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Abstract

Background: Nanoscale scaffolds play a significant role in bone tissue engineering due to
their appropriate biological activity which can be enhanced by the incorporation of
nanoparticles such as graphene oxide (GO). This study aimed to develop a growth factor-
free scaffold based on polyurethane (PU), cellulose acetate (CA) and GO nanoparticles for
bone regeneration using electrospinning technique.

Methods: Here, the scaffolds composed of PU, PU-CA and PU-CA-GO, were fabricated to
assess the bone differentiation of human adipose-derived mesenchymal stem cells (MSCs).

The scaffolds were characterized and after cell culture, the biological assessments such as
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Alizarin Red staining (ARS), alkaline phosphatase (ALP) activity and calcium mapping were
employed to evaluate the osteogenic differentiation of MSCs.

Results: Scanning electron microscopy (SEM) results demonstrated that GO nanoparticles
were successfully dispersed within the PU-CA polymer matrix any agglomerations. The fiber
diameters of PU-CA and PU-CA-GO scaffolds were 15004400 and 1250+320 nm. Plasma-
treated PU-CA-based scaffolds exhibited hydrophilic surfaces with water contact angles of
19° and 0° for PU-CA and PU-CA-GO scaffolds after 10s, respectively. Moreover, the
incorporation of GO increased the Young’s modulus of the scaffolds from 1290 to 1380 kPa
and the strain from 8.54 to 9.37 %. In addition, osteogenic differentiation as assessed by
ARS staining, ALP activity and calcium deposition, indicated that PU-CA-GO scaffold provided
a suitable matrix for the osteogenic differentiation of MSCs after 21 days. The ARS values for
the scaffolds without and with GO nanosheets were 14.41+0.7% and 32.88+1.1%,
respectively. Furthermore, the ALP levels for both scaffold types were 8+1 and 17+2.5
IU/mg. Accordingly, calcium deposition was 1.03 W% Ca for the GO-free control group and
1.23 W% Ca for the GO-containing scaffold.

Conclusion: In general, this scaffold could be considered a promising growth factor-free
candidate for bone tissue engineering. However, further in vivo evaluations are

recommended in future studies.
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Introduction

Recently, individual over the age of 50 in developed countries have increasingly suffered
from musculoskeletal diseases. Based on relevant investigations, bone tissue injuries can
lead to trauma, infection, tumors and local disorders.! Numerous challenges such as site
morbidity, limited suitability for large bone grafts and discomfort at the injury site, are
associated with conventional methods of bone tissue engineering, including repairing
surgery, autotransplantation and allotransplantation.? The World Health Organization
(WHO) designated 2000 to 2010 as the golden era for development of bone defect
regeneration worldwide. Accordingly, tissue engineering has been considered an
interdisciplinary field that integrates knowledge from chemistry, physics, engineering,
biology and medicine to address musculoskeletal disorders.? It has been demonstrated that
transplantation of mesenchymal stem cells (MSCs) into diabetic patients can control
glycemia and preserve beta-cells were preserved.* In another clinical study, patients with
diabetic foot wulcers (DFU) experienced wound size reduction following MSC
transplantation.> MSCs also elicited a therapeutic response in patients with
amyotrophic lateral sclerosis (ALS). Moreover, in the context of viral infections such as
SARS-CoV-2, MSCs have been shown to exert beneficial effects by modulating immune
system activity.” Among MSCs sources, adipose tissue has been most frequently utilized due
to its availability and the ease with which its isolated cells differentiate.® These cells possess
a high capacity for tissue repair and regeneration. Adipose tissue is considered a favorable
source of MSCs due to the relative abundance of MSCs, their multipotency and the
simplicity of cell harvest. As highly active primary cells, MSCs can differentiate into various
lineages including adipocytes, osteoblasts and chondrocytes.’ Their self-renewal capacity
also increases the number of cells available for in vitro research.’ In a clinical study on
patients with spinal cord injury (SCl), MSCs caused no side effects and led to improvement in
motor function.!! Additionally, this cell source was employed to treat mandible fractures.
Patients treated with MSCs showed 36.48% higher ossification rate compared to the control
group receiving only fracture reduction.!? Furthermore, 13 patients with cranio-maxillofacial
skeleton defects were treated with adipose-derived MSCs cultured in PB-tricalcium

phosphate. The results showed 10 of these patients had successful outcomes.!® Therefore,



although bone marrow-derived MSCs possess greater osteogenic potential, their limited
presence as 0.001%—-0.1%, makes adipose tissue a more practical cell source.* However, it
has been noted that this strategy should be companied with osteoconductive materials to
effectively promote bone formation.!> Table 1 summarizes current clinical trials involving
the application of MSCs in treating various disease treatments. The use of nanofibers as a
scaffold mimics the structure of the extracellular matrix (ECM). Electrospinning with its
ability to generate micro- and nanoscale polymeric fibers, has gained significant attention in
tissue engineering. It is considered an easy, scalable, versatile and cost-effective method for
producing fibers of various diameters, ranging from nanometers to several micrometers, in
different forms.'® Recently, electrospinning nanofibers have been applied as effective
matrices in bone regeneration and repair studies.!’” These scaffolds, which support bone cell
growth, can improve mechanical strength, serve as structural support for cell proliferation,
exhibit ECM-like morphology and aid in maintaining the phenotype of cultured cells.!®
Beyond the structure of the scaffold, the choice of material significantly influences cell
behavior. Cellulose acetate (CA) is a synthetic polymer derived from the esterification of
cellulose with acetic acid.!’® The acetate ester of cellulose offers several advantages,
including  biodegradability, = compatibility = with  hydroxyl-containing  substances,
biocompatibility and adequate flexural and tensile strength. These features encourage its
use in nanofiber mat fabrication.?° CA is widely employed in bone ingrowth applications due
to its hydrophilicity, biodegradability and ability to support mineralization. Overall, CA has
shown significant potential in tissue engineering by promoting osteogenic differentiation
and osteoblast proliferation.?! However, due to its high modulus, low breaking stress,
limited resistance to strain, CA is typically used as a component in composite materials.

Thus, it is unsuitable on its own for biomedical load-bearing applications.??

Polyurethane (PU) is another widely used polymers in tissue engineering and has been
combined with CA to improve mechanical properties. Depending on the raw materials used,
PU is a biocompatible, biodegradable and non-toxic polymer with high tensile strength that
contributes to better resistance. PU is composed from three main components: 1) the polyol,
2) the chain extender and 3) the diisocyanate. Polyol provides a soft segment with hydroxyl
(-OH) groups, the chain extender contains small molecules with amine or hydroxyl groups

and diisocyanate is a low molecular weight compound that reacts with both.”™ PU can be



formulated into a wide range of mechanical properties and chemical structures, resulting in
coatings, foams, films, fibers and fibers for bone regeneration applications.?* Many
researchers have reported PU as a key material in bone tissue engineering. However, its
hydrophobic nature limits its ability to support cell proliferation and adhesion.™ Hence,
combining CA and PU can mitigate the limitations of both polymers. To further enhance
mechanical strength, researchers have incorporated graphene derivatives into scaffolds. In
addition to improving physical characteristics, graphene derivatives promote cell
differentiation and proliferation due to their great biocompatibility at controlled
concentrations. Graphene also modulates the scaffold surface to support cell
differentiation, enhancing osteoblast adhesion, proliferation and growth.?® Graphene oxide
(GO), a form of graphite with angstrom-scale thickness, contains oxygen-containing
functional groups at the edges (Carbonyl and Carboxyl) and on the surface (hydroxyl and
epoxide). Owing to its unique chemical, physical and mechanical properties-as well as
excellent biocompatibility, GO represents a promising material for bone regeneration.?’ By
stimulating the differentiation of bone-like stem cells, this nanoparticle holds great potential

for bone tissue engineering applications.?®

As a whole, the establishment of a scaffold with intrinsic differentiation-inducing properties,
without the need for exogenous growth factors or reparative agents, is a key priority in
scaffold design. This strategy creates a regenerative microenvironment free from external
bioactive compounds that may lead to unpredictable side effects. Moreover, the translation
of in vitro and in vivo findings into clinical trials and regulatory approval processes, becomes
more straightforward and safer when growth factors and drugs are avoided. Previous
studies have supported this concept. For example, a fully interconnected hollow channel
network with an aligned nanopatterned surface (HCAS) provided a cell- and biological
factor—free approach for vascularization and bone regeneration.?® In another study, a
nanofibrous scaffold functionalized with M2 macrophage—derived exosomes enabled
angiogenesis and osteogenesis without the addition of cells or growth factors.3? A scaffold
composed of poly(lactic-co-glycolic acid) (PLGA) and poly(y-ethyl-L-glutamate) (PELG) did
not fully match the mechanical properties of native osteochondral tissue, however, its high
porosity and intrinsic bioactivity promoted chondrogenic differentiation of mesenchymal

stem cells without the use of conditioned media.3' Additionally, composite materials based



on poly (L-lactic acid), poly(e-caprolactone), poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
and Sr-doped nanohydroxyapatite demonstrated a balanced regulation of osteogenesis and
osteoclastogenesis in co-cultures of human bone marrow mesenchymal stem cells and
human peripheral blood mononuclear cells. Notably, this regenerative response occurred in
the absence of growth factors or conditioned media. Also, the results approved that this
scaffold beside mechanical stimulation induced M2 macrophage polarization.3? Similarly, a
cell- and factor-free scaffold network composed of polycaprolactone, hydroxyapatite and
calcium peroxide exhibited appropriate mechanical strength and enabled controlled oxygen

release, thereby supporting angiogenic activity and bone repair.33

This research introduces a novel growth factor—free scaffold capable of providing a
favorable hydrophilic microenvironment for efficient cell attachment, adequate mechanical
strength and intrinsic osteoinductive potential. The synergistic combination of PU, CA and
GO was strategically employed to support the proliferation and osteogenic differentiation of
human adipose-derived MSCs without the need for exogenous bioactive factors. By relying
on the physicochemical and structural properties of the scaffold, this approach enhances
safety, cost-effectiveness and translational feasibility. The graphical abstract schematically

illustrates the overall design concept and key outcomes of the present study.

Materials and Methods

Chemicals and reagents

All materials were of analytical (laboratory) grade and used as received without further
purification. The materials used for the synthesis of graphene oxide (GO) nanoparticles,
including potassium permanganate (KMnQ,4) and sodium nitrate (NaNOs), were purchased
from Sigma-Aldrich (USA). Hydrogen peroxide (H,O,) was obtained from Merck. The
polymers including polyurethane (PU, Mw of 80,000 -120,000 g/mol) and cellulose acetate
(CA, Mw of 30,000 g/mol) were also supplied by Sigma-Aldrich (USA). Solvents such as
tetrahydrofuran (THF), N,N-dimethylformamide (DMF), ethanol, acetic acid and dimethyl
sulfoxide (DMSO) were purchased from Merck (Germany). Biological materials, including
phosphate-buffered saline (PBS, pH=7.5), Dulbecco’s modified Eagle’s medium (DMEM) and

fetal bovine serum (FBS), were obtained from Gibco (Grand Island, NY, USA). Collagenase



type | used for cell isolation was purchased from Sigma-Aldrich (USA), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), used for cell viability
assessment, was obtained from Sigma (Germany). For cell nucleus staining, 4',6-diamidino-
2-phenylindole (DAPI) was purchased from Sigma-Aldrich (UK). Glutaraldehyde used for
cellular fixation was supplied by Sigma-Aldrich (USA). The reagent used for the
biocompatibility assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
was obtained from Sigma (Germany). For osteogenic characterization, Alizarin Red S (ARS)
staining was purchased from Sigma (USA) and the alkaline phosphatase (ALP) assay kit was

obtained from Parsazmon (Iran).

Synthesis and Characterization of GO

The modified Hummer’s method was employed to synthesize GO nanoparticles.3* Initially,
23 ml of 98% sulfuric acid was mixed with 0.5 g of graphite powder, followed by the gradual
addition of 3 g of KMnO4 and 0.5 g of NaNO3. The mixture was then stirred at the
relative centrifugal force (RCF) of 715 x g for 4 hours at 36°C. Subsequently, 3 ml of 30 wt.%
H>0; and 40 ml of deionized water were added to the solution. To remove impurities, the
solution was washed for at least 3 times with deionized water. The byproducts of the
chemical reactions are water-soluble and were therefore easily removed during the washing
process. The resulting laminated GO nanosheets were then subjected to sonication (100
kHz, 120 W, for 30 minutes®) using an ultrasonic bath (YA XUN YX-2100, China) and
collected via centrifugation at the RCF of 17888 x g, for 20 minutes. Finally, transmission
electron microscopy (TEM) (JEOL, JEM-2000EXIl) was employed to analyze the

morphological characteristics of the GO nanoparticles.

Preparation of polymer and GO solutions

A 6 wt.% PU solution was prepared by dissolving PU in the 1:3 volume ratio of THF to DMF.
The mixture was stirred at the RCF of 100 x g for 14 hours at room temperature (RT) to
obtain a homogenous solution. For the fabrication of the PU-CA scaffold, a CA solution (18
wt.%) was prepared by dissolving cellulose acetate in 3:1 ratio of deionized water to acetic

acid. Then, the CA and PU solution were combined in a 1:3 volume ratio. To prepare the PU-



CA-GO nanocomposite, 0.001 g of the GO was dispersed in THF via stirring for 1 hour and
then added to the mixed PU-CA solution. Finally, the three prepared solutions were loaded

into syringes and processed using an electrospinning device (Nanoazma, Iran).

Fabrication of nanofibrous scaffolds by electrospinning technique

The solutions were transferred to individual syringes and processed using an electrospinning
device at a distance of 19 cm under electric field of 15 kV. The drum speed and flow rate
were set to 300 rpm and 0.2 pl/hour respectively. All solutions were electrospun for 7 hours
and the resulting fibers were collected on the drum. To enhance the surface hydrophilicity
of the scaffolds, they were treated in a plasma generator (Diener Electronics, Germany) for
3 minutes. Finally, for cell seeding, the fabricated scaffolds were rinsed with PBS and
sterilized with 70% ethanol under UV radiation for 20 minutes. The sterilized scaffolds were
then immersed in DMEM containing 10% FBS and incubated at 37°C to assess potential

microbial contamination.

Characterization of nanofibrous nanofibers by SEM, FTIR, water contact angle

and tensile

Scanning electron microscopy (SEM, Philips XL30; Philips, Netherlands) was used to examine
the morphology, structure and fiber diameter distribution of the nanofibers. Prior to
imaging, the scaffold specimens were gold-coated and analyzed under an accelerating
voltage of 25 kV. Image) software (National Institute of Health, USA) was employed to

measure the fiber diameters from the SEM images.

The water contact angle (Kriiss, Hamburg, Germany) was measured to evaluate the
hydrophilicity of the scaffolds, both with and without plasma treatment. Scaffolds were cut
into 1x1 cm? pieces and 2 pl of the deionized water was dropped onto the surface. Images
were captured after 0, 5 and 10 seconds using Data Physics instrument (GmbH, Germany) to

determine the contact angle.



Fourier transform infrared spectroscopy (FTIR, ALPHA FTIR Spectrometer, Bruker, Germany)
was performed to identify functional groups present in the scaffolds, with spectra recorded

over the wavenumber range of 4000-400 cm™2.

The mechanical properties of the scaffolds were assessed using a tensile test performed on
an Instron Universal Testing Machine (Model STM-20, SANTAM, Iran) with a load cell of 50
N. The scaffolds were cut into strips (0.5 x 3 cm?), mounted on a paper frame and subjected
to tension until their failure. Finally, strain at break, elastic modulus, ultimate tensile

strength and stress-strain curves were obtained and compared among the scaffold groups.

Cells culture and characterizations by SEM and DAPI

Samples of adipose tissues were collected through abdominoplasty under the ethical
approval number of IR.SBMU.REC.1401.026 from Shahid Beheshti University of Medical
sciences, Tehran, Iran. After multiple washes, 0.1% collagenase type | was added to
enzymatically digest the tissue. The enzyme activity was neutralized after 2 hours by adding
culture medium containing FBS. The digested tissue was then centrifuged at the RCF of 4472
x g for 4 minutes and the isolated cells were cultured in DMEM supplemented with 10% FBS
at 37-C in a 5% CO2 incubator. These cells were characterized using flow cytometry
technique, as described in our previous studies and the results are provided in
Supplementary file 1.3637 Following cell seeding onto the scaffolds, the presence of cells was
confirmed by DAPI staining. For this analysis, scaffolds were seeded with 1 x 10* cells per
well and DAPI staining was performed on days 1, 14 and 21 days. The culture medium was
removed and the specimens were washed with PBS and incubated with 4% glutaraldehyde
for 40 minutes. The wells were then washed 3 times with PBS and stored in dark and cold
conditions until imaging using fluorescent microscopy (Nikon Instruments, USA). Cell
attachment to the scaffolds was also assessed using SEM on days 14 and 21. For SEM
preparation, the cell-seeded scaffolds were washed with PBS, fixed in 4% glutaraldehyde for
2 hours and dehydrated using a graded ethanol series (50%, 60%, 70%, 80%, 90% and

100%). Finally, the samples were sputter-coated with gold and examined under SEM.



Cell viability and adhesion by MTT

The biocompatibility of the scaffolds was evaluated using MTT assay. The experimental
groups included PU, PU-CA and PU-CA-GO scaffolds and the assessment was performed on
days 1, 3, 7 and 14 after cell seeding. A tissue culture polystyrene (TCPS) surface was used as
the control group, following the same protocol. In this assay, the culture medium was
removed from each well and the samples were washed with PBS. Then, MTT solution (10%
v/v in culture medium) was added to each group and incubated for 3.5 hours at 37° C. After
the incubation, DMSO was added to dissolve the formazan crystals formed by viable cells.
The absorbance of each sample including the scaffold groups and TCPS, was measured using
a microplate reader (BioTek, USA) at 570 nm. The cell viability (%) was calculated using the

following formula:3®

Cell viability (%) = Average absorption of control sample / Average absorption of test

samples x 100

Additionally, this assay can be adapted to assess cell attachment through a slight
modification. Therefore, 4 hours after cell seeding on the scaffolds, the scaffolds were
transferred to new wells. The samples were then washed with PBS and the MTT solution
was added. After an incubation period of 3.5 hours, the absorbance values were measured
at 570 nm. The optical density (OD) values were converted to cell numbers by using the MSC

doubling time standard curve.

Mineral production by ARS

ARS was used to confirm the mineralized matrix developed on days 14 and 21 after cell
seeding. To perform this, the cell-cultured scaffolds were rinsed with PBS and fixed with 4%
glutaraldehyde for 40 minutes. Then, 100 pl of Alizarin Red was added to each specimen and
incubated for 20 minutes at RT, followed by washing with PBS. Next, the samples were
photographed suing an Olympus BX46 microscopy (Japan). The results were analyzed using

Imagel software to quantify the surface area of mineralized regions.



Quantification of Alkaline phosphatase synthesis by ALP assay

ALP enzyme plays a crucial role in mineralization during the osteogenic signaling pathway.
To measure ALP activity, 600 ul of RIPA buffer was added to lyse cells after 7, 14 and 21 days
of the cell seeding. The scaffolds were then transferred to microtubes, water-bath sonicated
for 2 minutes and centrifuged at the RCF of 160992 x g at 4 °C for 5 minutes. The
supernatants containing total proteins were resulted and 50 pL of this supernatant was
mixed with 50 puL of ALP substrate solution (p-nitrophenyl phosphate). The sample was
incubated at 37° C for 90 minutes and ALP activity was measured using a microplate reader
(BioTek, USA) at 405 nm. The absorbance values of the groups were normalized against total

protein content and ALP activity was reported as IU/mg of total protein.

Calcium deposition by EDS

The calcium content of the scaffolds after cell culturing for 21 days, was evaluated to detect
differentiation of the seeded MSCs using energy-dispersive X-ray spectroscopy (EDS). This
technique generates compositional maps of the specimens. For SEM images, the scaffolds
on days 7 and 14 were washed with PBS, fixed by 4% glutaraldehyde for 2 hours,

dehydrated using a serial dilution of ethanol and then examined by EDS.

Statistical analysis

This study presents the data as means + standard deviation (SD). Two-way ANOVA and t-test
were employed to compare the means between multiple groups and two groups,

respectively (Graph Pad Prism 4.0, San Diego, California USA).

Results

TEM and SEM of GO and nanofibers

The morphology of GO synthesized by the modified Hummer’s method was investigated

using TEM image. The results show that the synthesized GO nanoparticles are layered and



wrinkled (Figure 1A). Moreover, SEM images reveal the fibers are regular, uniform and
bead-free. Based on the findings, the average diameter of the PU (Figure 1Ba, d), PU-CA
(Figure 1Bb, e) and PU-CA-GO (Figure 1Bc, f) nanofibers of scaffolds were 1100 + 310, 1500 +
400 and 1250 + 320 nm, respectively.

Water contact angles of scaffolds

The wettability properties of the scaffolds were evaluated via water contact angle

measurements. The corresponding values of PU, PU-CA and PU-CA-GO scaffolds prior to the
plasma treatment were 940, 62° and 60, respectively. These values changed after the

plasma treatment to 92¢, 33- and 50¢, respectively (Figure 2).

Chemical functional groups of scaffolds

To characterize the chemical groups of polymers and nanoparticles, FTIR spectra of the PU,
PU-CA and PU-CA-GO samples were evaluated (Figure 3). The spectroscopy of the PU
sample demonstrated the characteristic peaks at 600 to 620 cm™ corresponding to the
benzene rings in PU and the peaks at 1057, 1597 and 1459 cm represent ester, carbonyl
and amine groups, respectively.3® The adsorption peaks of the CA polymer were detected at
1743 and 1235 cm™, corresponding to its hydroxyl and ether groups.*® Additionally, the
bands at 1072 and 1622 cm™ are derived from the epoxide groups and C—C bonds of the GO

nanoparticles.3*

Mechanical properties of scaffolds

The mechanical attributes, such as strain at break, Young’s modulus and ultimate tensile
strength, were assessed by plotting the stress-strain curve of the scaffolds in Figure 4. Table
2 shows the results of the tensile strength test of the electrospun scaffolds. The PU scaffold
had a higher strain value (230%) compared to other groups. However, the presence of GO

nanoparticles with the polymers in the PU-CA-GO scaffold, increased the strain and ultimate



tensile strength compared to the PU-CA group, while there was no remarkable difference in

Young’s modulus between them.

Morphology and presence of cells on scaffolds

As shown in Figure 5, cell morphology and interactions with the nanofibers indicate that the
cells were well adhered after 14 and 21 days. On days 1, 14 and 21, the scaffolds were
stained with DAPI to confirm the presence of MSCs cells on them (Figure 6). The cell nucleus
was approved on all scaffold groups and the increasing number of the cells during the
culture period indicated the biocompatibility of the scaffolds, as well as the results from the
MTT assay. However, some cell colonies were observed, especially with the PU-CA and PU-
CA-GO scaffolds. It should be noted that the difference between the cell population across

the different scaffolds was relatively similar.

Cell viability and attachment of scaffolds

The MTT assay was conducted after 1, 3, 7 and 14 days to evaluate the growth and
proliferation of MSCs on TCPS, PU, PU-CA and PU-CA-GO scaffolds. The cell viability values
confirmed that all scaffold groups showed an increasing trend over time. The PU-CA-GO
scaffold exhibited the highest cell activity after 14 days of cell seeding (Figure 7a). The
number of active cells after 1 day in the TCPS group was higher compared to the other
groups, particularly the PU scaffold (P < 0.05). On day 14, the PU-based scaffolds showed
significant differences from the control group (TCPS) (****P < 0.001, ***P < 0.01, ** P <
0.05). According to the results, the scaffolds showed higher cell viability, except after 1 and
3 days. These data confirm the mitotic effect of the scaffolds on MSCs #!, as evidenced by
the gradual increase in cell number from 1 to 14 days. Moreover, to evaluate cell
attachment, the MSCs cells were seeded on the scaffolds and after 4 hours, the MTT assay
was performed. The results shown in Figure 7b, illustrated that the cell adhesion was lower
in all scaffold groups compared to TCPS. However, the PU-CA-GO scaffold exhibited values
closer to the control group, confirming better attachment condition with this scaffold when

compared to the other scaffold groups. This outcome may be related to the surface



properties influenced by the presence of GO. Specifically, these nanoparticles increase the

roughness of the scaffold surface, thereby enhancing cell attachment.*?

Mineral deposition of scaffolds

To demonstrate mineral deposition as an osteogenic marker, ARS staining was performed
after 14 and 21 days. As clearly shown in Figure 8, mineral deposits were observed on PU-CA
and PU-CA-GO scaffolds at both time points, with the amount increasing over time.
According to Figure 8, more mineral deposits were formed in the GO-containing scaffold
(13.51% after 14 days), as marked by arrows and this value further increased after 21 days
to 32.88%. This result is consistent with other studies that confirm the osteogenic potential
of GO nanoparticles.*? Statistically significant differences among the groups are presented in

Figure 9a, with clear distinctions observed between all groups at both time points.

ALP activity of scaffolds

The synthesis of the osteogenic factor, ALP, was measured and presented in Figure 9b after
7, 14 and 21 days. As an early marker of osteogenesis 44, ALP activity exhibited the highest
levels on day 7, followed by a decrease at the subsequent time points. The GO-containing

scaffold showed the highest ALP activity compared to the other groups (*** P < 0.01).

Ca mapping of scaffolds

The EDS results indicated that the PU-CA-GO scaffold had higher calcium deposition than
the other nanofibrous scaffolds (W% of Ca; 1.23), although the difference was not
pronounced when compared to the PU-CA scaffold (W% of Ca; 1.03). In contrast, the PU
scaffold showed a substantially lower calcium content (W% of Ca; 0.33) in Figure 10. In this
assay, calcium minerals illustrated peaks corresponding to Ca La, CaKa and CaKp ions in the

scaffolds, with varying intensities between the groups.



Discussion

Growth factor—free and drug-free scaffolds that rely on their intrinsic structure and material
composition are a priority for guiding tissue regeneration. This approach emphasizes
simplicity, safety and translational feasibility from experimental studies to clinical
applications. In addition, such scaffolds can be fabricated at low cost and avoid the potential
side effects associated with bioactive molecule delivery. Therefore, positioning the scaffold
as a growth factor—free and drug-free platform represents a key innovative aspect of this
study. For decades, the challenge has been to develop a material with complete
biodegradation within a predetermined time frame. Among polymers, polysaccharides such
as CA are well-known due to their abundant and inexpensive sources #°, as well as their
acetyl-groups, which contribute to a more resistant compound to degradation.” However,
due to the low mechanical strength and stability of CA, the use of these polymers has been
limited. Therefore, new strategies have been developed to combine CA with the other
polymers known for their superior mechanical properties and long-lasting durability. In this
study, CA was chosen for its biological effects on wound healing 4’ and its simple
degradation mechanism via hydrolysis by endoglucanases (EGs) from microorganisms.*® To
enhance the durability of the final scaffold, CA was electrospun with PU. Additionally, the
antibacterial properties of cellulose acetate provided another advantage, although this
aspect was not explored in this study. Another important feature of CA is its ability to
support cell bioactivity without requiring surface treatments.*® This characteristic is crucial

for promoting cell adhesion, which in turn can facilitate tissue regeneration.

In this study, a scaffold was fabricated by combining PU, CA and GO nanoparticles via
electrospinning. The scaffold’s features, including cell interaction, proliferation and
differentiation, were assessed in the presence of MSCs, along with the physical and
chemical characterizations of the scaffold. The electrospinning technique provided
conditions similar to the natural ECM in terms of fiber scale, which is conductive to MSC

differentiation.

Recently, various types of nanoparticles have been incorporated into tissue engineering to
improve both the mechanical and biological properties of scaffolds. The inclusion of these

nanoparticles opens new avenues for tissue repair.’® GO nanoparticles, in particular,



promote bone differentiation of progenitor cells, thereby aiding in bone regeneration. In this
study, this nanoparticle was successfully synthesized using the modified Hummer technique,
yielding a wrinkled and lamellar structure. This wrinkled surface enhances their consistency,
facilitates proper interactions with other polymers and improves their distribution within

the polymer matrix.36:51

Prior to the cell viability test, the properties of PU, PU-CA and PU-CA-GO scaffolds were
investigated. According to SEM images used to analyze the nanofibers, the morphology of

electrospun fibers was nanoscale and homogeneous in all groups 2

, indicating that a
uniform environment was provided for the cells across the entire surface. According to the
results, GO nanoparticles increased the electrical conductivity of the PU-CA solution and
therefore, the fiber diameter decreased from 1500 + 400 to 1250 * 320 nm. The results of
the water contact angle analysis showed that the scaffolds were initially in the hydrophobic
range before the plasma treatment. However, after the plasma treatment, they shifted to
the hydrophilic range. Also, the incorporation of CA and GO nanoparticles into PU,
demonstrated that hydrophilic functional groups, including oxygen- and hydrogen-
containing bonds, increased the surface polarity, thereby enhancing hydrophilicity. These
hydrophilic nanofibers promote greater cell adhesion and proliferation compared to
hydrophobic nanofibers. Moreover, enhanced hydrophilicity facilitates the uniform
distribution of cells across the scaffold surface. Based on the results, PU had more
hydrophobic behavior than the PU-CA and PU-CA-GO scaffolds. Therefore, owing to the
possibility of hydrogen bonding and the presence of hydrophilic functional groups such as
oxygen-containing moieties, the scaffolds containing CA and GO nanoparticles
demonstrated increased hydrophilicity.?® Similarly, Aidun et al. showed that the addition of
GO nanoparticles to polycaprolactone/chitosan/collagen scaffolds significantly increased the
surface hydrophilicity.>® FTIR analysis confirmed the presence of characteristic chemical
bands corresponding to the material used in each scaffold. The distinctive functional groups
of CA and PU polymers were identified and the signature peaks of GO nanoparticles were
also observed, verifying their successful incorporation. Due to the critical influence of
mechanical properties on cell fate processes such as proliferation, migration, spreading and
differentiation >4, this characteristic was examined using the tensile testing method. The PU,

PU-CA and PU-CA-GO scaffolds exhibited Young’s modulus of 1024, 1290 and 1380 kPa,



respectively. Consistent with previous findings, the increase in this parameter plays a crucial
role in cell differentiation.>® Based on these results, incorporation of CA and GO increased
the ultimate tensile strength of the scaffolds, while the presence of GO nanoparticles
reduced the elongation value of the composite scaffold. The observations from the MTT
assay confirmed that all scaffolds; particularly the PU-CA-GO nanocomposite, had suitable
biocompatibility and were non-toxic to MSCs, as indicated by other reports.”®>8 Thus, GO
appears to enhance the biocompatibility and bioactivity of scaffolds toward MSCs.
Additionally, the cell viability results could be attributed to the higher hydrophilicity of the
scaffold.”® SEM findings confirmed that MSCs were able to attach to all scaffold groups.
Based on previous studies, it was expected that hydrophilic polymers and GO nanoparticles
could facilitate cell attachment. In this regard, Fu et al. showed that the proliferation and
attachment of E1-MC3T3 cells on the Gel-PLGA-GO nanofibrous scaffold were significantly
higher than on the pure PLGA nanofiber scaffold. In particular, the incorporation of GO
nanofiber into Gel-PLGA scaffolds increased ALP activity and calcium deposition in E1-
MC3T3 cells.”® The osteogenic differentiation of MSCs on PU, PU-CA and PU-CA-GO scaffolds
was evaluated by assessing calcium deposition through ARS staining, measuring ALP activity
and conducting EDS analysis. ALP is an enzyme that indicates cellular mineralization during
bone differentiation by activating signaling pathways in progenitor cells. Significant
differences in calcium deposition and ALP activity were observed in the PU-CA-GO scaffold
compared to the other scaffold groups at all-time points. Therefore, GO-containing scaffold

can be considered a promising candidate for promoting bone differentiation.

These data were further confirmed by Alizarin Red staining, quantification of mineralization
degree and calcium mapping. On days 14 and 21, the ALP results were consistent with those
obtained from Alizarin Red staining. Elkhenany et al. also investigated bone differentiation
using tricalcium phosphate (TCP) and GO nanoparticles. They reported that these
nanoparticles could enhance the osteogenic differentiation of MSCs isolated from bone
marrow after 21 days in vitro. Since the ARS showed a significant amount of calcium in the
differentiated cells, they demonstrated that GO as a non-toxic and biomimetic
nanomaterial, could promote the formation of mineralized tissue.®® In this context, Fu et al.

indicated that GO functions as an osteogenic factor by triggering mineralization.>®



Furthermore, it has been confirmed that when MSCs are incubated within an appropriate

osteogenic scaffold, mineralization of that scaffold inevitably occurs.®?

This study demonstrates several important advantages in the design of a growth factor—free
scaffold for bone tissue engineering. The electrospun PU—-CA-GO scaffold successfully
promoted osteogenic differentiation of human adipose-derived MSCs through its intrinsic
structural, physicochemical and mechanical properties, without the addition of exogenous
growth factors. The homogeneous dispersion of graphene oxide within the polymer matrix
enhanced scaffold hydrophilicity and mechanical performance, which in turn supported cell
attachment, proliferation and osteogenic maturation, as confirmed by in vitro assays,
including ALP activity, Alizarin Red staining and calcium deposition. The use of human MSCs
and a characterization approach further strengthen the translational relevance of the
findings. However, despite these promising results, the study is limited to in vitro
evaluations and a relatively short culture period, which restricts conclusions regarding long-
term performance, biodegradation behavior and in vivo bone regeneration capacity. In
addition, the mechanical properties of the scaffold were not directly compared with those
of native bone tissue and the effects of different graphene oxide concentrations were not
explored. Furthermore, angiogenic potential and long-term cytotoxicity associated with
graphene oxide were not assessed. Therefore, while the PU-CA-GO scaffold shows strong
potential as a growth factor—free platform for bone tissue engineering, further in vivo

studies and long-term evaluations are necessary to confirm its clinical applicability.

Conclusion

This study was one of the first in vitro studies on the bone differentiation of MSCs using a
biocompatible, mechanical resistant and osteogenic scaffold composed of GO nanoparticles,
PU and CA without the need for external growth or differentiating factors. As CA increased
hydrophilicity of the PU-based scaffold, GO nanoparticles enhanced both mechanical and
osteogenic potential. Therefore, this study offers new insights into the design of scaffolds
with high structural and functional resemblance to bone tissue and its ECM. Accordingly,

this scaffold may be proposed as a promising candidate for bone reconstruction and repair



applications without the use of any growth biomolecules. Although, the incorporation of GO
nanoparticles showed encouraging results in promoting bone differentiation, further
investigations, including the evaluation of additional parameters and in vivo studies, are

necessary.
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Table 1. A summary of running clinical studies related to applications of MSCs.

No. | Cell source Approaches Results ID of clinicaltrials.gov-
last updated
1 AMSCs, BM-MSCs Bone defects Better formation of non - NCT02307435-2014
and UC-MSCs union bone fracture with BM-

MSCs

2 BM-MSCs Osteonecrosis Lower pain and bone NCT02566681-2017
formation

3 BM-MSCs Bone defects new bone tissue with lower NCT03103295-2017
time

4 BM-MSCs Amyotrophic High safety and better NCT01051882-2019

Lateral Sclerosis respiratory function

5 BM-MSCs Spinal Cord Injury axonal regeneration and NCT02981576-2019
functional recovery

6 BM-MSCs Spinal fusion The cells were safe and the NCT01552707-2020
fusion was a challenge

7 BM-MSCs Jaw bone Restoration of mandibular NCT02751125-2020

8 BM-MSCs Jaw bone Augmentation of the alveolar | NCT04297813-2020
ridge

9 BM-MSCs Degenerative Disc Low pain and tissue NCT04499105-2020

Disease improvement

10 BM-MSCs Osteoporosis Lower pain and better NCT02566655-2020
functionality

11 BM-MSCs osteoarthritis Safety, low pain and NCT04240873-2020
functional improvement

12 BM-MSCs Chronic LBP pain relief NCT05066334-2021

13 BM-MSCs Bone defects Formation of callus NCT01429012-2021

14 BM-MSCs Knee osteoarthritis | Lower pain, better function NCT03589287-2021




and higher cartilage thickness
of knee

15 BM-MSCs Multiple sclerosis activated cells of MSCs and NCT00781872 -2021
high proliferation of
lymphocytes

16 BM-MSCs Long bone fractures | Bone formation around NCT04340284-2022
fracture ends

17 BM-MSCs Long bone fractures | Bone healing NCT03325504-2022

18 BM-MSCs Bone defects Formation of dental root and | NCT05975892-2023
a full-thickness flap

19 AMSCs Enhancer of bone Bone formation NCT04998058-2024

formation

20 BM-MSCs Multiple sclerosis Better muscle strength and NCT03355365-2024
bladder function

21 UC-MSC Osteonecrosis core decompression of bone NCT03180463-2024

Table 2. Mechanical tensile properties of PU, PU-CA and PU-CA-GO scaffolds.

Scaffolds\ Property Strain (%) Ultimate tensile | Young modulus
strength (MPa) (MPa)
PU 230 3.68 1.024
PU-CA 8.54 4.87 1.29
PU-CA-GO 9.37 5.98 1.38
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Figure 1. (A) Investigation of synthesized GO nanoparticles by TEM, (B) Fiber diameter
distribution and morphology of PU (a, d), PU-CA (b, e) and PU-CA —GO (c, f) scaffolds. The

scale bar is 100 um.
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Figure 2. Contact angle quantification of PU, PU-CA and PU-CA-GO scaffolds before plasma

treatment (A) and after plasma treatment (B).
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Figure 3. FTIR spectra of PU (blue line), PU-CA (red line) and PU-CA-GO (orange line)
scaffolds. Black functional groups (PU peaks), Green functional groups (CA peaks) and

Orange functional groups (GO peaks).

a 7
= [ PU-CA-GO PU-CA
> / L
(a) /
3
/ s
2.5
= a4
g g
= / =
o 2 2
3 33
15
2
1
o5 2
o 0
0 50 100 150 200 250 0 2 a 6 8 10 12
Strain (%) Strain (%)

Figure 4. (a) Representative stress-strain curves of PU, (b) PU-CA (red line) and PU-CA-GO

(blue line).
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Figure 5. Cellular morphology by SEM on PU, PU-CA and PU-CA-GO scaffolds after 14 and 21
days.
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Figure 6. Cell presence on PU, PU-CA and PU-CA-GO scaffolds and TCPS through DAPI

staining. The scale bar is 10 um.



* % % % ”
] 8 . * H
* % %
7 .

s X% K% ge 1

a mTcPs 9

(0] * % X5 4

e f @y -

0 o Q

S 27 = PUcA g4

5 D3 PU-CAGO 2 3 |

7] -

: =

S 1 VER

i

2 1

O 0- - - O b T T T

Dayt ~ Days  Day7  Dayt4 TCPS pU PUCA  PU-CA-GO
Time (Day)

Figure 7. (a) Cell viability of MSCs on TCPS and the scaffolds after 1, 3, 7 and 14 days (****P
< 0.001, ***P < 0.01, ** P £ 0.05) and (b) Cell numbers after 4 hours of MSCs seeding on

TCPS and the scaffold groups.
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Figure 8. Alizarin Red staining of TCPS, PU, PU-CA and PU-CA-GO groups and their analysis

by Imagel software. The scale bar is 10 um and the arrows present the mineralized regions.
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Figure 9. (a) Mineral density of TCPS, PU, PU-CA and PU-CA-GO groups and (b) ALP activity

of MSCs on TCPS, PU, PU-CA and PU-CA-GO scaffolds and TCPS at days 7,14 and 21 (*** P <

0.01).
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Figure 10. EDS analysis for calcium content after culture of MSCs on PU, PU-CA and PU-CA-

GO scaffolds for 21 days. The arrows present the band of Ka originated from calcium.

Supplementary file 1. The characterization of MSCs derived from adipose tissue by flow

cytometry.
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