 7 days,
miR-29b was upregulated in GM in the presence of G-N10 and G-N10 plus melatonin,
while it was downregulated in the presence of G-N2 plus melatonin. At 7 days in DM,
miR-29b was downregulated in the presence of G-N2 and G-N2 plus melatonin, while it
continued to be upregulated in the presence of G-N10 plus melatonin compared to Ctrl.
At 14 days in GM, miR-29b was upregulated in the presence of G-N2 and G-N10, and
remained upregulated in G-N2 plus Melatonin compared to Ctrl. Conversely, in DM, in
the presence of G-N10, it was downregulated. At 21 days, miR-29b in the GM condition
was downregulated in the presence of both G-N10 and G-N10 plus melatonin, while in the
presence of G-N2 it was upregulated. In DM, miR-29b was upregulated in the presence
of G-N2 and G-N10 and G-N10 plus melatonin compared to Ctrl. MiR-let-7b strongly
increased in the groups treated with G-N10 and G-N10 plus melatonin, mainly at 7 days
of both GM and DM culture. At 14 days in DM, in the presence of G-N10 plus melatonin
MiR-let-7b was downregulated compared to Ctrl. At 21 days, in both GM and DM, miRlet-7b was strongly upregulated in the presence of G-N2 compared to Ctrl and G-N10 plus
melatonin compared to Ctrl + Mel. Moreover, at 21 days in DM, miR-let-7b was found
downregulated in G-N2 compared to Ctrl.
3.8. Osteocalcin Assay
The osteocalcin levels, a late marker of differentiation, were assessed in media after
14 and 21 days of culture in both GM and DM conditions (Figure 5). After 14 days of
culture in both GM (panel A) and DM (panel B), hDPSCs showed a statistically significant
increase in osteocalcin level in all experimental conditions compared to their respective
control conditions (with the exception of G-N2 + Mel in GM). After 21 days of cultivation,
osteocalcin levels did not change among the experimental conditions investigated (data
not shown).
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14 and 21 days of culture in both GM and DM conditions (Figure 5). After 14 days of
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increase in osteocalcin level in all experimental conditions compared to their respective
control conditions (with the exception of G-N2+Mel in GM). After 21 days of cultivation,
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Figure 5. Osteocalcin assay. The graphs show the osteocalcin levels measured in hDPSC culture
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3.9. Histological Evaluation

Histologic
section of hDPSCs seeded on the bone blocks without melatonin (Figure 6A)
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6A) and on the bone blocks with G-N2 (Figure 6C) and G-N10 (Figure 6E) at seven days
in contact with the plastic Petri dish. The block was cut perpendicular to the dish to obtain
of culture showed the presence of a thin layer of cells attached to the surface of the bone
a clear histological observation of whole sides of the field. A higher quantity of cells was
block in contact with the plastic Petri dish. The block was cut perpendicular to the dish to
observed on the side in contact with the dish and in the region perpendicular to the dish; a
obtain a clear histological observation of whole sides of the field. A higher quantity of cells
fewer quantity of cells was observed in the upper portion of the block parallel to the plate.
was observed on the side in contact with the dish and in the region perpendicular to the
(Figure 6A,B). In the groups without melatonin it was possible to observe a discontinuous
dish; a fewer quantity of cells was observed in the upper portion of the block parallel to
cell layer.
the plate. (Figure 6A,B). In the groups without melatonin it was possible to observe a disHistologic section of hDPSCs seeded on the bone block with melatonin (Figure 6B)
continuous cell layer.
and on the bone block with G-N2–G-N10 and melatonin (Figure 6D,F) showed a uniform
Histologic section of hDPSCs seeded on the bone block with melatonin (Figure 6B)
and greater cellular layer. In particular, in the test sample with G-N10 (Figure 6F) it was
and on the bone block with G-N2–G-N10 and melatonin (Figure 6D,F) showed a uniform
possible to observe a continuous cell layer.
and greater cellular layer. In particular, in the test sample with G-N10 (Figure 6F) it was
In all conditions, the addition of melatonin improved cell contact to the biomaterial
possible
observe6B,D,F)
a continuous
cell layer. with the respective groups without melatonin
surfaceto(Figure
when compared
In
all
conditions,
the
addition
of melatonin improved cell contact to the biomaterial
(Figure 6A,C,E).
surfaceG-N10–G-N2
(Figure 6B,D,F)
when
compared
respective
groups
without
bone blocks (Figure with
6A,C)the
showed
a better
contact
to themelatonin
biomaterial
(Figure
6A,C,E).
surface with the addition of melatonin than in the groups without melatonin (Figure 6D,F).
G-N10–G-N2
boneobservable
blocks (Figure
showed especially
a better contact
the biomaterial
The cells were
in all6A,C)
the samples,
in thetoG-N10
bone block
surface
with
of melatonin
than in the
groups
without
melatonin
(Figure of
(Figure
6F) the
withaddition
melatonin
where the toluidine
blue
staining
confirmed
the presence
6D,F).
cells and their colonization of the bone block.

Appl. Sci. 2021, 11, 3218

Appl. Sci. 2021, 11, x FOR PEER REVIEW

14 of 20

13 of 19

Figure
Histological
evaluation:
(A) Histologic
section
of bone
seeded
with
Figure6.6.(A–F)
(A–F)
Histological
evaluation:
(A) Histologic
section
ofblock
bone(B)
block
(B) seeded
with hDPSC.
hDPSC.
The
sample
showed
a
discontinuous
cell
layer
(arrow)
(toluidine
blue
and
acid
fuchsin,
The sample showed a discontinuous cell layer (arrow) (toluidine blue and acid
fuchsin, 1000×).
1000x). (B) Histologic section of bone block (B) seeded with hDPSC and melatonin. The sample
(B) Histologic section of bone block (B) seeded with hDPSC and melatonin. The sample showed a
showed a continuous cell layer (arrow). (Toluidine blue and acid fuchsin, 1000x). (C) Histologic
continuous
cell layerbone
(arrow).
bluehDPSC.
and acid
1000×).a discontinuous
(C) Histologic section of
section
of G-N2-coated
block (Toluidine
(B) seeded with
Thefuchsin,
sample showed
cell
layer (blackbone
arrows);
in(B)
a small
portion,
residue The
of graphene
G-N2 (red
arrow) was detected.
G-N2-coated
block
seeded
withahDPSC.
sample showed
a discontinuous
cell layer (black
(Toluidine
blue
and
acid
fuchsin
1000X).
(D)
Histologic
section
of
G-N2-coated
bone
block
(B)
arrows); in a small portion, a residue of graphene G-N2 (red arrow) was detected. (Toluidine blue
seeded with hDPSC and melatonin. The sample showed a continuous cell layer (black arrows) and
and acid fuchsin 1000×). (D) Histologic section of G-N2-coated bone block (B) seeded with hDPSC
in one point a thick residue of G-N was observed (red arrow) (toluidine blue and acid fuchsin,
and melatonin.
Thesection
sample
a continuous
cell
(black
one point a thick
1000X).
(E) Histologic
ofshowed
G-N10-coated
bone block
(B)layer
seeded
witharrows)
hDPSC. and
G-N in
particles
residue
of appeared
G-N wasboth
observed
(redand
arrow)
(toluidine
blue surface.
and acid
1000
×). ar(E) Histologic
(red
arrow)
in contact
distant
from the block
Infuchsin,
some areas
(black
rows)
cells
the surface could
observed.
(Toluidine
and acid
1000X).
(F) Histosection
of on
G-N10-coated
bonebe
block
(B) seeded
withblue
hDPSC.
G-Nfuchsin,
particles
(red arrow)
appeared both
logic
sectionand
of G-10-coated
bone
seeded In
with
hDPSC
and
melatonin.
G-N
particles
in contact
distant from
theblock
block(B)
surface.
some
areas
(black
arrows)
cells
on thewere
surface could

be observed. (Toluidine blue and acid fuchsin, 1000×). (F) Histologic section of G-10-coated bone
block (B) seeded with hDPSC and melatonin. G-N particles were present in contact (red arrow) with
the surface and a thin cellular layer (black arrow) on the surface was present (toluidine blue and acid
fuchsin, 1000×).

Appl. Sci. 2021, 11, 3218

14 of 19

4. Discussion
Raman and TGA measurements proved the presence of ammonia-functionalized
graphene-oxide, G-N, on the equine bone block. In particular, the amount of G-N was
directly dependent on the concentration of G-N in the dispersion used for the coating
protocol. The coating was demonstrated to be relatively homogenous, especially for the
more concentrated sample. Mesenchymal stem cells (MSCs) are multipotent osteogenic
stem cells that are induced to differentiate into osteoblasts via BMP signaling [46]. So far,
most of the miRNAs characterized in osteogenesis appear to maintain the MSC-state [46],
which is lost upon BMP2 signaling [35].
MiR-133 functions by targeting p27 (a cell cycle regulator), Hox10a, and RUNX2,
which induces expression of alkaline phosphatase and osteocalcin, and miR-135 targets
SMAD5, which activates expression of early osteoblast differentiation markers [35]. p27 is
upregulated in response to BMP2, which downregulates miR-133 and miR-135, and SMAD5
together with C/EBPb can bind to RUNX2 and increase its transcriptional activity [47].
RUNX2, along with osteocalcin and b-catenin, is essential for osteoblast formation [46]. It
was found out that miR-133a at 7 days in GM is so downregulated that it is not measurable
in some experimental points. Indeed, we found that in GM in the presence of G-N10 plus
melatonin miR-133a was not expressed, while in G-N2 and G-N10 it was downregulated
in these conditions compared to Ctrl. A similar outcome was shown by the miR-133b
expression in GM condition, at 7 days, which resulted so strongly downregulated for G-N2
and G-N2 + Mel that it was not detectable in some experimental points, indeed for G-N10
and G-N10 + Mel which is statistically significantly downregulated compared to Ctrl.
MiR-135 was highly downregulated in all time point experimental GM/DM conditions in
the presence of G-N2 and G-N10. Our results achieved on hDPSCs cultured in DM show
the downregulation of miR-133a after 7, 14, and 21 days of hDPSCs. MiR-133b was strongly
downregulated after 7 days of culture in GM in the presence of G-N10 plus melatonin.
Furthermore, the downregulation seemed to rely on the type of functionalized block with
a decreasing expression from equine bone blocks to G-N10 bone blocks. The expression of
miR-135a was undetermined at 7 and 14 days of culture in DM in the presence of G-N10
+ Mel, but at 21 days we observed a downregulation trend dependent on the presence
of both G-N and melatonin. Taken together, these data suggest that the downregulation
observed for miR-133a, miR-133b, and miR-135, which normally inhibits osteoblast differentiation, strongly supports the differentiation process through the activation of RUNX2
and SMAD5. Another inhibitor of osteogenesis is miR-206 (also involved in myogenesis),
which was highly expressed in the osteoprogenitor cells of the perichondrium and was
significantly downregulated on initiation of osteogenesis. Inose and collaborators [47]
showed that knockdown of miR-206 in primary mouse osteoblasts was sufficient to induce
differentiation, while over-expression of miR-206 inhibited differentiation and affected
bone formation rate, leading to decreased bone mass independent of a shift from osteogenesis to myogenesis. As osteogenesis proceeds, more miRNAs are upregulated, with
maximal expression peaking during the mineralization stage when non-collagen proteins
that facilitate the last step in terminal differentiation are secreted [48].
After 14 days of hDPSCs culture in GM, miR-206 was downregulated in the G-N2and G-N10-coated bone blocks with and without melatonin compared to Ctrl. At 7 and
21 days, no statistically significant differences in the distinct experimental conditions
were underlined. miR-29b also targets HDAC4, which decreases RUNX2 expression via
deacetylation [48]. MiR-29b expression was upregulated at 7 and 14 days of hDPSCs GM
culture in the presence of G-N10 with and without melatonin compared to Ctrl; while in
DM we found an upregulation only for G-N10 plus melatonin compared to Ctrl, at 7 days.
At 14 days a statistically significant modulation was not found, except an upregulation for
the G-N10 condition without melatonin in the GM condition. Instead at 14 days in DM,
mir-29b was downregulated in G-N10 with and without melatonin. Finally, at 21 days of
both GM and DM, it was possible to notice a statistically significant upregulation in the
presence of G-N2 bone blocks compared to Ctrl. Instead, in DM in the presence of G-N10
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plus melatonin, mir-29b was upregulated in G-N10 with melatonin compared to Ctrl. These
results suggest that the osteogenic stimulation action of miR-29b could begin later than
other miRNAs, as it is a promoter of the later osteogenesis. This latter result could be
explained considering that maybe the G-N2 is related to a differentiation caused by the
presence of both blocks and melatonin. Conversely, the G-N10 plus melatonin, at 7 and
21 days in DM, drove the cells to a late or terminal differentiation stage. MiR-let-7b in vitro
significantly promoted osteogenesis and counteracted adipogenesis of MSCs, by targeting
high-mobility group AT-hook 2 (HMGA2) expression. Wei and colleagues [49] detected the
dynamic miRNA expression pattern in femurs of mice and found that miR-let-7 is a positive
regulator of bone development. Gain and loss of-function analysis showed that miR-let-7
can promote osteogenic differentiation, suppress adipogenesis of human adipose-derived
mesenchymal stem cells in vitro, and enhance bone formation in vivo as shown by the
detection of expression of RUNX2, BSP, OC, and Col1a1 (late marker of osteogenesis), as
well as ALP and OPN (early marker of osteogenesis). Results on miR-let-7b expression
on hDPSCs cultured in GM and DM at 7 days demonstrate an increasing upregulation
trend in the presence of both bone blocks and melatonin. MiR-let-7b expression at 7 days
in GM was statistically significantly upregulated in the presence of both G-N2 and G-N10
conditions compared to Ctrl. At 7 days in DM, in the presence of G-N10 with and without
melatonin, miR-let-7b was upregulated compared to Ctrl. At 21 days of hDPSCs culture in
both GM and DM, miR-let-7b was statistically significantly upregulated in the presence
of the G-N2 bone blocks alone, compared to Ctrl, even if in G-N10 GM condition it was
upregulated with melatonin. However, overall, the data collected show an upregulation of
miR-let-7b, confirming its role in enhancing the differentiation process of hDPSCs.
The activation of the osteogenic signaling described above was also confirmed in
our study by the increased upregulation of SMAD5 and RUNX2 in the presence of GN-coated equine bone block and melatonin. Similarly, both RUNX2 and SMAD5 were
upregulated in the differentiation condition at 14 days while in the growth condition at
21 days. This discrepancy could be due to the lack of the effect of differentiation factors
present in differentiation medium. Moreover, it is feasible to suppose a temporal wave
of gene expression as the signaling was activated at 14 days, while at 21 days it was
extinguished. Noteworthy, the G-N-coated bone block and melatonin seemed to have a
similar outcome without an additive effect. This outcome let us suppose that bone blocks
and melatonin could lead to a push towards the ostegenic process through RUNX2. The
gene expression behavior showed by SMAD5 strengthened the hypothesis of an osteogenic
process mediated by RUNX2 which targeted SMAD5 downstream.
Osteocalcin, representing a late-stage marker of differentiation, was assessed. Our data
showed that after 14 days of culture osteocalcin levels were significantly increased both in
the presence of G-N and G-N plus melatonin both in growth and differentiation conditions.
This outcome clearly confirms that the presence of the bone block or melatonin are a key
factor for pushing hDPSCs towards the differentiation process. The histological analysis
was performed through a specific technique able to provide a section of the hard tissues,
metals, or non-demineralized tissues, and polymerized with methacrylate resin [50]. This
approach is able to provide a descriptive evaluation based on the evident contact of the cell
with the surface of the biomaterial [50]. This technique took advantage of the absence of
the composition alteration of the biomaterial and its original structure [50]. The histological
sections of the samples revealed the cellular proliferation features of the hDPSC seeded on
equine scaffolding. At 7 days, the early contact to the biomaterial surface of hDPSC in the
presence of both bone blocks and bone blocks plus melatonin was observed, demonstrating
that one of the first important stages of the osteoconduction occurred. Moreover, the
histological evidence that the hDPSCs engrafted with the bone block demonstrates that
this scaffold was highly biocompatible and osteogenic. The heterogeneity of scaffold
surface and composition is a constant characteristic of all xenografts and biomaterials,
while the role of the scaffold system is to mimic the tissue organization of the native bone
interface [51,52]. In fact, this biomimetic characteristic reflects the morpho-structural and
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anatomical properties of the native host bone, and it is described in literature as more
effective to improve the new bone formation in osteochondral and bone defects [53–55]. The
functionalization of biomimetic hybrid biomaterials and membranes through non-covalent
graphene-oxide and bioactive molecules was previously described [27,29,40], while this
approach was effective to obtain a biological and mechanical enhancement of the scaffold
with no chemical and thermal alteration of the complexes [27,40]. In confirmation of a
previous study [27], no graphene-oxide dispersion was reported in the in the bulk solution.
In all conditions of the present investigation, the addition of melatonin improved the
cell contact to the biomaterial surface when compared with the relevant groups without
melatonin. G-N2 and G-N10 showed a better contact to the scaffold surface with the addition of Melatonin than in the groups without melatonin. These data suggested that equine
bone blocks coated with G-N2 and G-N10 and melatonin promoted the osteogenic process.
5. Conclusions
hDPSCs, equine bone blocks, ammonia-functionalized graphene-oxide, and melatonin
seemed to represent a promising useful tool in bone regeneration. The present data
seemed to suggest that the bone blocks, synergized by the simultaneous presence of a little
investigated graphene-oxide derivative, such as ammonia-functionalized graphene-oxide
and melatonin, stimulated the early stages of cell differentiation. The obtained results
demonstrated that microRNAs play a pivotal role in the differentiation of mesenchymal
stem cells in an osteogenic pattern, regulating the expression of fundamental transcription
factors for bone regeneration. The present research clearly showed that equine bone blocks
and melatonin have a positive effect on hDPSC differentiation. Data obtained by RUNX2
and SMAD5 gene expression, along with miRNAs results, seem to suggest that the two
components do not have an additive effect, but probably melatonin acts on a previous stage
compared to bone blocks on the same pathway. In conclusion, the already effective nature
of equine scaffolding in enhancing the osteogenic process on hDPSC is greatly improved
due to the presence of a scarcely studied ammonia-functionalized graphene-oxide and the
positive role of melatonin.
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