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Abstract 

Background: According to recent studies, electrospun Poly (Ɛ‑caprolactone) (PCL) is an absorbing candidate for the 
formulation of biocompatible scaffolds used in tissue engineering. Tissue engineering is a set of techniques for pro‑
ducing or reconstructing tissue, whose primary purpose is to restore or improve the function of tissues in the human 
body. Tissue engineering combines the principles of materials and cell transplantation to develop alternative tissues 
or promote endogenous regeneration. However, this electrospun scaffold, consisting of PCL, has disadvantages 
such as low cell adhesion, inactivity of the surface, osteoinduction, and acidic destruction of the scaffold that causes 
inflammation at the implant site, often making it unsuitable implant. This study aimed to improve PCL base cellular 
scaffolds with the formulation of polyhedral oligomeric silsesquioxane – Polycaprolactone (POSS‑PCL) nanofiber scaf‑
folds. The present research focuses on the synthesis of nanofibers for their cell interaction features, and application in 
bone tissue engineering and regeneration.

Results: POSS/ PCL Nanocomposites with 2, 5, and 10 wt.% of POSS were synthesized in the Trichloromethane, then 
POSS – PCL Nanofibers were prepared by the electrospinning technique. In this study, the structures of nanohybrids 
and nanofibers have been evaluated by FTIR, HNMR, XRD, SEM, EDX, and DSC. The biocompatibility of formulated 
POSS‑PCL scaffolds was detected using mesenchymal stem cells (MSCs). Then several parameters were examined, 
involving DCFH ROS detection system, gene expression (cell viability/apoptosis, osteogenesis potentiality, and redox 
molecular homeostasis.

Conclusions: Based on our results, POSS‑PCL nano‑scaffolds in comparison with PCL have shown a robust potential‑
ity in homing, growth, and differentiation of stem cells.
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Graphical Abstract
Synthesis of POSS‑PCL Nanofibers and their potential application in Bone Regeneration.

Introduction
Most bone diseases, such as bone infections and bone 
tumors, require bone regeneration. However, bone inju-
ries as a major problem still overshadow the normal life of 
patients and require replacement bone grafts for regenera-
tion. Accordingly, tissue engineering, known as the design 
and fabrication of new tissue to restore the function of 
defective organs or lost tissue, emerged in the early 1990s 
to compensate for these limitations. Tissue engineering 
(TE) is the multidisciplinary field of designing a thera-
peutic product that utilizes the combination of matrix 
scaffolds with viable human cell systems, for the repair or 
regeneration of damaged tissues [1–4]. Tissue engineer-
ing requires appropriate stem cells, an optimal culture 
system, and nano-surface nano scaffolds with prolifera-
tion or differentiation chemo-physical [5–7]. The surface 
topology, mechanical factors, and chemical components 
of nano-scaffolds affect the quality of the engineered tissue 
[8–10]. So, the development of scaffolds to provide opti-
mal cultural conditions remains an active field of research. 
On the other hand, bone tissue is a cell with a composite 
structure that includes organic and inorganic parts. For 
this purpose, we propose POSS polymers, in which case 
Polyhedral Oligomeric Silsesquioxane (POSS) is a new 

generation of nanocomposite materials with high biocom-
patibility and superior mechanical properties, which has 
been successfully used as a scaffold for the production of 
synthetic organs as well as a coating for medical instru-
ments. POSS molecules are chemical compounds with a 
particular structure. Their structure is either cube-shaped 
or cage-like [11]. The cage-like structure is formed by Si 
and O atoms, and due to their solid bond of Si-O (809 KJ/
mol), they have high strength [12, 13]. Besides Si atoms 
that are at the vertices of the cube and the O atoms on the 
sides of the cube between the two vertices, the organic 
functional groups are located on the Si -vertices through 
the covalently bond. These functional groups surround the 
cubic structure and thus, form a POSS cage structure [14]. 
These molecules are called organic-inorganic hybrids since 
they are made up of inorganic cores (Si) and organic groups 
[15]. Considering the properties of these cubic compounds 
in recent years, great attention has been paid to these POSS 
compounds in technology and science [16, 17]. The main 
properties of these POSS compounds are biocompatibility, 
non-toxicity, high thermal and mechanical stability, as well 
as their surface properties, which allow them to be used 
in making polymers and copolymers by forming a bond 
between them and polymers such as Poly (Ɛ-caprolactone) 
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(PCL), Polyethylene Glycol (PEG), Polylactic Acid (PLA), 
etc. Recently, scaffolds with nanofibrous architecture, fabri-
cated by electrospinning technique, have been significantly 
utilized as a template for cell proliferation and developing 
functional tissue engineering. The mechanical properties of 
POSS-PCL nanocomposite films from other POSS deriva-
tives have been investigated and described in an article by 
Mónica Cobos and her colleagues [18]. Diameters in the 
nanometer range, high porosity, and the high surface-area-
to-volume ratio of nanofiber highly match the morphology 
and function of extracellular matrices, providing a proper 
biomimetic scaffold for cell recognition, attachment, prolif-
eration, and differentiation as well as drug loading [19–21]. 
They form composites that, when their performance is 
improved, can be used for biomedical purposes in biotech-
nological fields such as biomedical devices, drug delivery 
systems, tissue engineering products, dental composites, 
biosensors, etc. [22–24]. Cubic POSSs are ideal starting 
materials for nano-production; therefore, they can be used 
as a new class of nano-fillers to produce high-performance 
nanostructured composites. According to research, POSS-
polymer nanocomposites possess advanced mechanical 
features, thermal constancy, oxidative and anti-ignition 
endurance, and surface hardening [25, 26]. It must be noted 
that the improved properties of polymer-POSS nano-
composites depend on several factors, such as the chain 
measurement of the functional groups joined to the sili-
con atoms, and the polymer chains that bind the covalent 
bonds with the nanoparticles, and the preparation tech-
niques [27–30]. PCL is among the common polymers that 
are used to make POSS-containing nanocomposites [31, 
32]. PCL is a key aliphatic polyester due to its degradabil-
ity, biocompatibility, and non-toxic properties that are 
focused on by researchers and are utilized by the FDA in 
biomedical applications [33]. However, the effects of these 
substances are still unknown. Goffin et  al. showed that 
well-dispersed POSS nanoparticles in the nanocomposites 
are achievable only when that POSS-g-PCL nanohybrid 
is used as a masterbatch [31, 34]. Miltner et al. fabricated 
the POSS nanocomposites based on PCL in the presence 
of aminopropylheptakis (isobutyl)- POSS and found that 
dispersion quality is achieved when the nanocompos-
ite is prepared by in  situ polymerization [35]. Moreover, 
they showed that a greater grafted chain length was more 
effective in refining the compatibility between POSS and 
the PCL matrix. The morphology and crystallization of 
PCL/octaisobutyl-POSS nanocomposites, made by the 
solution casting technique, were examined by Pan et  al., 
and aggregates of submicron-sized POSS particles were 
obtained and enhanced the crystallization of PCL [36]. In 
recent studies, the morphology and crystallization of PCL/
octaisobutyl-POSS nanocomposites fabricated by solution 
casting procedure were investigated and the enhancement 

of crystallization of PCL and aggregates of submicron-
sized POSS particles were depicted [37]. Prior studies have 
shown that POSS-incorporated hybrid polymers pos-
sess good cytocompatibility and support the attachment, 
spreading and proliferation of chondrocytes. Hence, POSS 
is the potential candidate to fabricate hybrid polymers with 
enhanced and controlled properties. Interestingly, POSS- 
enhanced natural polymers are only an emerging field, and 
their application in bone repair and regeneration has to the 
best of our knowledge not been widely proposed, espe-
cially in repairing connective tissue bone defects in  vivo 
[38]. Recently, natural polymer-based nanocomposites have 
come into prominence for bone tissue scaffold design. As a 
natural polymer, PCL have promising characteristics such 
as non-toxicity, non-allergenicity, mucoadhesivity, bio-
compatibility and biodegradability. The ease of processing 
of PCL into porous structure is another promising charac-
teristic to fabricate a variety of scaffolds. However, it has a 
limitation with mechanical properties compared to natural 
bone. Thus, PCL is reinforced with an inorganic filler in 
order to overcome this limitation. Nanofillers provide dra-
matic improvements in physical properties (thermal stabil-
ity, mechanical properties, swelling behavior) of polymer 
matrix and surface morphology by altering the structure 
at micro- nanoscale [39]. Besides, recently bioactive nano-
fillers have come into prominence in scaffold designs for 
bone regeneration to provide mimicry with bone structure. 
POSS, regarded as the smallest silica particle, is widely used 
as nanofiller in polymer systems. POSS-based nanocom-
posites are deduced as novel materials having potency for 
biomedical applications owing to the enhanced biocompat-
ibility and physicochemical characteristics [40]. The aim 
of this work was to integrate the beneficial features of PCL 
and POSS nanoparticle to design nanofiber for bone tissue 
regeneration.

Biologically, it escapes the osteogenic power of sev-
eral human AD-MSCs. AD-MSCs are a cell crowd with 
multi-differentiation potential that were initially iden-
tified in the BM-MSCs more than 40 years ago [41, 42]. 
AD-MSCs not only have therapeutic properties but also 
the ability to differentiate significantly. They can be sepa-
rated from all major layer derivatives, including cartilage, 
bone, nerve cells, adipose tissue, and cardiomyocyte [43]. 
These AD-MSC-based healing properties are an excellent 
treatment tactic for wound curing and tissue regenera-
tion [44]. This study tried to improve PCL based scaffolds 
with the formulation of POSS-PCL nanofiber scaffolds 
for tissue engineering applications. The case that has 
increased the investigation in this field is the possibility of 
modifying PCL surfaces by means of POSS molecules by 
the electrospinning method. Electrospinning is one of the 
most important methods of preparing polymer nanofib-
ers. The electrospun felt product is a type of nanofiber 
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that creates a thin layer on the collecting metal plate 
during the electrospinning process. In fact, this layer 
results from the freezing or incomplete freezing of the 
jet on two-dimensional planes. Because this layer has a 
mesh structure under the electron microscope, it is called 
nanofiber mesh or nanofiber network. To describe this 
scaffold and its effect on cells, we employed DCFH ROS 
discovery system, gene expression (RUNX-2, Osteocal-
cin, Nrf2, BAX, VEGF gens), and apoptotic techniques. 
Based on the outcomes, the biocompatibility and bone 
differentiation ability of the scaffold affirmed its applica-
bility in bone tissue engineering.

Methods and materials
Materials
Methanol, Chloride acid, ethanol, Tetrahydrofuran 
(THF), Trichloromethane (DCM), Dichloromethane, 
and Dimethyl Sulfoxide (DMSO) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). (3-chloropropyl) 
trimethoxysilane, di-n-butyltin dilaurate, and PCL (Mn= 
80000), DMEM, Beta glycerol phosphate, Dexametha-
sone, ascorbic acid, Penicillin Streptomycin antibiotic, 
Rhodamine B (RhoB),  H2O2, and Trizol were bought 
from Sigma-Aldrich (Steinem, Germany). Fetal Bovine 
Serum (FBS) and Trypsin-EDTA were also purchased 
from Gibco (USA). Thermo Scientific RevertAid First 
Strand cDNA Synthesis Kit was purchased from Thermo 
Fisher Scientific Inc. Mesenchymal stem cell (Pasteur 
Institute, Iran).

Synthesis of octa(3‑chloropropyl) POSS [(ClC3H6)8Si8O12]
First, we prepare a round bottom flask and two open-
ings containing a magnetic stirrer. Then we attach an 
increasing funnel to one of the openings of the flask. We 
mount a condenser on the flask. Now, pour 700 cc of dry 
methanol and 23.3 cc of concentrated chloride acid into 
a flask and turn on the stirrer to stir the solution. Add 70 
gr (0.35 mol) of (3-chloropropyl) trimethoxysilane drop 
by drop while stirring vigorously. Allow the stirring to 
continue for 3 hours. Then turn off the mixer to keep the 
mixture in the flask at room temperature. After 43 hours, 
add 0.69 gr (1.104 mmol) of di-n-butyltin dilaurate cata-
lyst with vigorous stirring and allow to stir for 2 hours. 
Then we turn off the stirrer and after 48 hours, color-
less crystals are obtained. We collect the crystals and do 
the filtration operation and wash them three times with 
methanol. We put it in the oven for 48 hours at 60 °C to 
dry, and the product yield is 10.6 grams.

Synthesis of octa (3‑hydroxypropyl) POSS 
[(HOC3H6)8Si8O12]
Pour 6 gr of octa (3-chloropropyl) POSS into a round 
bottom flask containing a magnetic stirrer, then add 150 

cc of ethanol and 150 cc of tetrahydrofuran and turn 
on the stirrer to stir the contents of the flask to form a 
transparent solution. Then add 6 gr of freshly prepared 
silver oxide with 1cc of deionized water to the contents 
of the flask, then reflux is done in the dark with vigorous 
stirring for two days. After two days, we filter the impu-
rities in the contents of the flask and perform the filtra-
tion operation three times, then we put the solution in 
a rotary to obtain white deposits by evaporating the sol-
vent. The resulting sediments are dried in an oven at 60 ° 
C for 48 hours.

Synthesis of POSS/ PCL Nanocomposites
POSS compounds, with 2, 5, and 10 wt.%, were prepared 
in the Trichloromethane. POSS and PCL (15 wt.%) solu-
tions were mixed in pairs with the water bath system for 
1 hour. The resulting solutions were poured into glass 
plates to evaporate the solvent and to obtain a film. 
The resulting films were dried in a vacuum oven at 60 
degrees for 3 days. The produced film was a POSS-PCL 
nanocomposite.

Synthesis of POSS – PCL Nanofibers
The electrospinning technique was applied for the syn-
thesis of POSS- PCL nanofibers. Therefore, a 3 ml syringe 
containing POSS- PCL (15 wt.%) solution was placed 
on the syringe pump, and a 15cm×10cm aluminum foil 
was located in the system as a collector, and the neces-
sary parameters including distance, voltage, and injec-
tion were adjusted, and then the electrospinning device 
turned on. To achieve a layer-by-layer POSS- PCL mem-
brane, the parameters were repeated at all stages, con-
stantly. In this process, distance=14cm, voltage=15kV, 
injection=2 ml/h were selected [45].

Chemical characterization
Fourier transforms infrared (FTIR) spectroscopy
Chemical analysis of nanofibers and nanocomposites was 
performed by an FTIR device (Bruker, VECTOR 22, Ger-
many). In all cases, 21 scans were utilized to record the 
spectra. The spectrum of the hybrid nanocomposites and 
nanofibers was recorded from 400 to 4000  cm-1.

Proton Nuclear Magnetic Resonance (1H NMR) spectra
1H NMR spectra of the synthesized hybrid compounds 
and nanofibers were gauged on a Bruker 250 MHz 
Ascend spectrometer (Bruker Biospin GmbH, Germany). 
Samples were soluble in deuterated chloroform  (CDCl3).

X‑ray diffraction (XRD)
The XRD curves of synthesized hybrid compounds and 
nanofibers were registered by a Shimadzu X-ray diffrac-
tometer (model Lab XRD-600) with Cu  Kα irradiance (λ= 
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1.5418 Å) at 40 kV and 30 mA in the 2θ range of 0° < 2θ < 
60° with a scan speed of 10º/min.

Scanning electron microscopy (SEM) analysis
The morphology and diameters of electrospun hybrid 
compounds and nanofibers were investigated by SEM 
device (MIRA3, TESCAN, Czech) after sputter covering 
with gold. The Average Fiber Diameter (AFD) data were 
collected from 30 fibers by an image analysis software 
(Image J 1.42q, National Institute of Health, USA).

Energy dispersive X‑ray (EDX) analysis
The atoms in the hybrid compounds and nanofibers were 
identified by the EDX device (VEGA TESCAN, XMU, 
USA).

Differential scanning calorimetry analysis
DSC analyses were performed by a Thermo Analysis (TA) 
device TA- DSC 822 e (Mettler Toledo, Swiss) with a 
heating rate of 10 ºC  min-1 and under nitrogen gas. The 
nanofibers (about 4 mg) were warmed from -30 to 300 ºC 
and kept in the molten situation for 5 min (to remove the 
thermal history) then, they were chilled to -60 ºC at 10 ºC 
 min-1 and kept in a cold place for 5 min, and reheated to 
100 ºC at 10 ºC  min-1.

Cell loading and bone differentiation
Mesenchymal stem cells (MSCs) were seeded in 
DMEM media, with 10% FBS. Then 70 to 80% of con-
fluence, the cells were collected by trypsinization. 
By placing the POSS-PCL scaffolds at the bottom of 
each well of the 6-well plate, the cells are seeded on 
the designed scaffolds for the differentiation. To inves-
tigate changes in gene expression pattern, the culture 
was performed in a differentiation medium for 3 weeks 
and cells were examined on differentiation days 7, 14, 
and 21. Also, on the 21st day of differentiation, Aliza-
rin red S staining was used to evaluate the bone dif-
ferentiation of mesenchymal stem cells. The medium 
used to culture the cells at this stage is the bone dif-
ferentiation medium, which contains 10% FBS, 500 μl 
of streptomycin-penicillin, 0.2 mM ascorbate, and 0.1 
μM dexamethasone and 10 mM b-glycerol phosphate. 
The bone differentiation medium was refreshed every 
2 days with the freshly prepared medium. In this study, 
we had a control plate in all stages, which was without 
a scaffold, and in other plates, the bottom of the plates 
was completely covered with nanofibers, and the walls 
were slightly covered from the sides. In this way, we 
tried to prevent cells from entering under the nanofib-
ers as much as possible. In Figs.  6 and 7, the control 

plates have also been analyzed with the plates contain-
ing the scaffold.

Biocompatibility test for designed scaffolds
DCFH‑DA assay for measurement of intracellular free radicals
After 24 h, the cells cultured on scaffolds were pre-
treated with 10 µM of dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) and incubated at 37°C for 1 h. 
After discarding the medium, the MSCs were washed 
(3x) with PBS solution and trypsinized. The cells were 
monitored using Cytation™ 5 cell imaging instrument 
(BioTek, Winooski, USA) .

Analyzing of apoptotic population
Apoptosis FITC Annexin- V kit was used to evaluate 
the planned process of cell death by flow cytometry. 
Differentiation between apoptotic and necrotic cells 
can be accomplished by co-staining with propidium 
iodide (PI). Therefore, FITC Annexin- V is used as a 
marker for phosphatidylserine and PI as a marker for 
dead cells. The cells were implanted in a plate of 6 wells 
with a density of 3×105 cells. After 21 days, a series of 
cell lines were treated with  H2O2 and then incubated 
for 24 hours. After trypsinization and collection and 
centrifugation of cells, cells were washed with PBS. 
Now 100 microliters of dilute binding buffer were 
added to the cells, followed by are added 5 microliters 
of Annexin- V and 5 microliters of PI to the cell sus-
pension and incubated for 20 minutes at room temper-
ature in the dark. Finally, phosphatidylserine binding to 
Annexin- V was used as an indicator for flow cytometry 
analysis to quantify the percentage of apoptotic cells.

Q‑PCR and characterization of RNA profile
Total RNAs were extracted from the MSCs after 7, 14, 
and 21 days via Trizol. The RNA purity and yield were 
revealed via NanoDrop, ND-1000 spectrophotometer 
(NanoDrop Technologies, Inc., Wilmington, USA). Then, 
the cDNA was produced matching to the literature. Real-
time PCR reactions were done for bone differentiation 
genes, the major antioxidants transcription factors Nrf2 
and the gens involved in cell proliferation and apoptosis. 
In qPCR, the level of statement was determined based 
on the PCR cycle amount (Ct). The endogenous regula-
tor GAPDH was employed for the standardization of 
mRNA levels. The Ct quantities were applied to compute 
relative expression thru SPSS software (ver 14.0) by the 
difference in the Ct quantities of the goal RNAs after the 
standardization to the RNA input surfaces. Compara-
tive quantification was signified matching to the Pfaffl 
method [46]. Each reaction was done in triplicate. The 
primer sequences are shown in Table 1.



Page 6 of 14bagheri et al. Journal of Biological Engineering           (2022) 16:35 

Statistical investigation
Data were stated as average quantities with standard devi-
ance (S.D.) from three autonomous experiments. Statistical 
significances among groups were examined by one-track 
ANOVA followed by Dunnett’s manifold comparisons post 
hoc test. The significant amount was a p-value of <0.05.

Results
Structural characterization of POSS‑Cl
The FTIR spectroscopy of POSS-(Cl)8 is displayed in 
Fig.  1A. The identified peaks in FTIR spectrum (KBr 

window,  cm-1) are: ν(CH) 2984, 2954, 2872; ν(SiOSi) 
1109; ν(CCl) 698. X-ray diffraction curves show POSS-
(Cl)8 crystallinity (Fig.  1B). Three distinct peaks are 
observed in 2θ = 7.3º, 9.2º, and 21.8ºfor POSS-(Cl)8. Also, 
the structure of POSS-(Cl)8 was confirmed by 1HNMR 
spectroscopy  (CDCl3, 298 K, 250 MHz; ppm) (Fig.  1C). 
The chemical interpretation of protons in this compound 
is as following: 0.76-0.83 (t,  SiCH2, 16H, 3JHH = 7.5 Hz); 
1.8-1.9 (m,  CH2, 16H, 3JHH = 7.5 Hz); 3.5-3.56 (t,  CH2Cl, 
16H, 3JHH = 7.5 Hz). EDX tests confirmed the pres-
ence of C, O, Si, and Cl elements in the POSS-(Cl)8 and 
determines their ratio (Fig. 2A.a). SEM tests are utilized 
to monitor the structural evolution of these materials. 
The SEM image shows a large number of nanoparticles 
of POSS-(Cl)8 with an average diameter of about 40±5 
nm (Fig.  2B.a), which composes the cubic structure of 
POSS-(Cl)8.

Structural characterization of POSS‑OH
The FTIR spectroscopy of POSS-(OH)8 is displayed 
in Fig.  1A, the identified peaks in the FTIR spectrum 
(KBr window,  cm-1) are ν(OH) 3402; ν(CH) 2875-2956; 
ν(SiOSi) 1121; ν(C-O) 700. X-ray diffraction curves show 
POSS-(OH)8 crystallinity (Fig.  1B). Three distinct peaks 
were observed in 2θ = 21.8º, 27.6º, 31.9, and 45.9º for 
POSS-(OH)8. Also, POSS-(OH)8 structure was confirmed 
by 1HNMR spectroscopy  (CDCl3, 298 K, 250 MHz; ppm) 
(Fig. 1D). The chemical interpretation of protons in this 
compound is as following: 0.76-0.83 (t,  SiCH2, 16H, 3JHH 

Table 1 Sequence of the oligonucleotides for real‑time PCR

Gene Sequence (5´→ 3´)

BAX F 5´ GAT GCG TCC ACC AAG AAG  3´

R 5´ AGT TGA AGT TGC CGT CAG  3´

Nrf‑2 F5´‑ AGA CAG GTG AAT TTC TCC CAAT‑3´

R5´‑ TTT GGG AAT GTG GGC AAC ‑ 3´

VEGF F5’‑ CAC CAC CGA CAG AAC AGT CC ‑3’

R5’‑CGA ATC CAA TTC CAA GAG G‑3’

Osteocalcin F 5´ ACA AGA GAT TCA GCG ACT ‑3´

R5´‑GGT TCT TGG CTT CCT GTT TC‑3´

RUNX‑2 F5´‑ CAG ACC AGC AGC AGC ACT CCATA‑3´

R5´‑ CAG CGT CAA CAC CAT CAT TC‑3´

GAPDH 5′‑AAG CTC ATT TCC TGG TAT GAC AAC G

5´ TCT TCC TCT TGT GCT CTT GCTGG 3´

Fig. 1 A FTIR spectra of POSS‑(Cl)8, POSS‑(OH)8 nanoparticles, and POSS‑(PCL)8 nanofibers, B XRD spectra of POSS‑(Cl)8, POSS‑(OH)8 nanoparticles, 
and POSS‑(PCL)8 nanofibers, C1 H NMR spectra of POSS‑(Cl)8, D1 H NMR spectra of POSS‑(OH)8, E1 H NMR spectra of POSS‑(PCL)8
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= 7.5 Hz); 1.8-1.9 (m,  CH2, 16H, 3JHH = 7.5 Hz); 3.39 (s, 
OH, 8H) 3.5-3.56 (t,  CH2OH, 16H, 3JHH = 7.5 Hz). EDX 
tests confirmed the presence of C, O, and Si elements in 
the POSS-(OH)8 and determined their ratio (Fig. 2A.b). 
SEM tests were used to monitor the structural evolu-
tion of these materials. The SEM image showed a large 
number of nanoparticles of POSS-(OH)8 with an average 
diameter of about 40±4 nm (Fig. 2B.b), which composes 
the cubic structure of POSS-(OH)8.

Structural characterization of POSS‑PCL
The FTIR spectroscopy of POSS-(PCL)8 is displayed in 
Fig. 1A, the identified peaks in FTIR spectrum (KBr win-
dow,  cm-1) are: ν(OH) 3614; ν(CH) 2893-2941; ν(C=O) 
1730; ν(SiOSi) 1110; ν(C-O) 688. X-ray diffraction curves 
showed POSS-(PCL)8 crystallinity (Fig.  1B). Three dis-
tinct peaks were observed in 2θ = 21.5º, 22º, and 24º for 
POSS-(PCL)8. Also, POSS-(PCL)8 structure was con-
firmed by 1HNMR spectra.  (CDCl3, 298 K, 250 MHz; 
ppm) (Fig. 1E) spectroscopy. The chemical interpretation 
of protons in this compound is as follows:

0.76-0.83  (SiCH2-, 3JHH = 7.5 Hz), 1.37-1.42 
 (OOCCH2CH2CH2-, 3JHH = 7.5 Hz), 1.61-1.66 
 (OOCCH2CH2CH2CH2-, 3JHH = 7.5 Hz), 1.86 
 (SiCH2CH2-, 3JHH = 7.5 Hz), 2.27-2.32  (OOCCH2-, 3JHH 
= 7.5 Hz), 3.50-3.56  (OOCCH2CH2CH2CH2CH2-, 3JHH 
= 7.5 Hz), 4.02-4.07 (-CH2OOCCH2CH2CH2CH2CH2-, 
3JHH = 7.5 Hz). EDX tests confirmed the presence of C, 
O, and Si elements in the POSS-(PCL)8 and evenly scat-
tering POSS and its presence in POSS-PCL (Fig. 2A.c). 
SEM tests were used to monitor the structural evolution 
of these materials. The SEM image showed a large num-
ber of nanofibers of POSS (5%) -(PCL)8 with an average 
diameter of about 100±5 nm (Fig. 2B.c), and binding of 
POSS nanoparticles to PCL fibers. The thermal behav-
iors of PCL and POSS-PCL were investigated by DSC 
analysis. In DSC thermograms, POSS-PCL nanofibers 
are not degraded in the temperature range of -30 to 230 
° C, but they had thermal degradation in the range of 
approximately 238-242 °C. The melting temperature, 
crystallization temperature, and melting and crystal-
lization enthalpy of PCL and POSS-PCL nanofibers 
were reported in Table  2. Through DSC thermograms, 
it can be concluded from these results that the binding 
of the POSS molecule does not reduce the quality of the 
nanofibers, but to some extent, it increases the thermal 
stability of the nanofibers. From the data examined in 

Table 2 it can be concluded that by an increase in melt-
ing temperature and crystallization temperature and 
enthalpy in nanofibers containing POSS, the crystallin-
ity of these nanofibers become higher when compared 
to PCL nanofibers (Fig. 3).

Osteogenesis and Alizarin red staining
Alizarin red staining was used to measure the differ-
entiation of MSCs and the induction/inhibitory effect 
of designed scaffolds of POSS-PCL. As Fig.  4 shows, 
the red-stained cells are osteo-cells because of calcium 
deposition.

Detection of the population of apoptotic 
and non‑apoptotic cells
Annexin V-FITC and PI staining and flow cytometry 
analysis were used to detect the path of death of the 
studied cells for apoptosis and necrosis. The results of 
this study are shown in Fig 5a. Control group cells and 
untreated cells show survival of cells and cells of the 
treated group show increased apoptosis. The percentages 
of each group are shown in Fig 5b.

Detection of intracellular stress imposing 
by nano‑scaffolds
Fluorescence images of DCFH-stained MSCs seeded 
on POSS-PCL nanofibers were observed after 1 day. 
As shown, the rate of cell uptake and consequent green 
fluorescence intensity of POSS-PCL cells is higher 
than that of PCL cells, while there is no difference in 
fluorescence intensity between 2, 5, and 10% of POSS-
PCL nanofibers (Fig. 6).

RNA profile expression
Using specific primers, we performed Real- time test-
ing for a set of genes associated with survival, stress, 
angiogenesis, and bone differentiation of cells exposed to 
POSS- PCL nano scaffolds with varying concentrations 
of POSS (Fig. 7).

The effect of designed scaffold components in MSCs 
bio‑function
The effect of scaffold component in MSCs differentiation
As Fig. 7 a show, the bone regeneration and differentia-
tion of MSCs were not combatted by scaffolds. In addi-
tion, it was an inhaler of differentiation according to the 
upregulation of RUNX and Cal genes.

Fig. 2 A EDX image and spectrum of, a) POSS‑(Cl)8, b) POSS‑(OH)8, and c) POSS‑(PCL)8, and d) PCL. The EDX spectrums show the constituent 
elements of each compound. B SEM images of a) POSS‑(Cl)8, b) POSS‑(OH)8, c) POSS (5%) ‑(PCL)8, and d) PCL. These images clearly show the cubic 
structure of POSS‑(Cl)8 and POSS‑(OH)8 nanoparticles and of PCL and POSS‑(PCL)8 nanofibers, comparison of c and d nanofibers shows the binding 
of POSS nanoparticles to PCL.

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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The effect of scaffold component in MSCs intracellular 
antioxidant pathway
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 
transcription activator that binds to the antioxidant 
response elements (ARE) in the promoter regions of tar-
get antioxidant genes and is critical for the coordinated 
up-regulation of genes in response to oxidative stress. As 
shown in Fig. 7, an increased level of Nrf2 was not seen in 
MSCs seeded on scaffolds.

Table 2 Thermal features of nanofiber

Nanofiber Tc (ºC) Tm (ºC) ΔHm [J/g] ΔHc [J/g]

PCL 26.94 62.13 ‑85.50 73.87

POSS (2%)‑PCL 24.51 63.12 ‑69.87 43.71

POSS (5%)‑PCL 20.44 63.82 ‑66.86 40.65

POSS (10%)‑PCL 19.63 62.68 ‑56.37 33.05

Fig. 3 Differential Scanning Calorimetry analysis (DSC) PCL, POSS (2%)‑PCL, POSS (5%)‑PCL and POSS (10%)‑PCL nanofibers. a crystallization 
temperature, b melting temperature

Fig. 4 Alizarin red staining of MSCs under osteogenesis differentiation seeded on different concentrations of POSS in scaffolds of POSS‑(PCL)8. More 
differentiation of MSCs was observed on POSS‑PCL compared with PCL scaffolds
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Non‑toxicity and biocompatibility of scaffolds
As Fig.  7 shows, any toxicity of scaffolds was not 
observed and the BAX gene as a pro-apoptotic gene was 
not upregulation in relation to control cells.

The therapeutic potentiality of MSCs seeded on scaffolds
The secretome of MSCs extremely influences cell therapy 
conclusions in injured tissues and as the calculations 
displayed, the designed scaffolds did not combat VEGF 
secretion but could upregulate VEGF (Fig. 7).

Discussion
Nanofiber scaffolds can be formed by the electrospin-
ning technique, and because of the nanometer fiber 
construction as well as the interconnection, great 
porosity, and monotony, they supply a good similar-
ity to the physiological situation of the body [47, 48]. 
The electrospinning technique is the most extensively 
used scaffold manufacturing technique [49]. The 
cause for its great practice is the ease of practice for 
most ceramics, polymers, and metals, because of its 
low cost and the resemblance of the fabricated fib-
ers with the body fibrous tissues [50]. In this study, 
POSS-PCL electrospun scaffolds were produced from 
two diverse polymers that include the polymers that 
have been investigated widely in bone tissue engi-
neering. The same studies that have been studied so 

far are POSS-PCL and PCL-HA composites, and the 
advantage of this study over them is that POSS-PCL 
nanocomposite has gone one step further and been 
synthesized as nanofiber and was examined in bone 
regeneration [51]. Other similar works that can be 
mentioned in this regard are PCL/POSS, Gel-POSS 
and, Chitosan-hybrid POSS nanocomposites, which 
have been investigated and described the structure, 
biocompatibility, properties and morphology of these 
nanocomposites and the role of POSS in increasing the 
degradability of hydrogels [18, 52, 53]. The purpose of 
this study was comparison of osteoinductivity of POSS 
(2%)-PCL, POSS (5%)-PCL, POSS (10%)-PCL, and 
PCL nanofibers scaffolds manufactured by electrospin-
ning by culturing of AD-MSCs on them. Morphologi-
cal investigation of the manufactured nanofibers by 
SEM confirmed that POSS-PCL nanofibers scaffolds 
have approximately a construction with a random ori-
entation and flat surface and porous. Outcomes con-
firmed that the viability of the cells on the POSS-PCL 
nanofibers scaffolds has not been significantly differ-
ent. Stem cells were proliferated, growing, and expand-
ing on the produced scaffolds that verified their fine 
biocompatibility. Then, to study the osteoinductivity of 
the manufactured nanofibers scaffolds, distinguished 
AD-MSCs were cultivated on the surface of POSS 
(2%)-PCL, POSS (5%)-PCL, POSS (10%)-PCL, and PCL 

Fig. 5 The cytotoxicity of PCL and POSS‑PCL scaffolds on MSCs after 7 days of seeding. Annexin V‑ apoptotic detection assay by Flow cytometry 
and the results for three groups of control, the cells seeded on PCL scaffold and the cells seeded on POSS‑PCL scaffolds. As the results show, about 
50 percent of the cell’s protective effect was observed in POSS‑PCL (95.67 %) compared with PCL (54.15 %) scaffolds
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scaffolds and then stem cells osteogenic differentiation 
potential was assessed at the protein and gene levels. 
Prior studies have described similar outcomes when 
using AD-MSCs for tissue engineering aims. It was 
perceived that AD-MSCs enhance the angiogenesis of 
the biodegradable implants. First, we assessed Alizarin 
red, DCFH, Annexin V-FITC, and PI staining of stem 
cells on POSS (2, 5, and 10%)-PCL and PCL scaffolds, 
which displayed cell differentiation and cell viability, 
and green fluorescence intensity on scaffolds of POSS-
PCL is more than PCL. Bone-like POSS-PCL creation 
by deposition of Ca ions in body liquids is one of the 
beneficial features of polymeric biomaterials for prac-
tice in the structure of bone implants [54, 55]. Then, 
the expression level of four significant osteogenic gene 
markers such as Runx2, Nrf2, BAX, and VEGF was 
assessed in the distinguished AD-MSCs on POSS-
PCL substrates. According to the outcomes gained 
from Alizarin red, DCFH, Annexin V-FITC, and PI 
assays, the expression level of osteogenic gene mark-
ers in AD-MSCs cultivated on POSS-PCL was mean-
ingfully greater than in PCL groups, while expression 

diversities between AD-MSCs cultivated on POSS 
(2%)-PCL, POSS (5%)-PCL, and POSS (10%)-PCL scaf-
folds wasn’t significant. But with a rising percentage 
of POSS, the results become more favorable. The only 
study that is analogous in comparison to these POSS-
PCL scaffolds is HA-PCL, which according to studies, 
in this comparison, POSS-PCL has more bone-produc-
ing features. This diversity between the osteoporosis of 
these two scaffolds can be correlated to the singular 
feature of POSS.

Conclusions
POSS-PCL nanocomposites were synthesized by a 
hybrid combination of POSS and PCl polymer and the 
nanofibers were made from this nanocomposite using 
the electrospinning method. Mesenchymal Stem Cells 
(MSCs) were cultured on scaffolds. The results showed 
no observed cytotoxicity for these nanofibers and 
POSS-PCL nanofibers showed cell stress reduction, 
better cell viability, angiogenesis, and bone differentia-
tion for POSS-PCL nanofibers when compared to PCL. 

Fig. 6 Intracellular ROS detection in MSCs seeded on scaffolds. The figures represent the fluorescence intensity of control MSCs, represent the cells 
cultured on PCL, and the cell seeded on POSS‑PCL nanofiber. As the result shows, POSS‑PCL compared with PCL nanofiber expos low fluorescent 
due to the low oxidative stresses
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Meanwhile, after trypsin and collecting the cells, the 
nanofibers were moved to the trash, because we did not 
see any problem in the stability of the nanofibers. And 
in all the plates, the nanofibers were not dissolved until 
the last step of collecting the cells and were completely 
preserved. This is also observed in the analysis of aliza-
rin red. Images related to alizarin red analysis show 
the image of cell differentiation on stable nanofibers. 
The comparison days were 7, 14, and 21 days, respec-
tively, which showed good cell adhesion and dispersion 
on scaffolds. In this study, the RUNX2 and Osteocal-
cin genes provide instructions for making a protein 
involved in the development and maintenance of the 
bones. The BAX gene expression profile was adjusted 

as a pro-apoptosis gene, meaning that the studied scaf-
fold did not show any cytotoxicity. In the case of Nrf2, 
it can be said that by incremental adjustment, this 
antioxidant gene, and especially the super transcrip-
tion factor, the scaffold, does not cause any oxidative 
stress in the cells. In the end, the primary therapeu-
tic potentiality of MSCs, angiogenesis potentiality by 
VEGF factor, was evaluated after nesting in the scaf-
fold. The result showed a significant increase in VEGF 
in cells nesting in our formulated matrix. The DCFH 
free radical detection system confirmed the Q-PCR 
result. Finally, the POSS-PCL nanofiber scaffold can be 
employed as an ideal scaffold in tissue engineering for 
bone regeneration.

Fig. 7 The mRNA profile of differentiation genes, apoptosis gene, antioxidant gene, and VEGF angiogenesis factor. the scaffolds must protect the 
cells from oxidative stress and apoptosis when injected into the harsh condition of damaged tissues and then, the cells must have a bio‑functional 
role in secretome or differentiation. As the molecular studies show the upregulation of antioxidants gene, Nrf2, angiogenesis gene, BAX, and 
differentiation genes, including RUNX2 and Osteocalcin. No toxicity was observed in the POSS‑PCL scaffold and BAX as the pro‑apoptosis gene was 
downregulated. Data display the mean values ± SD of at minimum 3 autonomous experiments. **; Statistical significance (P <0.01) compared to 
the control (Ctrl)
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