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Abstract: Titanium is one of the most frequently used materials in bone regeneration due to its
good biocompatibility, excellent mechanical properties, and great osteogenic performance. However,
osseointegration with host tissue is often not definite, which may cause implant failure at times. The
present study investigates the capacity of the mesenchymal stem cell (MSC)-secretome, formulated as
a ready-to-use and freeze-dried medicinal product (the Lyosecretome), to promote the osteoinductive
and osteoconductive properties of titanium cages. In vitro tests were conducted using adipose
tissue-derived MSCs seeded on titanium cages with or without Lyosecretome. After 14 days, in the
presence of Lyosecretome, significant cell proliferation improvement was observed. Scanning electron
microscopy revealed the cytocompatibility of titanium cages: the seeded MSCs showed a spread
morphology and an initial formation of filopodia. After 7 days, in the presence of Lyosecretome,
more frequent and complex cellular processes forming bridges across the porous surface of the
scaffold were revealed. Also, after 14 and 28 days of culturing in osteogenic medium, the amount
of mineralized matrix detected by alizarin red was significantly higher when Lyosecretome was
used. Finally, improved osteogenesis with Lyosecretome was confirmed by confocal analysis after 28
and 56 days of treatment, and demonstrating the production by osteoblast-differentiated MSCs of
osteocalcin, a specific bone matrix protein.

Keywords: mesenchymal stem cells (MSCs); MSC-secretome; MSC-extracellular vesicles; bone
regeneration

1. Introduction

Regeneration of bone defects often presents significant challenges. According to some
reports, between 5% and 10% of all bone fractures result in delayed or failed healing [1,2].
This aspect is particularly evident for patients with decreased tissue regeneration capacity
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as a consequence of advanced age, disease, or extensive injury. In previous years, many
research studies have extensively proved the efficacy of mesenchymal stem cells (MSCs),
derived from various connective tissues, in enhancing bone regeneration through in vitro,
in vivo, and clinical trials [3]. Early scientific investigations explained the effectiveness of
MSCs through their ability to colonize the bone lesion and then differentiate, becoming
bone-forming osteoblasts that replace the damaged resident osteoblasts [4]. Collectively,
current research appears to instead argue that MSC paracrine activities play a more pre-
dominant role in bone tissue regeneration than differentiation [5]. It has been demonstrated
that once MSCs are injected into a damaged bone, they show a relatively poor rate of
cell engraftment, and the engrafted cells are short-lived and thus cannot differentiate into
osteoblastic lineage [5,6]. Conversely, MSCs secrete cytokines, chemokines, and growth
factors, both as free proteins and encapsulated into nano/microstructured extracellular
vesicles (EVs), to orchestrate tissue repair. In detail, MSC-secretome can promote angio-
genesis and tissue regeneration [7-9], inhibit fibrosis [10-14], and inflammation [15-18].
Furthermore, MSC-secretome can stimulate the tissue-resident MSCs to proliferate, leading
to new and organized tissue formation and mineralizing, showing a higher expression of
osteoblast markers and a high quantity of newly formed trabeculae [19,20]. Finally, MSC-
secretome also has the advantage of being easily isolated from cell culture supernatants by
scalable and GMP-compliant manufacturing procedures and formulated in a ready-to-use,
freeze-dried pharmaceutical dosage form [21,22].

In bone tissue engineering, MSCs and MSC-secretome are often combined with scaf-
folds to improve bone reconstruction. In this regard, biomaterials that induce MSC-resident
osteoblastic lineage differentiation without any exogenous chemical stimuli and capable
of mimicking the physicochemical and mechanical properties of the bone extracellular
matrix should be preferred. Titanium is one of the most commonly used biomaterials due
to its good biocompatibility, mechanical properties, and osteogenic performance [23-25].
A recent work proved the superior osteoinductive and osteoconductive properties of
scaffolds manufactured from titanium vs polyetheretherketone, which is another widely
used biomaterial [26]. Usually, titanium is shaped as a mesh that is easily moldable and
adaptable to the shape of the defect. While the shaping step is traditionally performed
during surgery, new layer-by-layer deposition methods, such as the electron beam melting
technique, shape the meshes on patients’ bone defects, with clear advantages over surgery
time, patient discomfort, and morbidity. Despite titanium being one of the most frequently
used materials in orthopedic implants, osseointegration with the host tissue is often not
definite, which may cause implant failure at times [27].

In light of these data, the present study investigates the capacity of MSC-secretome
formulated as a ready-to-use and freeze-dried medicinal product known as Lyosecretome
to promote the osteoinductive and osteoconductive properties of titanium cages, and
ultimately the osseointegration of scaffolds used in vivo. MSCs were seeded onto titanium
cages and exposed, in the presence of the osteogenic medium, to Lyosecretome. The
proliferation rate, production of calcified extracellular matrix, and the production of specific
bone matrix proteins by osteoblast-differentiated MSCs, such as osteocalcin (OCN), were
evaluated. To this end, several techniques, including confocal and scanning electron
microscopy (SEM) and biochemical assays, were used.

2. Results and Discussion

Titanium, especially porous/trabecular implants, is the most frequently used ma-
terial for treating bone defects [28], mainly for its osteoinductive and osteoconductive
capacity [26,29]. This work investigated the ability of MSC-secretome in supporting cell
adhesion, proliferation, and osteogenic differentiation of MSCs seeded on titanium cages,
thus introducing next-generation tissue-engineered implants with enhanced biological
performance. MSC-secretome was converted into a freeze-dried pharmaceutical dosage
form (Lyosecretome) that can be easily adapted by the clinical community [10,15,21,22].
The Lyosecretome contained 22.00 + 3.09 ug of proteins and 3.44 & 0.07 ug of lipids per
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mg of powder. The EV mean diameter was 164.6 £ 8.5 nm, and the dy(, d59, and dgy were
102.8 £ 4.5, 154.8 & 6.1 and 298.7 £ 29.9 nm, respectively. In addition, Lyosecretome is free
of bacteria (including mycoplasma), and its bacterial endotoxin level is in an acceptable
range for the injectable dosage forms (lower than 3.4 Eu/mL). These results agree with our
previous works [19,22], thus indicating the robustness of the preparation method.

At first, the effect of increasing the dosage of Lyosecretome on the cell metabolic
activity of MSCs cultured on the cages was investigated as a function of time (Figure 1).
Both time and concentration were significant (p < 0.0001 and p = 0.0004, respectively).
After 5 days of treatment, no differences were observed among the different Lyosecretome
concentrations tested (p < 0.05), whereas after 9 and 14 days of treatment, 200,000 cell
equivalents of Lyosecretome significantly increased the cell metabolic activity percentage
(p < 0.05). There was no observable differences between the doses of 200,000 and 400,000
cell equivalents/per well (p > 0.05). These results confirm the cytocompatibility of Lyose-
cretome and its proliferative potential on MSCs, which was previously demonstrated on
tenocytes and chondrocytes [30]. Overall, the ability of MSC-secretome to stimulate cell
growth and proliferation may be linked to its content in mitogens and growth factors, such
as insulin growth factor (IGF-1), vascular endothelial growth factor (VEGF), transforming
growth factor  (TGF-p), platelet-derived growth factor (PDGF), fibroblast growth factor
(FGF), and epidermal growth factor (EGF) [31,32]. Furthermore, in our previous work [21]
using proteomic analysis, we demonstrated the presence of other proteins in Lyosecretome
that can stimulate cell proliferation, such as fibronectin [33,34], complement C3 [35], and
alpha-2 macroglobulin [36].
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Figure 1. Cell metabolic activity (%) of MSCs grown on the scaffold cultured in serum-free medium
and exposed to different doses of Lyosecretome over time. Untreated cells (0 Lyosecretome cell
equivalents and no FBS) at the 5 day-time point were considered control. Multifactor ANOVA (time
and concentration, mean values £ LSD, n = 3) was used. Both time and concentration were significant
(p <0.0001 and p = 0.0004, respectively). Different letters indicate a significant difference between
the means (p < 0.05), while the same letters indicate no significant difference between the means
(p > 0.05).

MSCs are multipotent stem cells that can differentiate toward adipogenic, chondro-
genic, and osteogenic cells when cultured in the appropriate culture media [37]. Thus,
the effect of osteogenic culture medium supplemented with Lyosecretome (tested at
2 x 10° cell equivalents per well) on the osteogenic differentiation of MSCs seeded on
the cages was investigated as a function of time. Titanium cages showed a trabecular
surface with a regular three-dimensional porous structure (Figure 2). Using the electron
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backscattered diffraction mode of SEM, the deposition of organic material onto the cages
was monitored over time. After 7, 14, and 21 days, the brightest portions of scaffolds
(which correspond to high-density materials, the Ti) were progressively shaded due to the
deposition of organic material, which appears less bright (since it is less dense than Ti).
This effect was particularly detectable after the treatment with Lyosecretome, especially
after 7 days (Figure 2), and possibly masked by the fact that cells mainly grow into the
pores of the scaffold [38].

= 0 -

SEM HV: 20.0 KV, x e ok | sEMmAs:
Dot BSE 3 WD 1880
B1:10.00

Figure 2. SEM morphological and structural characterizations of Ti cages seeded with MSCs and cultured in osteogenic

medium with Lyosecretome or without (CTR). Images were acquired in backscattering mode to show the distribution of

various elements that constitute the sample. The brighter regions reveal high-density materials (Ti) and the shaded areas
indicate low-density materials (organic material). Magnification 100x. Scale bar: 500 pm.

24 h after seeding, the cytocompatibility of titanium cages was demonstrated. Indeed,
MSCs showed a spread morphology with the initial formation of filopodia (Figure 3). These
results are in agreement with the observation conducted by Ragni and colleagues when
MSCs were seeded on titanium cages in osteogenic media [26]. After being treated with
Lyosecretome, cells showed more frequent and complex cellular processes by forming
bridges across the porous surface of the scaffold (Figure 3d). After 7 days, MSCs thoroughly
colonized the cages, and the cellular processes became noticeable, even for samples not
treated with Lyosecretome (Figure 4). Finally, after 14 (Figure 5) and 21 days (Figure 6), an
abundant extracellular matrix was detectable, with a homogeneous and well-organized
appearance. Despite this, the porous structure of the scaffold was still distinguishable. No
visual differences were revealed after treatment with Lyosecretome; therefore, the treatment
with MSC-secretome appears to increase the cage’s colonization by cells in the short time,
and SEM detected no apparent differences after 14 or 21 days. Similarly, in previous
work, we demonstrated that the presence of Lyosecretome stimulated the colonization of
bovine-bone matrix scaffold with a more marked neo-tissue formation after 60 days [19].
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Figure 3. SEM morphological and structural characterizations of titanium cages seeded with MSCs

and cultured in osteogenic medium with Lyosecretome or without (CTR) for 24 h. Magnifications:
250x (a,e), 500x (b,f), 1000x (c,g) and 2500x (d,h). Scale bars: 200 (a,e), 100 (b,f), 50 (c,g) and
20 (d,h) pum.
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Figure 4. SEM morphological and structural characterizations of titanium cages seeded with MSCs
and cultured in osteogenic medium with Lyosecretome or without (CTR) for 7 days. Magnifications:
250x (a,e), 500x (b,f), 1000x (c,g), and 2500x (d,h). Scale bars: 200 (a,e), 100 (b,£), 50 (¢,g), and
20 (d,h) pm.
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Figure 5. SEM morphological and structural characterizations of titanium cages seeded with MSCs
and cultured in osteogenic medium with Lyosecretome or without (CTR) for 14 days. Magnifications:
250x (a,e), 500x (b,f), 1000x (c,g) and 2500x (d,h). Scale bars: 200 (a,e), 100 (b,f), 50 (c,g), and

20 (d,h) um.
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Figure 6. SEM morphological and structural characterizations of titanium cages seeded with MSCs

and cultured in osteogenic medium with Lyosecretome or without (CTR) for 21 days. Magnifications:
250x (a,e), 500x (b,f), 1000x (c,g), and 2500x (d,h). Scale bars: 200 (a,e), 100 (b,£), 50 (c,g), and

20 (d,h) pum.
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Using EDS, a qualitative microanalysis was performed to identify the elements present
in the samples from their characteristic X-ray peaks. At 7 days, the following elements
were revealed for both conditions (Lyosecretome or CTR): Ti, V, and Al, which are the
components of the cage. In addition, the presence of organic material was also revealed by
the trace detection of C and O, Ca and P (indicative of the formation of Caz(PQ4),) on both
Lyosecretome and CTR samples at 14 or 21 days (Figure S1). These results agree with the
time typically required for the bone matrix to fill with calcium phosphate nanocrystals [39].

Alizarin Red staining was performed to demonstrate calcium phosphate deposition by
MSCs upon culturing in osteogenic differentiation medium with Lyosecretome or without
(CTR) (Figure 7). In Lyosecretome-treated samples, the red color due to alizarin red staining
became darker due to increased calcium phosphate deposition, indicating differentiation
of MSCs. In detail, after 28 days, a significantly higher amount of alizarin red was detected
in the Lyosecretome-treated samples, with respect to 14 days at a time-point (p < 0.05).
Likely, after 56 days, the mineralization was more significantly increased (p < 0.05), also
compared with the CTR. The CTR samples showed no significant increase in mineralized
matrix deposition at 28 and 56 days (p > 0.05).

@ Lyosecretome BCTR

800
—_ C
=
2600 b
5
& 400 a a
£
L]
8 200 a 1
0
14 28 56
Time (days)

Figure 7. Alizarin red staining for samples cultured in osteogenic differentiation medium with
Lyosecretome or without (CTR) for 14, 28, and 56 days. Multifactor ANOVA (time and treatment,
mean values £ LSD, n = 3) was used. Both time and treatment were significant (p < 0.0001 and
p = 0.0142, respectively). Different letters indicate a significant difference between the means
(p < 0.05), while the same letters indicate no significant difference between the means (p > 0.05).

Analyses with confocal microscopy then confirmed what was observed with SEM
and alizarin red analyses. Figure 8 reports a comparison of the samples treated or not
with Lyosecretome. After 7 days, few cells are detected in the samples, indicating par-
tial colonization of the scaffolds according to SEM images. Starting from 14 days, the
sample treated with Lyosecretome showed more marked scaffold colonization, which is
likely a consequence of the demonstrated proliferative effect of MSC-secretome. After
56 days, the morphology of cells was changed, suggesting that MSCs have completed
their differentiation towards osteoblasts (Figure 9). Moreover, the presence of mineralized
matrix was revealed by Osteoimage™ coloration after 56 days but only in the presence of
Lyosecretome (despite the same number of cells and amount of actin). This result confirms
the significant difference observed in the alizarin red assay between Lyosecretome and
CTR samples at 56 days. It is worth noting that the differentiation of MSCs in osteoblasts
induced by Lyosecretome, and the consequent Caz(POy4), deposition, were detected on the
entire surface of the scaffold. Conversely, for CTR samples, the mineralized matrix was
hard to detect over the whole scaffold, as observed by the images reported in Figure 9.
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Using 3D reconstruction (Figure S2), it was noted that cells mainly colonize the pore of the
scaffolds, where the more mineralized matrix was also detected. In this regard, previous
in vivo results showed that an increase of porosity and pore size positively influenced
the osteoconductive properties of the scaffold, likely as a consequence of the increased
permeability of nutrients and differentiating factors [38].

Lyosecretome CIR

7 days

14 days

28 days

Figure 8. Confocal microscopy images of titanium cages seeded with MSCs and cultured in osteogenic
medium with Lyosecretome or without (CTR) for 7, 14, and 28 days. Cell nuclei are stained in blue;
actin cytoskeleton is stained in red, and mineralized matrix is stained in green. Scale bar: 50 um.
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Lyosecretome CTIR

Figure 9. Confocal microscopy images of titanium cages seeded with MSCs and cultured in osteogenic
medium with Lyosecretome or without (CTR) for 56 days. Cell nuclei are stained in blue; actin
cytoskeleton is stained in red, and mineralized matrix is stained in green. Images are from three
different biological replicates. Scale bar: 50 um.
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Following osteogenic differentiation, MSCs express specific bone matrix proteins
secreted by osteoblasts, such as osteocalcin (OCN), which was dosed on cell culture super-
natants (Figure 10). The production of OCN increased significantly after a culture period
of 28 days (p < 0.05) in osteogenic differentiation medium with Lyosecretome or without
(CTR). Also, at 28 days, a significantly higher amount of OCN was dosed in samples treated
with Lyosecretome (p < 0.05). The higher expression of OCN is in accordance with the
higher deposition of mineralized matrix observed by alizarin red for Lyosecretome samples
after 28 days. OCN is a bone-specific protein and regulates the mineralization of cells and
the formation of mineralized nodules [40—42]. Therefore, osteoblasts produce OCN before
the mineralized matrix is deposited. In light of this, it is not surprising that the levels of
OCN did not increase from 28 to 56 days whereas the mineralized matrix increased, as
revealed by confocal microscopy.

O Lyosecretome M CTR
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— b
= 12
g C C
10 c
g 8
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-75 6
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14 28 56
Time (days)

Figure 10. Osteocalcin dosages for samples cultured in osteogenic differentiation medium with
Lyosecretome or without (CTR) for 14, 28, and 56 days. Multifactor ANOVA (time and treatment,
mean values £ LSD, n = 3) was used. Both time and treatment were significant (p < 0.0001 and
p = 0.0440, respectively). Different letters indicate a significant difference between the means
(p < 0.05), while the same letters indicate no significant difference between the means (p > 0.05).

These results collectively confirm the role of MSC-secretome in inducing bone regen-
eration, according to previously published research studies [43-48]. This effect mainly
depends on the osteogenic factors revealed in Lyosecretome by proteomic characteriza-
tion [21], such as fibronectin [49], alpha-2-macroglobulin [50], apolipoprotein A [51], and
TGF-B [52]. Of note, the MSC-secretome employed in this work was formulated as a
ready-to-use, freeze-dried pharmaceutical dosage form, which can be easily adapted by
the clinical community. However, despite the solid proof of concept demonstrated in vitro,
further studies are required to investigate the bone fracture healing of titanium cages
associated with Lyosecretome in vivo.

3. Materials and Methods
3.1. Materials

Antibiotics, fetal bovine serum (FBS), and culture media were purchased from Eu-
roclone in Milan, Italy. Additional purchases included 3-(4,5-dimethylthiazole-2-y1)-2,5-
diphenyl tetrazolium bromide (MTT), 3-glycerophosphate, alizarin red, ascorbic acid,
bovine serum albumin (BSA), cetylpyridinium chloride, dexamethasone, ethanol, glu-
taraldehyde, Hoechst 33258, mannitol, Nile Red, phosphatidylcholine (PC), TRITC-phalloidin,
and Triton X-100 from Sigma-Aldrich in Milan, Italy. The Osteoimage™ mineralization
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assay was purchased from Lonza in Milan, Italy. Unless otherwise specified, all the reagents
were of analytical grade. An ELISA kit for the dosage of OCN was bought from RayBiotech
Life, Inc. in Peachtree Corners, GA, USA.

3.2. Isolation and Expansion of Human AD-MSCs

Adipose tissue was harvested from healthy donors undergoing abdominoplasty after
informed consent (ASST Grande Ospedale Metropolitano Niguarda, Milan, Italy, Ref. 12
November 2009) and processed as previously reported [53,54] to collect adipose-derived
MSCs (AD-MSCs). MSCs were then seeded into flasks (10,000 cells/cm?) at 37 °C and 5%
CO; and cultured in complete culture medium (DMEM/F12 minimal medium plus 10%
v/v FBS, plus 1% v/v penicillin/streptomycin and 1% v/v amphotericin B) until passage
three. All the MSCs used fulfilled the requirements for clinical use in terms of identity
(according to the International Society for Cellular Therapy [55]) and sterility (according to
Eu. Ph. 9.0, 2.6.27).

3.3. Lyosecretome Preparation and Characterization

Lyosecretome was prepared according to previously reported procedures [21,22] in
GMP-compliant conditions. Briefly, secretome release was induced by culturing MSCs
in DMEM/F12 without FBS for 48 h. Conditioned media were collected, centrifuged at
3500 g for 10 min, and then concentrated and purified (diafiltered) by tangential flow
filtration (KrosFlo® Research 2i system, Spectrum Laboratories, Milan, Italy). The shear rate
of the feed stream was maintained between 2000 s~ and 6000 s~ !, and trans-membrane
pressure did not exceed 10 psi. Both soluble proteins and EVs of MSC-secretome were
retained as a 5 kDa Molecular Weight Cut Off (MWCO) filtration module (Spectrum
Laboratories, Milan, Italy), with a superficial area of 0.235 c¢m?. Mannitol was dissolved as
a cryoprotectant (0.5% w/v); the resulting solution was frozen at —80 °C and freeze-dried
(Christ Epsilon 2-16D LSCplus) at 8 x 10~! mbar and —50 °C for 72 h. Each milligram of
the freeze-dried product contained 1 x 10° cell equivalents. Lyosecretome was stored at
—20 °C for 5 months until use. Lyosecretome was characterized as follows.

3.3.1. Total Protein and Lipid Content

Total proteins and lipids were quantified by the BCA Protein Assay Kit (Thermo Fisher
Scientific, Milan, Italy) and the Nile Red method, respectively, as previously reported and
validated [21]. The protein (or lipid) concentration was extrapolated from a concentration
vs. absorbance plot obtained from standard BSA (or PC) solutions, using a third-degree
polynomial equation, where R? = 0.99.

3.3.2. EV Particle Size and Concentration

The particle size and concentration of EVs were determined by Nanoparticle Tracking
Analysis (NTA, NanoSight NS 300 equipment, Malvern Panalytical Ltd., Malvern, UK).
Lyosecretome was dispersed in water at 1 mg/mL and analyzed at room temperature with
a detection angle of 90°. Measurements were conducted in triplicate, and the software NTA
elaborated on the data.

3.3.3. Microbiological Controls

Lyosecretome was tested for sterility, endotoxins, mycoplasma, and microbiological
contaminations, as described in the current version of European Pharmacopoeia. In detail,
sterility and microbiological tests were performed as indicated in the EuPh 2.6.27 and
2.6.1 chapters, respectively. Bacterial endotoxins evaluation was instead conducted by
the Limulus amebocyte lysate test (EuPh 2.6.14) and measured by endotoxin unit (EU).
Mycoplasma contamination was investigated by performing the NAT test (EuPh 2.6.7).
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3.4. Titanium Cages

Titanium cages were kindly provided by the company MT Ortho (MT Ortho s.r.l., Aci
Sant’Antonio, Catania, Italy). Cages were manufactured by an additive manufacturing
technology called electron beam melting, where an electron beam is used to melt tita-
nium powder that is then deposited layer-by-layer onto the base plate. Scaffolds were
1 x 1 x 0.3 cm in size. Each cage was sterilized by autoclaving (Systec V-65, Wittenberg,
Germany) at 121 °C and 2 atm for 20 min.

3.5. Seeding of AD-MSCs

90,000 MSCs were seeded onto the upper surface of each cage placed inside a 24 well-
plate. The porous substrates absorbed the cellular suspension in a humidified atmosphere
of 95% air with 5% CO; at 37 °C for 2 h. Afterward, complete culture media was added to
each well. 24 h after seeding, scaffolds were moved from the original wells to new wells to
avoid residual cells on the plastic surface below. During all the experiments, the cell/cage
constructs were incubated in a humidified atmosphere of 95% air with 5% CO, at 37 °C.

3.6. Evaluation of Cell Proliferation

Lyosecretome was previously solubilized in culture media without FBS and then
added to each well’s cell/cage constructs. The following concentrations were considered:
0, 200,000 and 400,000 cell equivalents per well. Each condition was tested in triplicate. In
order to evaluate the mitochondrial activity during the culture period, a test with MTT was
performed on days 5, 9, and 14, as previously reported [56]. The cell metabolic activity was
calculated according to the following equation:

Metabolic activity % =100 X (AbSsample/ AbScontrol) 1)

where Absgample is the mean value of the measured absorbance of the tested samples,
and Abs.oniol is the mean value of the measured absorbance of cells not incubated
with Lyosecretome.

3.7. MSCs Culture and Osteogenic Differentiation

In order to induce osteogenic differentiation, the cell/cage constructs were moved
into osteogenic medium, prepared with 2% v/v FBS, dexamethasone (5 nM), ascorbic acid
(2.5 pg/mL), and B-glycerophosphate (0.5 mM). Lyosecretome was added to half of the
samples at the final concentration of 2 x 10° cell equivalents per well. The other samples
were cultured with the only osteogenic medium (CTR).

3.8. Scanning Electron Microscopy (SEM)

After 24 h and 7, 14, and 21 days of osteogenic differentiation, with or without
Lyosecretome, the cell/cage constructs were washed with PBS and fixed for 3 h with 3%
v/v glutaraldehyde at 4 °C. Afterward, the scaffolds were dehydrated with graded ethanol
series, starting with 50, 70, 90, and 100% v/v. The samples were then attached to stubs
by a conductive adhesive carbon tape and metal-coated with 10 nm chromium using a
high-vacuum Quorum Q150T ES Plus sputtering system. SEM imaging was performed
with SEM MIRAS3 (Tescan, Brno, Czech Republic) operating with an acceleration voltage
of 5 kV and an EDS detector (X-max 50 mm?, Oxford Instruments, Oxford, UK). Each
condition was tested in three independent experiments.

3.9. Alizarin Red Assay

After 14, 28, and 56 days of osteogenic differentiation, with or without Lyosecretome,
the cell/cage constructs were stained with alizarin red to reveal the deposition of calcium-
rich mineralized matrix. Briefly, each sample was washed with PBS, fixed with 70% v/v
ethanol for 60 min at room temperature, and stained for 10 min with alizarin red 40 mM
at pH 4-4.2. Samples were then rinsed with distilled water five times and once with
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PBS for 10 min. Finally, samples were treated with 10% w/v cetylpyridinium chloride
for 15 min at room temperature; the alizarin red concentration was extrapolated from a
concentration vs. absorbance plot obtained from standard alizarin red solutions, using a
third-degree polynomial equation, where R? = 0.99. Each condition was tested in three
independent experiments.

3.10. Confocal Microscopy

After 7,14, 28, and 56 days of osteogenic differentiation, with or without Lyosecretome,
the cell/cage constructs were washed with PBS and fixed for 3 h with 3% v/v glutaralde-
hyde at 4 °C. Actin cytoskeleton was stained with TRITC-phalloidin diluted 1:7000 in PBS
containing 0.1% v/v Triton X-100, 0.1% w/v BSA and 10% v/v FBS. Cell nuclei were stained
with 100 pL of Hoechst 33258, diluted 1:10,000 in PBS. Hydroxyapatite was stained with
Osteoimage™ mineralization assay according to the manufacturer’s instruction. Scaffolds
were placed on a microscope slide and imaged using a Confocal Laser Scanning Microscope
(CLSM) (Leica TCS SP2, Leica Microsystems, Wetzlar, Germany) with Aex = 540/5 nm and
Aem = 570/3 nm for TRITC-phalloidin, Aex = 346 nm and Aepy, = 460 nm for Hoechst 33258
and Aex = 492 nm and Aem = 520 nm for Osteoimage™. The acquired images were pro-
cessed using the software associated with the microscope (Leica Microsystem, Wetzlar,
Germany). Each condition was tested in three independent experiments.

3.11. Dosage of Osteocalcin (OCN) by ELISA

At 14, 28, and 56 days, OCN was dosed in cell supernatants by an ELISA kit according
to the manufacturer instructions. A calibration curve was built using OCN standards in
the range of 0-100 ng/mL. Each condition was tested in three independent experiments.

3.12. Statistical Analysis

Raw data were processed through STATGRAPHICS XVII (Statpoint Techonologies,
Inc., Warrenton, VA, USA). A general linear analysis of variance model (ANOVA) was
coupled with an LSD (Least Significant Difference) test to estimate the differences between
means. Proliferation data were elaborated in detail, considering the Lyosecretome concen-
tration and time as fixed factors with cell metabolic activity (%) as the response variable. In
addition, data regarding the alizarin red assay were elaborated considering the time and
Lyosecretome treatment as fixed factors with the alizarin red concentration as the response
variable. Finally, the OCN data were elaborated considering the time and Lyosecretome
treatment as fixed factors with the ng of OCN as the response variable. Statistical signifi-
cance was determined at p < 0.05. Unless otherwise specified, data are reported as mean
values + standard deviation (from at least 3 independent experiments).
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Author Contributions: Conceptualization, M.S., M.L.T., P.G. and L.S.; formal analysis, M.L.T.; in-
vestigation, E.B., FT., FC,, G.d.P, S.P, D.M. and L.G.; writing—original draft preparation, E.B.;
writing—review and editing, E.B., D.G. and M.L.T; supervision, M.S., M.L.T. and L.S.; project admin-
istration, M.S.; funding acquisition, S.P., M.S., M.L.T. and L.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by Interreg V-A Italy-Switzerland 2014-2020—ATEx—Advanced
Therapies Experiences. Project ID 637541.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article and
its supplementary materials.

Acknowledgments: The authors thank Mt Ortho S.r.l. for kindly donating the cage constructs.


https://www.mdpi.com/article/10.3390/ijms22168445/s1
https://www.mdpi.com/article/10.3390/ijms22168445/s1

Int. . Mol. Sci. 2021, 22, 8445 16 of 18

Conflicts of Interest: P.G., M.S., M.L.T., and S.P. are cofounders and members of the advisory board
of the company PharmaExceed S.rl. Mt Ortho S.r.l. had no role in the study’s design, execution,
interpretation, or writing.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Tzioupis, C.; Giannoudis, P.V. Prevalence of long-bone non-unions. Inj. Int. J. Care Inj. 2007, 38, S3-S9. [CrossRef]
Gomez-Barrena, E.; Rosset, P.; Lozano, D.; Stanovici, J.; Ermthaller, C.; Gerbhard, F. Bone fracture healing: Cell therapy in delayed
unions and nonunions. Bone 2015, 70, 93-101. [CrossRef]

Jin, Y.-Z.; Lee, ].H. Mesenchymal Stem Cell Therapy for Bone Regeneration. Clin. Orthop. Surg. 2018, 10, 271-278. [CrossRef]
Bruder, S.P; Fink, D.J.; Caplan, A.I. Mesenchymal Stem-cells in bone-development, bone repair, and skeletal regeneration therapy.
J. Cell. Biochem. 1994, 56, 283-294. [CrossRef]

Oryan, A.; Kamali, A.; Moshiri, A.; Eslaminejad, M.B. Role of Mesenchymal Stem Cells in Bone Regenerative Medicine: What Is
the Evidence? Cells Tissues Organs 2017, 204, 59-83. [CrossRef]

Wang, Y.; Chen, X.; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation: Pathological and therapeutic
implications. Nat. Immunol. 2014, 15, 1009-1016. [CrossRef]

Bari, E.; Di Silvestre, D.; Mastracci, L.; Grillo, E; Grisoli, P.; Marrubini, G.; Nardini, M.; Mastrogiacomo, M.; Sorlini, M.;
Rossi, R.; et al. GMP-compliant sponge-like dressing containing MSC lyo-secretome: Proteomic network of healing in a murine
wound model. Eur. J. Pharm. Biopharm. 2020, 155, 37-48. [CrossRef]

Estrada, R.; Li, N.; Sarojini, H.; An, J.; Lee, M.-].; Wang, E. Secretome From Mesenchymal Stem Cells Induces Angiogenesis Via
Cyr61. J. Cell. Physiol. 2009, 219, 563-571. [CrossRef] [PubMed]

Kehl, D.; Generali, M.; Mallone, A.; Heller, M.; Uldry, A.-C.; Cheng, P.; Gantenbein, B.; Hoerstrup, S.P.; Weber, B. Proteomic
analysis of human mesenchymal stromal cell secretomes: A systematic comparison of the angiogenic potential. NP] Regen. Med.
2019, 4, 1-13. [CrossRef] [PubMed]

Bari, E.; Ferrarotti, 1.; Di Silvestre, D.; Grisoli, P.; Barzon, V.; Balderacchi, A.; Torre, M.L.; Rossi, R.; Mauri, P.; Corsico, A.G.; et al.
Adipose Mesenchymal Extracellular Vesicles as Alpha-1-Antitrypsin Physiological Delivery Systems for Lung Regeneration. Cells
2019, 8, 965. [CrossRef] [PubMed]

Bari, E.; Ferrarotti, I.; Saracino, L.; Perteghella, S.; Torre, M.; Corsico, A. Mesenchymal Stromal Cell Secretome for Severe
COVID-19 Infections: Premises for the Therapeutic Use. Cells 2020, 9, 924. [CrossRef]

Bari, E.; Ferrarotti, I; Saracino, L.; Perteghella, S.; Torre, M.L.; Richeldi, L.; Corsico, A.G. Mesenchymal Stromal Cell Secretome for
Post-COVID-19 Pulmonary Fibrosis: A New Therapy to Treat the Long-Term Lung Sequelae? Cells 2021, 10, 1203. [CrossRef]
Basalova, N.; Sagaradze, G.; Arbatskiy, M.; Evtushenko, E.; Kulebyakin, K.; Grigorieva, O.; Akopyan, Z.; Kalinina, N.; Efimenko, A.
Secretome of Mesenchymal Stromal Cells Prevents Myofibroblasts Differentiation by Transferring Fibrosis-Associated microRNAs
within Extracellular Vesicles. Cells 2020, 9, 1272. [CrossRef]

Driscoll, J.; Patel, T. The mesenchymal stem cell secretome as an acellular regenerative therapy for liver disease. J. Gastroenterol.
2019, 54, 763-773. [CrossRef]

Bari, E.; Perteghella, S.; Catenacci, L.; Sorlini, M.; Croce, S.; Mantelli, M.; Avanzini, M.A.; Sorrenti, M.; Torre, M.L. Freeze-dried
and GMP-compliant pharmaceuticals containing exosomes for acellular mesenchymal stromal cell immunomodulant therapy.
Nanomedicine 2019, 14, 753-765. [CrossRef] [PubMed]

Palama, M.E.F.; Shaw, G.M.; Carluccio, S.; Reverberi, D.; Sercia, L.; Persano, L.; Pisignano, D.; Cortese, K.; Barry, EP.; Murphy,
J.M; et al. The Secretome Derived from Mesenchymal Stromal Cells Cultured in a Xeno-Free Medium Promotes Human Cartilage
Recovery in vitro. Front. Bioeng. Biotechnol. 2020, 8, 90. [CrossRef] [PubMed]

Jahandideh, S.; Khatami, S.; Far, A.E.; Kadivar, M. Anti-inflammatory effects of human embryonic stem cell-derived mesenchymal
stem cells secretome preconditioned with diazoxide, trimetazidine and MG-132 on LPS-induced systemic inflammation mouse
model. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1178-1187. [CrossRef]

van Buul, G.M,; Villafuertes, E.; Bos, PK.; Waarsing, ]. H.; Kops, N.; Narcisi, R.; Weinans, H.; Verhaar, J.A.N.; Bernsen, M.R;
van Osch, G.J.V.M. Mesenchymal stem cells secrete factors that inhibit inflammatory processes in short-term osteoarthritic
synovium and cartilage explant culture. Osteoarthr. Cartil. 2012, 20, 1186-1196. [CrossRef]

Bari, E.; Roato, L; Perale, G.; Rossi, F.; Genova, T.; Mussano, F.; Ferracini, R.; Sorlini, M.; Torre, M.L.; Perteghella, S. Biohybrid
Bovine Bone Matrix for Controlled Release of Mesenchymal Stem/Stromal Cell Lyosecretome: A Device for Bone Regeneration.
Int. J. Mol. Sci. 2021, 22, 4064. [CrossRef] [PubMed]

Eichholz, K.F.; Woods, I; Johnson, G.P; Shen, N.; Corrigan, M.; Labour, M.-N.; Wynne, K.; Lowery, M.C.; O’Driscoll, L.;
Hoey, D.A,; et al. Human bone marrow stem/stromal cell osteogenesis is regulated via mechanically activated osteocyte-derived
extracellular vesicles. Stem Cells Transl. Med. 2020, 9, 1431-1447. [CrossRef] [PubMed]

Bari, E.; Perteghella, S.; Di Silvestre, D.; Sorlini, M.; Catenacci, L.; Sorrenti, M.; Marrubini, G.; Rossi, R.; Tripodo, G.; Mauri, P.; et al.
Pilot Production of Mesenchymal Stem/Stromal Freeze-Dried Secretome for Cell-Free Regenerative Nanomedicine: A Validated
GMP-Compliant Process. Cells 2018, 7, 190. [CrossRef]

Bari, E.; Scocozza, E; Perteghella, S.; Sorlini, M.; Auricchio, F.; Torre, M.L.; Conti, M. 3D Bioprinted Scaffolds Containing
Mesenchymal Stem/Stromal Lyosecretome: Next Generation Controlled Release Device for Bone Regenerative Medicine.
Pharmaceutics 2021, 13, 515. [CrossRef]


http://doi.org/10.1016/S0020-1383(07)80003-9
http://doi.org/10.1016/j.bone.2014.07.033
http://doi.org/10.4055/cios.2018.10.3.271
http://doi.org/10.1002/jcb.240560303
http://doi.org/10.1159/000469704
http://doi.org/10.1038/ni.3002
http://doi.org/10.1016/j.ejpb.2020.08.003
http://doi.org/10.1002/jcp.21701
http://www.ncbi.nlm.nih.gov/pubmed/19170074
http://doi.org/10.1038/s41536-019-0070-y
http://www.ncbi.nlm.nih.gov/pubmed/31016031
http://doi.org/10.3390/cells8090965
http://www.ncbi.nlm.nih.gov/pubmed/31450843
http://doi.org/10.3390/cells9040924
http://doi.org/10.3390/cells10051203
http://doi.org/10.3390/cells9051272
http://doi.org/10.1007/s00535-019-01599-1
http://doi.org/10.2217/nnm-2018-0240
http://www.ncbi.nlm.nih.gov/pubmed/30741596
http://doi.org/10.3389/fbioe.2020.00090
http://www.ncbi.nlm.nih.gov/pubmed/32117953
http://doi.org/10.1080/21691401.2018.1481862
http://doi.org/10.1016/j.joca.2012.06.003
http://doi.org/10.3390/ijms22084064
http://www.ncbi.nlm.nih.gov/pubmed/33920046
http://doi.org/10.1002/sctm.19-0405
http://www.ncbi.nlm.nih.gov/pubmed/32672416
http://doi.org/10.3390/cells7110190
http://doi.org/10.3390/pharmaceutics13040515

Int. . Mol. Sci. 2021, 22, 8445 17 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Uehara, S.; Kurita, H.; Shimane, T.; Sakai, H.; Kamata, T.; Teramoto, Y.; Yamada, S. Predictability of staged localized alveolar ridge
augmentation using a micro titanium mesh. Oral Maxillofac. Surg. Heidelb. 2015, 19, 411-416. [CrossRef]

Mounir, M.; Shalash, M.; Mounir, S.; Nassar, Y.; El Khatib, O. Assessment of three dimensional bone augmentation of severely
atrophied maxillary alveolar ridges using prebent titanium mesh vs customized poly-ether-ether-ketone (PEEK) mesh: A
randomized clinical trial. Clin. Implant Dent. Relat. Res. 2019, 21, 960-967. [CrossRef]

Sagheb, K.; Schiegnitz, E.; Moergel, M.; Walter, C.; Al-Nawas, B.; Wagner, W. Clinical outcome of alveolar ridge augmentation
with individualized CAD-CAM-produced titanium mesh. Int. J. Implant Dent. 2017, 3, 36. [CrossRef]

Ragni, E.; Perucca Orfei, C.; Bidossi, A.; De Vecchi, E.; Francaviglia, N.; Romano, A.; Maestretti, G.; Tartara, F.; de Girolamo, L.
Superior Osteo-Inductive and Osteo-Conductive Properties of Trabecular Titanium vs. PEEK Scaffolds on Human Mesenchymal
Stem Cells: A Proof of Concept for the Use of Fusion Cages. Int. J. Mol. Sci. 2021, 22, 2379. [CrossRef]

Wang, W.; Poh, C.K. Titanium Alloys in Orthopaedics. In Titanium Alloys—Advances in Properties Control; IntechOpen: London,
UK, 2013.

Provaggi, E.; Capelli, C.; Leong, ].J].H.; Kalaskar, D.M. A UK-based pilot study of current surgical practice and implant preferences
in lumbar fusion surgery. Medicine 2018, 97, €11169. [CrossRef]

Svehla, M.; Morberg, P; Zicat, B.; Bruce, W.; Sonnabend, D.; Walsh, W.R. Morphometric and mechanical evaluation of titanium
implant integration: Comparison of five surface structures. J. Biomed. Mater. Res. 2000, 51, 15-22. [CrossRef]

Mocchi, M.; Grolli, S.; Dotti, S.; Di Silvestre, D.; Villa, R.; Berni, P.; Conti, V.; Passignani, G.; Brambilla, F.; Bue, M.D,; et al.
Equine Mesenchymal Stem/Stromal Cells Freeze-Dried Secretome (Lyosecretome) for the Treatment of Musculoskeletal Diseases:
Production Process Validation and Batch Release Test for Clinical Use. Pharmaceuticals 2021, 14, 553. [CrossRef]

Eirin, A.; Zhu, X.-Y; Puranik, A.S.; Woollard, J.R.; Tang, H.; Dasari, S.; Lerman, A.; van Wijnen, A.].; Lerman, L.O. Integrated
transcriptomic and proteomic analysis of the molecular cargo of extracellular vesicles derived from porcine adipose tissue-derived
mesenchymal stem cells. PLoS ONE 2017, 12, e0174303. [CrossRef]

Hsiao, S.T.-F,; Asgari, A.; Lokmic, Z.; Sinclair, R.; Dusting, G.J.; Lim, S.Y.; Dilley, R.J. Comparative Analysis of Paracrine Factor
Expression in Human Adult Mesenchymal Stem Cells Derived from Bone Marrow, Adipose, and Dermal Tissue. Stem Cells Dev.
2012, 21, 2189-2203. [CrossRef]

Illario, M.; Cavallo, A.L.; Monaco, S.; Di Vito, E.; Mueller, F.; Marzano, L.A.; Troncone, G.; Fenzi, G.; Rossi, G.; Vitale, M.
Fibronectin-induced proliferation in thyroid cells is mediated by alpha v beta 3 integrin through Ras/Raf-1/MEK/ERK and
calcium/CaMKII signals. . Clin. Endocrinol. Metab. 2005, 90, 2865-2873. [CrossRef] [PubMed]

Han, S.W.; Roman, J. Fibronectin induces cell proliferation and inhibits apoptosis in human bronchial epithelial cells: Pro-
oncogenic effects mediated by PI3-kinase and NF-kappa B. Oncogene 2006, 25, 4341-4349. [CrossRef]

Fan, Z.; Qin, J.; Wang, D.; Geng, S. Complement C3a promotes proliferation, migration and stemness in cutaneous squamous cell
carcinoma. J. Cell. Mol. Med. 2019, 23, 3097-3107. [CrossRef]

Bonacci, G.R.; Caceres, L.C.; Sanchez, M.C.; Chiabrando, G.A. Activated alpha(2)-macroglobulin induces cell proliferation and
mitogen-activated protein kinase activation by LRP-1 in the J774 macrophage-derived cell line. Arch. Biochem. Biophys. 2007, 460,
100-106. [CrossRef]

de Girolamo, L.; Lucarelli, E.; Alessandri, G.; Avanzini, M.A.; Bernardo, M.E,; Biagi, E.; Brini, A.T.; D’Amico, G.; Fagioli, E;
Ferrero, L; et al. Mesenchymal Stem /Stromal Cells: A New “Cells as Drugs” Paradigm. Efficacy and Critical Aspects in Cell
Therapy. Curr. Pharm. Des. 2013, 19, 2459-2473. [CrossRef]

Li, J.P; Habibovic, P.; van den Doel, M.; Wilson, C.E.; de Wijn, ].R.; van Blitterswijk, C.A.; de Groot, K. Bone ingrowth in porous
titanium implants produced by 3D fiber deposition. Biomaterials 2007, 28, 2810-2820. [CrossRef]

Staines, K.A.; Zhu, D.; Farquharson, C.; MacRae, V.E. Identification of novel regulators of osteoblast matrix mineralization by
time series transcriptional profiling. . Bone Miner. Metab. 2014, 32, 240-251. [CrossRef]

Nakamura, A.; Dohi, Y.; Akahane, M.; Ohgushi, H.; Nakajima, H.; Funaoka, H.; Takakura, Y. Osteocalcin Secretion as an Early
Marker of In Vitro Osteogenic Differentiation of Rat Mesenchymal Stem Cells. Tissue Eng. Part C Methods 2009, 15, 169-180.
[CrossRef]

Lin, K; Xia, L.; Gan, J.; Zhang, Z.; Chen, H.; Jiang, X.; Chang, ]J. Tailoring the Nanostructured Surfaces of Hydroxyapatite
Bioceramics to Promote Protein Adsorption, Osteoblast Growth, and Osteogenic Differentiation. ACS Appl. Mater. Interfaces 2013,
5, 8008-8017. [CrossRef]

Buyuksungur, S.; Hasirci, V.; Hasirci, N. 3D printed hybrid bone constructs of PCL and dental pulp stem cells loaded GelMA. |.
Biomed. Mater. Res. Part A. 2021, 1-13. [CrossRef]

Qin, Y.; Wang, L.; Gao, Z.; Chen, G.; Zhang, C. Bone marrow stromal/stem cell-derived extracellular vesicles regulate osteoblast
activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep. 2016, 6, 21961. [CrossRef]

Qi, X.; Zhang, ].; Yuan, H.; Xu, Z.; Li, Q.; Niu, X.; Hu, B.; Wang, Y.; Li, X. Exosomes Secreted by Human-Induced Pluripotent Stem
Cell-Derived Mesenchymal Stem Cells Repair Critical-Sized Bone Defects through Enhanced Angiogenesis and Osteogenesis in
Osteoporotic Rats. Int. J. Biol. Sci. 2016, 12, 836-849. [CrossRef]

Zhang, J.; Liu, X,; Li, H.; Chen, C.; Hu, B.; Niu, X;; Li, Q.; Zhao, B; Xie, Z.; Wang, Y. Exosomes/tricalcium phosphate combination
scaffolds can enhance bone regeneration by activating the PI3K/Akt signaling pathway. Stem Cell Res. Ther. 2016, 7, 136.
[CrossRef]


http://doi.org/10.1007/s10006-015-0513-6
http://doi.org/10.1111/cid.12748
http://doi.org/10.1186/s40729-017-0097-z
http://doi.org/10.3390/ijms22052379
http://doi.org/10.1097/MD.0000000000011169
http://doi.org/10.1002/(SICI)1097-4636(200007)51:1&lt;15::AID-JBM3&gt;3.0.CO;2-9
http://doi.org/10.3390/ph14060553
http://doi.org/10.1371/journal.pone.0174303
http://doi.org/10.1089/scd.2011.0674
http://doi.org/10.1210/jc.2004-1520
http://www.ncbi.nlm.nih.gov/pubmed/15687337
http://doi.org/10.1038/sj.onc.1209460
http://doi.org/10.1111/jcmm.13959
http://doi.org/10.1016/j.abb.2007.01.004
http://doi.org/10.2174/1381612811319130015
http://doi.org/10.1016/j.biomaterials.2007.02.020
http://doi.org/10.1007/s00774-013-0493-2
http://doi.org/10.1089/ten.tec.2007.0334
http://doi.org/10.1021/am402089w
http://doi.org/10.1002/jbm.a.37235
http://doi.org/10.1038/srep21961
http://doi.org/10.7150/ijbs.14809
http://doi.org/10.1186/s13287-016-0391-3

Int. . Mol. Sci. 2021, 22, 8445 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhou, J.; Liu, H.X,; Li, S.H.; Gong, Y.S.; Zhou, M.W.,; Zhang, ].H.; Zhu, G.Y. Effects of human umbilical cord mesenchymal stem
cells-derived exosomes on fracture healing in rats through the Wnt signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23,
4954-4960. [PubMed]

Narayanan, R.; Huang, C.-C.; Ravindran, S. Hijacking the Cellular Mail: Exosome Mediated Differentiation of Mesenchymal
Stem Cells. Stem Cells Int. 2016, 2016, 3808674. [CrossRef]

Wang, K.-X.; Xu, L.-L.; Rui, Y.-F; Huang, S.; Lin, S.-E.; Xiong, J.-H.; Li, Y.-H.; Lee, W.Y.-W.; Li, G. The Effects of Secretion Factors
from Umbilical Cord Derived Mesenchymal Stem Cells on Osteogenic Differentiation of Mesenchymal Stem Cells. PLoS ONE
2015, 10, e0120593. [CrossRef]

Moursi, A.M.; Damsky, C.H.; Lull, J.; Zimmerman, D.; Doty, S.B.; Aota, S.; Globus, R.K. Fibronectin regulates calvarial osteoblast
differentiation. . Cell Sci. 1996, 106, 1369-1380. [CrossRef]

Gavish, H.; Bab, I.; Tartakovsky, A.; Chorev, M.; Mansur, N.; Greenberg, Z.; NamdarAttar, H.; Muhlrad, A. Human alpha(2)-
macroglobulin is an osteogenic growth peptide-binding protein. Biochemistry 1997, 36, 14883-14888. [CrossRef]

Blair, H.C.; Kalyvioti, E.; Papachristou, N.I.; Tourkova, LL.; Syggelos, S.A.; Deligianni, D.; Orkoula, M.G.; Kontoyannis, C.G.;
Karavia, E.A.; Kypreos, K.E.; et al. Apolipoprotein A-1 regulates osteoblast and lipoblast precursor cells in mice. Lab. Investig.
2016, 96, 763-772. [CrossRef] [PubMed]

Bonewald, L.E;; Mundy, G.R. Role of transforming growth factor-beta in bone remodeling. Clin. Orthop. Relat. Res. 1990, 250,
261-276. [CrossRef]

Faustini, M.; Bucco, M.; Chlapanidas, T.; Lucconi, G.; Marazzi, M.; Tosca, M.C.; Gaetani, P; Klinger, M.; Villani, S.;
Ferretti, V.V,; et al. Nonexpanded Mesenchymal Stem Cells for Regenerative Medicine: Yield in Stromal Vascular Fraction from
Adipose Tissues. Tissue Eng. Part C Methods 2010, 16, 1515-1521. [CrossRef] [PubMed]

Gaetani, P; Torre, M.L.; Klinger, M.; Faustini, M.; Crovato, F; Bucco, M.; Marazzi, M.; Chlapanidas, T.; Levi, D,;
Tancioni, F; et al. Adipose-derived stem cell therapy for intervertebral disc regeneration: An in vitro reconstructed
tissue in alginate capsules. Tissue Eng. Part A 2008, 14, 1415-1423. [CrossRef]

Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.C.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.]J.;
Horwitz, EIM. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315-317. [CrossRef] [PubMed]

Bari, E.; Perteghella, S.; Marrubini, G.; Sorrenti, M.; Catenacci, L.; Tripodo, G.; Mastrogiacomo, M.; Mandracchia, D.; Trapani, A.;
Farago, S.; et al. In vitro efficacy of silk sericin microparticles and platelet lysate for intervertebral disk regeneration. Int. J. Biol.
Macromol. 2018, 118, 792-799. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/31210331
http://doi.org/10.1155/2016/3808674
http://doi.org/10.1371/journal.pone.0120593
http://doi.org/10.1242/jcs.109.6.1369
http://doi.org/10.1021/bi971670t
http://doi.org/10.1038/labinvest.2016.51
http://www.ncbi.nlm.nih.gov/pubmed/27088511
http://doi.org/10.1097/00003086-199001000-00036
http://doi.org/10.1089/ten.tec.2010.0214
http://www.ncbi.nlm.nih.gov/pubmed/20486782
http://doi.org/10.1089/ten.tea.2007.0330
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.1016/j.ijbiomac.2018.06.135

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Isolation and Expansion of Human AD-MSCs 
	Lyosecretome Preparation and Characterization 
	Total Protein and Lipid Content 
	EV Particle Size and Concentration 
	Microbiological Controls 

	Titanium Cages 
	Seeding of AD-MSCs 
	Evaluation of Cell Proliferation 
	MSCs Culture and Osteogenic Differentiation 
	Scanning Electron Microscopy (SEM) 
	Alizarin Red Assay 
	Confocal Microscopy 
	Dosage of Osteocalcin (OCN) by ELISA 
	Statistical Analysis 

	References

