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Abstract
Introduction: Natural biopolymers
are used for various purposes oo
Bacterial cellulose

in healthcare, such as tissue Chitosan
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study due to their non-cytotoxic,
biodegradable, biocompatible, and
non-inflammatory properties. The
study reports the development of a bm @ O

. g g Freeze-drying il
magnetic bacterial cellulose-chitosan R e PES <
(BC-CS-Fe,0,) nanocomposite
that can be used as a biocompatible
scaffold for tissue engineering. Iron oxide nanoparticles were included in the composite to provide
superparamagnetic properties that are useful in a variety of applications, including osteogenic
differentiation, magnetic imaging, drug delivery, and thermal induction for cancer treatment.
Methods: The magnetic nanocomposite was prepared by immersing Fe,O, in a mixture of
bacterial cellulose-chitosan scaffold and then freeze-drying it. The resulting nanocomposite was
characterized using FE-SEM and FTIR techniques. The swelling ratio and mechanical strength
of the scaffolds were evaluated experimentally. The biodegradability of the scaffolds was assessed
using PBS for 8 weeks at 37°C. The cytotoxicity and osteogenic differentiation of the nanocomposite
were studied using human adipose-derived mesenchymal stem cells (ADSCs) and alizarin red
staining. One-way ANOVA with Tukey's multiple comparisons test was used for statistical analysis.
Results: The FTIR spectra demonstrated the formation of bonds between functional groups
of nanoparticles. FE-SEM images showed the integrity of the fibrillar network. The magnetic
nanocomposite has the highest swelling ratio (2445% + 23.34) and tensile strength (5.08 MPa).
After 8 weeks, the biodegradation ratios of BC, BC-CS, and BC-CS-Fe,0, scaffolds were 0.75%
+0.35,2.5% + 0.1, and 9.5% = 0.7, respectively. Magnetic nanocomposites have low toxicity (P <
0.0001) and higher osteogenic potential compared to other scaffolds.
Conclusion: Based on its high tensile strength, low water absorption, suitable degradability, low
cytotoxicity, and high ability to induce an increase in calcium deposits by stem cells, the magnetic
BC-CS-Fe,0, nanocomposite scaffold can be a suitable candidate as a biomaterial for osteogenic
differentiation.
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Introduction the extracellular matrix, acts as a template to guide
Polymer composites, nanocomposites, hydrogels, and the growth of cells and ultimately tissue regeneration.’
bioceramics are used as scaffolds in tissue engineering."? Repair in tissue engineering is accomplished through
The structure of scaffolds in tissue engineering, imitating the appropriate use of cells, scaffolds, and cell growth-
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stimulating factors. Scaffolds provide the necessary
support for the cells in terms of proliferation and
differentiation into the desired tissue morphology and
viability.>* Biomaterials of natural and synthetic origin
are utilized for a variety of functions, such as scaffolds
for tissue engineering, drug delivery, wound healing,
and many healthcare applications. Natural polymers are
non-cytotoxicity, more biocompatible, less inflammatory
and higher biodegradation rate than synthetic polymers.
On the other hand, natural polymers have relatively
weak mechanical properties, which can be improved by
combining them with synthetic polymers.>” To enhance
the mechanical properties of various scaffolds in bone
tissue engineering, synthetic polymers are often used
and coated with natural-based polymers or extracellular
matrix proteins.® Biopolymers are a suitable choice
for various applications, including tissue engineering,
implantation, wound healing, and drug delivery, due to
their appropriate biochemical and biophysical properties
in both in vivo and in vitro environments.® Biopolymers,
when processed in the desired structure as a scaffold
with special functions, can cause the differentiation of
mesenchymal stem cells into target cells.' In fact, the type
of biopolymer and scaffold design is very important for
the successful differentiation of mesenchymal stem cells
(MSCs) into target cells™.

Bacterial cellulose (BC) is a natural biopolymer
extracted from the bacterium Gluconacetobacter xylinus.
BC possesses high porosity, excellent permeability,
low density, a large surface area (10-50 nm in diameter
and 100,000 nm in length)," suitable biocompatibility,
high water retention capacity (up to 99%), enough
heat stability, high crystallinity (70 to 80 percent),
mechanical stability, and high purity.'*"* Due to its fibrous
structure and consequent pore size and shape,'*"* optical
transparency, non-toxicity, and the ability to mold into
three-dimensional shapes and structures, researchers
utilized BC fibers frequently in various scaffolds.'®"
Characteristics including low biodegradability, high
hydrophilicity, low compatibility with other hydrophobic
polymers, and lack of antibacterial characteristics limit
BC application as a single material.'**’

Chitosan (CS) is a cationic polymer, (due to the NH2-
amino group) which is obtained through the deacetylation
of chitin.? Interaction between the positive charges of CS
and negatively charged molecules, such as proteoglycans,
causes the formation of the extracellular matrix.?"* In
addition, CS has several hydroxyl groups, which increase
interaction with positively charged molecules.* Beyond
NH2 groups, this improves mechanical and biological
properties.” CS is the only cationic polysaccharide
with a linear structure, suitable biocompatibility,
biodegradability,® anti-inflammatory,”* non-toxic,”
anti-fungal,® antioxidant® properties, and self-healing
activity.*>* Furthermore, it possesses anti-viral, anti-
tumor,*anti-allergy,” anti-inflammatory,* wound healing,

binding to red blood cells,”” and hemocompatibility.*

For the first time, magnetic iron oxide (Fe,O,)
nanoparticles were used in BC-CS nanocomposite to
prepare a magnetic nanocomposite. Magnetic iron
oxide (Fe,O,) nanoparticles in the range of 10-20 nm
exhibit superparamagnetic properties and have various
applications in biomedicine, including magnetic resonance
imaging as contrast agents,”*'® bone cell differentiation,"!
drug delivery,** tissue engineering,* treatment of fungal
and bacterial diseases,"* and regenerative medicine.*
Therefore, in this study, BC hydrogel scaffolds were
produced from Gluconacetobacter xylinus bacteria.
Magnetic Fe,O, nanoparticles were synthesized in the
laboratory. By adding CS powder and magnetic Fe O,
nanoparticles to the BC scaffold, a magnetic BC-CS-
Fe,O, nanocomposite was prepared using the immersion
method. Since the BC-CS-Fe,O, scaffold was not
investigated in previous studies, we investigated the effect
of the presence of Fe,O, magnetic nanoparticles in the BC-
CS scaffold on the physicochemical and morphological
properties using Fourier transform infrared spectroscopy
(FTIR) and field emission scanning electron microscopy
(FE-SEM). Additionally, we evaluated the tensile strength
and biodegradability ratio of the scaffolds. The cytotoxicity
of the BC-CS-Fe,O, magnetic scaffold was measured on
human adipose-derived mesenchymal stem cells (ADSCs)
compared to BC-CS and BC scaffolds. Furthermore, the
amount of calcium deposits by ADSCs treated with the
BC-CS-Fe,0, magnetic scaffold, compared to BC-CS and
BC scaffolds, was investigated using alizarin red staining.
We expect that the BC-CS-Fe,O, scaffold, as a novel
magnetic nanocomposite with suitable physicochemical
properties and high osteogenesis, is considered an ideal
scaffold in tissue engineering.

Materials and Methods

Materials

Chitosan with a deacetylation degree of 70-85%,
viscosity of 200-800 cp, and medium molecular weight
was purchased from Sigma Aldrich, USA. Thiazolyl
Blue Tetrazolium Bromide M5655 powder was also
purchased from Sigma Aldrich, USA, and acetic acid was
purchased from Merck, Germany. Dulbeccos modified
Eagle medium (DMEM) with low glucose, osteogenesis
differentiation medium (OsteoPlus), Alizarin Red
S (1,2-Dihydroxyanthraquinone) staining solution,
trypsin-EDTA enzyme, dimethyl sulfoxide (DMSO),
and phosphate-buffered saline (PBS) solution (1 M, pH
7.4) from Bioidea (Idezist Notarkib), and fetal bovine
serum (FBS) were purchased from Anacel, Iran. Iron(II)
chloride and iron(III) chloride salts were purchased from
Merck, Germany for the synthesis of magnetic (Fe,O,)
nanoparticles. BC pellicles were also prepared in the
laboratory under static conditions. The human adipose-
derived mesenchymal stem cells (ADSCs) used in our
study were obtained from Dr. Effat Alizadeh's cell culture
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laboratory. The isolation, culture, and characterization
of ADSCs were described in detail in their published
articles.4

Production of bacterial cellulose (BC)

BC pellicles are produced by Gluconacetobacter xylinus
bacteria colonies in Hestrin-Schramm (HS) medium.*
The HS medium was used by mixing glucose (2% w/v),
peptone (0.5% w/v), citric acid monohydrate (0.115%
w/v), yeast extract (0.5% w/v), and di-sodium hydrogen
phosphate dihydrate (0.27% w/v) using a proper method.
The inoculum (10% v/v) was added to the HS culture
medium with a pH of 5 and incubated for 14 days in
the dark at 30°C. The produced pellicles were removed
from the medium and immersed in a sodium hydroxide
solution, and autoclaved to purify BC. To neutralize the
pH, pellicles were washed and kept in distilled water
(Fig. 1). Some of these pellicles were freeze-dried and
characterized by FTIR and FE-SEM and examined by
relevant tests.

Preparation of magnetic (Fe,0,) nanoparticle

To prepare magnetic (Fe,O,) nanoparticles, 20 ml of
distilled water was added to 0.1 g of Fe(Cl)3 and 0.04 g
of Fe(Cl)2 in a three-neck flask, which was placed on a
magnetic stirrer at 50°C for 30 min. Then, 5 ml of 0.3 M
NaOH was added to the solution, and gradually the color
of the reaction changed from orange to black. After one
hour, the synthesis of magnetic (Fe,O,) nanoparticles
is completed. In order to remove the impurities, a
relatively strong magnet is placed under the balloon.
The supernatant solution containing water, NaOH, and
unreacted substances is removed (Fig. 2).

Preparation of BC-CS nanocomposite scaffold
First, 0.5 g of CS powder was dissolved in 50 ml of 0.5%
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acetic acid. Then, 0.5 g of BC was added to the suspension,
and the mixture was placed under a magnetic stirrer at 350
rpm overnight. The BC-CS nanocomposite scaffold was
removed from the solution and utilized in the preparation
of magnetic scaffolding.

Preparation of magnetic BC-CS-Fe,O, nanocomposite
scaffold

To prepare this scaffold, 0.5 g of CS was dissolved in 50
ml of 0.5% acetic acid. Then, 0.5 g of BC was added to the
above solution, and 2 mg of magnetic (Fe,O,) nanoparticle
powder was added to this mixture. The mixture was
placed on the shaker overnight (Fig. 3). The magnetic
BC-CS- Fe,0O, nanocomposite scaffold was removed from
the solution and characterized by FTIR and FE-SEM after
drying.

Characterization of produced materials

Fourier transforms infrared (FTIR)

The coating of CS and iron particles on cellulose and the
evaluation of the bond formation between the functional
groups of polymers and nanoparticles were investigated
using FTIR from Bruker company, German.

Field emission scanning electron microscope (FE-SEM)

BC pellicle, BC-CS, and BC-CS-Fe,O, nanocomposites
were investigated to analyze the morphology and evaluate
the CS and magnetic (Fe,O,) nanoparticle coating on BC
fibrils using a field-emission scanning electron microscope
(MIRA 3 FEG-SEM, Tescan company, Czech).
Mechanical test

The mechanical properties, such as tensile strength and
Young's modulus, of the scaffolds studied in this research
were determined using the ASTM D 638 tensile testing
protocol of the Zwick Roell Zolo mechanical properties
testing machine. Each sample was cut to a thickness of 1
mm and a size of 3 x 1.5 cm, and then stretched at a speed
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Fig. 1. The scheme of the synthesis of bacterial cellulose (BC) pellicle from Gluconacetobacter xylinus in static condition.
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Fig. 3. The scheme of magnetic bacterial cellulose-chitosan-Fe,0, nanocomposites scaffold.

of 5 mm/min with a force of 0.1 N to reach a constant
stretching rate.

Swelling properties

To measure the swelling capacity of the scaffolds, 20 mg
of dry BC, BC-CS, and BC-CS-Fe,O, were cut (20 mmx20
mm) and were immersed in distilled water and phosphate-
buffered saline (PBS) with pH 7.4, which was also selected
as a swelling agent, separately. After removing at certain
times, the surface water of the scaffolds was taken using
cellulose filter paper, weighed, and finally, the amount of
water absorption of each scaffold was calculated using Eq.
1. W, represents the weight of the dry sample, and W |

represents the weight of the sample in the swollen state.

%Swelli —Mx 100 (1)
eSwelling = — -
Biodegradability

In order to determine the ratio of biodegradability, 20 mg
of each dry scaffold sample was immersed in 2 ml of PBS
(1 M, pH 7.4) and incubated at 37°C for 8 weeks. For the
investigation of the results in physiological conditions,
PBS was used. At certain times, the scaffolds were removed
from the PBS, the surface buffer was taken by cellulose
filter paper, and the weight of the scaffold was measured.
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Finally, the percentage of destruction of each scaffold was
calculated using Eq. 2. W is the initial dry weight of the
sample, and W is the weight of the destroyed scaffold.

%Degradation = —— wo x 100 (2)
wo
Cytotoxicity analysis

The MTT method was used to investigate the viability and
proliferation of ADSCs as a result of the presence of BC
and modified BC scaffolds. In addition, the cytotoxicity
of CS powder and magnetic (Fe,O,) nanoparticles was
evaluated as well. 200 ul of cell suspension (number
of cells proportional to incubation time) were seeded
separately in 96-well plates and incubated for 3, 5, and 7
days. After 24 hours of incubation, the cells attached to the
surface of the plate, and the supernatant was discarded.
Then, UV-sterilized BC, BC-CS, BC-CS-Fe,O,, CS, and
Fe,O, powder were placed inside the wells (3 replicates).
The plate was wrapped in aluminum foil and incubated
for 4 hours. After 4 hours, the medium (DMEM) of each
well was transferred to the empty side wells, and 200 pl of
dimethyl sulfoxide (DMSO) was added to each well and
incubated for 20 minutes. Finally, the plate was transferred
to the ELISA reader (Stat Fax 3200), and the absorption
intensities were read at a wavelength of 540 nm.

Osteogenic differentiation of ADSCs

To investigate the effect of BC, CS powder, Fe,O,, and
modified BC on the osteogenic differentiation of ADSCs,
2.5 x 105 cells were seeded in a 48-well plate. 200 pl of
DMEM medium was added to each well and incubated
at 37°C for 24 hours. Then, the medium of each well
was discarded, and the scaffolds and powders that were
previously sterilized with UV were placed in the wells
in three replicates. 200 ul of osteogenic differentiation
medium, based on the essential components of the
ossification process, including dexamethasone, b-Glycerol
phosphate, sodium pyruvate, and ascorbic acid, was
added to each well. The medium was changed every three
days for 21 days. Then, to study the results, Alizarin red
staining was performed.

Characterization of osteogenic differentiation using
Alizarin Red staining

Alizarin Red is used to identify bone cells containing
calcium in MSC differentiation culture medium.*® For
staining, the culture medium was removed from all the
wells and washed three times with PBS. To fix the cells,
they were exposed to 4% formaldehyde for 15 minutes,
then the formaldehyde was removed from the wells and
washed three times with distilled water. Distilled water was
completely removed, and 1 ml of Alizarin Red S dye was
added to each well and incubated at 20-30°C with shaking.
After incubation, the dyes of each well were discarded,
and the wells were washed five times with distilled water.
Imaging was then done using an inverted microscope. The

obtained data were visually analyzed.

Statistical analysis

Statistical analysis was performed on the test results using
one-way ANOVA (analysis of variance) with Tukey’s
multiple comparisons test. The statistical analyses were
conducted using GraphPad Prism version 9.0.0. All
experiments were performed in triplicate, and the results
were presented as mean + standard deviation. Statistically
significant values were defined by * P<0.05, ** P<0.01,
*** P<0.001, and **** P<0.0001.

Results and Discussion

Fourier transforms infrared (FTIR) analysis

FTIR spectroscopy was used to investigate the presence
of polymers and magnetic (Fe,O,) nanoparticles and to
ensure the formation of bonds between functional groups,
the correct coating and loading of CS, and magnetic
(Fe,0,) nanoparticles. The results are shown in Fig. 4. Due
to the similarity of the molecular structure of BC and CS,
their vibrations are very similar to each other. The O-H
stretching vibration in the range of 3300 cm™-3500 cm™
is shown in all samples. However, the relatively strong
absorption of this vibration in CS powder is due to free
OH groups. Intramolecular hydrogen bonding has been
characterized by stretching vibration in the 3339 cm
wavenumber for cellulose. The absorption band in the
range of 2894 cm™-2896 cm™ represents the -CH bond,
which indicates the amorphous nature of the scaffolds.”!
Absorption at 1106 cm™ corresponds to the C-C stretching
vibration in cellulose. The C-O-C stretching vibration in
B-1-4 linkage is determined by absorption in the range of
1030 cm™ to 1040 cm™. Absorption at 1315 cm™ and 1427
cm’!, and in the range of 1366 cm™ to 1384 cm™, is related

1.5=

Transmittance%

0.5

0.0 T T T T
0 1000 2000 3000 4000 5000

Wavenumber(cm'1)

Fig. 4. Fourier transform infrared spectra were obtained for bacterial
cellulose (BC), bacterial cellulose-chitosan (BC-CS), BC-CS-Fe,O,
scaffolds, CS and Fe,O, powders. The structural similarity of BC and CS
has caused similar vibrations. The strong absorption of the O-H stretching
vibration at 3417 cm™ in CS powder is due to free -OH groups. This
vibration has been reduced in all scaffolds due to being involved in bonding
with other functional groups. Amide |, amide I, and amide Il are functional
groups specific to chitosan with vibrations of 1618 cm™, 1550 cm, and
1327 cm™, respectively, which indicate the presence of CS in BC fibers in
nanocomposites. The Fe-O bond with an absorption of 664 cm™" confirms
the presence of Fe O, in the magnetic BC-CS-Fe,O, nanocomposite.
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to -OH bending vibration. The absorption at 1638 cm™
corresponds to the N-H vibration in CS.

In the nanocomposites, vibrations related to amide I,
amide II, and amide III were observed at 1613 cm™, 1550
cm’!, and 1327 cm’, respectively, which are specific to
CS molecules.”® Due to the absence of amide vibrations
in the bacterial cellulose (BC) scaffold, these vibrations
in nanocomposites indicate the presence of CS in BC
fibers. In the ternary composite, the C-O stretching
vibration has absorption in the range of 1031 cm™ to
1060 cm™. The wavelength in the range of 1427 cm™ to
1576 cm™ corresponds to the symmetric stretching of the
-COO group. The Fe-O bond in the magnetic BC-CS-
Fe,O, nanocomposite was determined by an absorbance
of 664 cm™, which indicates the correct loading of Fe,O,
nanoparticles in the BC-CS scaffold.

X-ray diffraction (XRD) and magnetization tests related
to magnetic nanoparticles have been reported in our
previous studies.>>**

Field emission scanning electron microscope (FE-SEM)

The FE-SEM image of BC, BC-CS, and BC-CS-Fe,O,
scaffolds with a resolution of 2um and 500 nm is shown
in Fig. 5. Fig. 5A clearly shows the fibrillar structure and
well-organized networks of porous cellulose nanofibers.
According to Fig. 5B, C, CS and Fe,O, nanoparticles
were successfully coated on cellulose fibers, and the
network of BC nanofibers was completely preserved. The
confirmation of the presence of CS in the magnetic BC-
CS-Fe,0O, nanocomposite was determined by FTIR in Fig.
5 According to Fig. 5, the addition of CS and magnetic

st 00w | wosamm
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(Fe,0,) nanoparticles to the BC scaffold reduced the
fibrillar structure of cellulose fibers in BC-CS (5B) and
BC-CS-Fe,0, (5C) nanocomposites. Other similar studies
suggest that the addition of CS to the BC scaffold probably
reduced the porosity in the BC-CS nanocomposite. This
reduction is due to the placement of CS and magnetic
(Fe,0,) nanoparticles in the pores of the cellulose scaffold
and the interaction between the functional groups.® On
the other hand, the presence of CS and magnetic (Fe,0,)
nanoparticles increases the integrity of the scaffold, which
is one of its important features. Similar results have been
reported.”®*

Mechanical test
The mechanical characteristics of BC, BC-CS, and BC-
CS-Fe,O, scaffolds were evaluated using tensile tests and
are presented in Table 1. The tensile strengths were found
to be 1.19, 4.55, and 5.08 MPa for BC, BC-CS, and BC-CS-
Fe,O, scaffolds, respectively. The Young's modulus were
36.86, 23.76, and 3.89 MPa for BC, BC-CS, and BC-CS-
Fe,O, scaffolds, respectively. Based on the observations,
modified BCs exhibited a decreased Young's modulus
while the tensile strength increased. The Young's modulus
represents the stiffness of the material, with alower Young's
modulus indicating higher strength against shocks and
mechanical pressures. Similar results have been reported,
showing an increase in tensile strength when modifying
the BC scaffold.>**%

In a similar study, ZnO nanoparticles were used in
a BC-CS nanocomposite. The results showed that the
combination of CS in the BC fibrillar network increases the

Fig. 5. FE-SEM morphology of (A, A,) bacterial cellulose (BC); (B, B,) bacterial cellulose-chitosan (BC-CS); (C, C,) BC-CS-Fe,0, scaffolds with 2 ym and
500nm resolution. (A, A,) The BC scaffold had a completely fibrillar structure with high porosity. (B, B,) The fibrillar structure in the BC-CS scaffold is reduced
by the placement of CS among the cellulose strands, and the porosity is likely reduced as well. (C, C,) The magnetic BC-CS-Fe,O, nanocomposite has an
interconnected network of BC, CS, and Fe,0,. Due to the presence of CS and Fe,O, nanoparticles in the cellulose network of the BC scaffold, it has a more

integrated structure than the BC and BC-CS scaffolds.
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Table 1. Mechanical characterization of scaffolds

Sample Young’s modulus (MPa)  Tensile strength (MPa)
BC 36.86 1.19
BC-CS 23.76 4.55
BC-CS-Fe,0, 3.89 5.08

tensile strength of the scaffold. Additionally, the presence
of nanoparticles in the BC-CS scaffold significantly
increases the tensile strength.®

The obtained results are probably related to the
formation of intermolecular hydrogen bonds between BC
(-OH), CS (-OH and -NH2), and Fe,O, (-O-), which limit

network of BC, which is the result of hydrogen bonding
between the glucan chains of cellulose, increases the
strength of the CS matrix by staggering in CS.%

Swelling properties

Water absorption is a sign of scaffold hydrophilicity
and one of the practical features in tissue engineering.
Hydrophilic polymers with physical or chemical cross-
linking are ideal scaffolds in bone tissue engineering due
to their ability to swell and form a three-dimensional
structure for cell penetration and growth. Swelling of
scaffolds improves mechanical stability and transport of
gas and nutrients.®® The swelling ratio of BC, BC-CS, and
BC-CS-Fe,O, scaffolds was reported as 2735%, 2321%,

the movement of the matrix while increasing its strength.®'

and 2445%, respectively.
According to previous studies, the three-dimensional

The results in Fig. 6A show that BC has the highest
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Fig. 6. The physicochemical characteristics for bacterial cellulose (BC), bacterial cellulose-chitosan (BC-CS), and magnetic BC-CS-Fe,O, scaffolds: (A)
swelling ratio, (B) biodegradability ratio. (A) The swelling ratio of scaffolds was measured by PBS (pH 7.4) for 72 hours. The swelling ratios of BC, BC-CS, and
BC-CS-Fe,O, scaffolds were 2735%, 2321%, and 2445%, respectively. The BC scaffold has the most OH functional groups and high hydrophilicity, resulting
in the highest swelling ratio. It has the most hydrogen bonding with water molecules, which contributes to its high swelling ratio. The BC-CS nanocomposite
has the lowest swelling ratio. This is due to the placement of CS in the cellulose network and the formation of hydrogen bonds between the amino groups of
CS and the hydroxyls of BC, which reduces the number of hydroxyl groups and restricts the penetration of water into the BC-CS scaffold. On the other hand,
the magnetic BC-CS-Fe,O, nanocomposite has the highest swelling ratio among the modified BC scaffolds. This is because the formation of hydrogen bonds
between the -O groups of Fe,O, with water molecules has increased the number of hydroxyl groups. (B) Biodegradability ratio of scaffolds by PBS (pH 7.4)
at 37°C for 8 weeks. In the 8th week, the biodegradability ratio of BC, BC-CS, and BC-CS-Fe,0, scaffolds was 0.75% + 0.35, 2.5% + 0.1, and 9.5% + 0.7,
respectively. The presence of the amorphous structure of CS in the cellulose network of BC caused a disturbance in the crystalline structure of the BC scaffold,
and the biodegradation ratio of the BC-CS scaffold has increased compared to the BC scaffold. The magnetic BC-CS-Fe,0, nanocomposite had the highest
degradation ratio. In addition to the amorphous structure of CS, due to the formation of Fe,O, hydrogen bonds with CS and BC biopolymers, the crystalline
structure of the nanocomposite was reduced. Groups were compared by one-way ANOVA (analysis of variance) with Tukey’s multiple comparisons test using
GraphPad Prism 9.0.0 software. Statistically significant values were defined by * P< 0.05, ** P< 0.01, *** P< 0.001, and **** P < 0.0001.
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swelling ratio. This is likely due to the presence of
OH groups in the structure of BC, as well as its high
hydrophilic properties, resulting in a higher swelling
ratio than the other scaffolds. The BC-CS scaffold has
the lowest swelling ratio, possibly due to the penetration
of CS among the cellulose fibers and the reduction of
porosity in the BC scaffold. Additionally, the formation of
hydrogen bonds between CS (-NH2) and BC (-OH), and
the reduction of the number of -OH groups, may restrict
water penetration into the BC-CS scaffold.* In other
similar studies on BC and BC-CS scaffolds, the swelling
results showed that the presence of CS in the BC cellulose
network reduces porosity, thus reducing the swelling
ratio of BC-CS scaffolds.””*® According to Fig. 6A, the
magnetic BC-CS-Fe,O, nanocomposite has the highest
swelling ratio, after the BC scaffold. The magnetic BC-
CS-Fe,O, nanocomposite scaffold has a higher swelling
ratio than the BC-CS nanocomposite scaffold, which
probably increases the number of hydroxyl groups of
the scaffold by forming hydrogen bonds between the -O
groups of the magnetic (Fe,O,) nanoparticle and the water
molecule. Therefore, it leads to more water absorption by
the magnetic BC-CS-Fe,O, nanocomposite scaffold. The
magnetic nanocomposite is an ideal choice for use in
tissue engineering due to its high water absorption and the
specific characteristics of magnetic (Fe,O,) nanoparticles.
Due to the high number of hydroxyl functional groups
in water molecules, the swelling ratios of all samples in
water were reported to be higher than those in PBS in each
measurement.

Biodegradability

The biodegradability ratio of cellulose scaffolds was
calculated using Eq. 2. In tissue engineering, polymers
with different biodegradability ratios are used according
to the type of damage and the tissue needed by the body.
The results in Fig. 6B show the biodegradation ratio of the
scaffolds over 8 weeks. In the 8th week, the biodegradability
ratios of BC, BC-CS, and BC-CS-Fe,O, scaffolds were
0.75% + 0.35, 2.5% + 0.1, and 9.5% + 0.7, respectively.
The BC scaffold has very little degradability compared to
the BC-CS and BC-CS-Fe,O, nanocomposites, and the
magnetic BC-CS-Fe,O, nanocomposite has the highest
degradation ratio. The destruction of C-O-C bonds is
the main reason for the degradation of BC fibers.®® The
difference in degradation ratio can probably be related to
the structure of the polymers in the scaffold. In the crystal
structure, the atoms are regularly placed next to each other,
and the identical intermolecular and atomic forces keep
the components of a material together. While the atoms
of the amorphous structure are irregularly placed next to
each other, the difference in the placement of atoms causes
a difference in material properties such as the melting
point, degradability ratio, and other properties related to
the structure of the material.**¢

In studies similar to this research, the degradability
ratio of the BC scaffold is lower than that of the BC-CS
nanocomposite scaffold because the hydrogen bonds
between cellulose fibers create a firm cellulose network.
The penetration of CS into the cellulose network disrupts
the main hydrogen bonds and, by causing irregularities,
reduces the crystal index of BC. As a result, the ratio of
biodegradability in the BC-CS nanocomposite scaffold
increases.'>®

In another study, the biodegradability ratio of BC, BC-
CS, and BC-CS-G (gelatin) scaffolds was investigated. Due
to the low rate of degradation of the crystalline structure
of BC compared to the amorphous and semi-crystalline
structure of CS and G, the percentage of biodegradability
of BC-CS is higher than the BC scaffold.” Therefore, in
this research, the presence of the amorphous structure
of CS among the crystal structure of BC has decreased
the crystallinity index of BC in the BC-CS scaffold, and
the biodegradation ratio has increased compared to the
pure cellulose scaffold. In the magnetic BC-CS-Fe,O,
nanocomposite scaffold, due to the formation of hydrogen
bonds between CS simultaneously with BC and Fe O,
nanoparticles, the crystal structure is disturbed. Since the
degradation ratio of the amorphous structure is higher
than the crystal structure, the biodegradation ratio of the
magnetic BC-CS-Fe O, nanocomposite scaffold compared
to BC and BC-CS has increased.

Cytotoxicity test

The results of cytotoxicity assays (MTT) are shown in Fig.
7. The UV absorption intensity of the ADSCs treated with
BC, BC-CS, and magnetic BC-CS-Fe,O, nanocomposite
scaffolds was higher than that of the untreated ADSCs
(control), indicating an increase in the percentage of
cell viability. The percentage of cell viability treated with
the magnetic BC-CS-Fe,O, nanocomposite scaffold on
days 3, 5, and 7 was reported to be 115%, 125%, and
129%, respectively. For the BC-CS nanocomposite, the
percentage of cell viability was 111%, 119%, and 118%
on days 3, 5, and 7, respectively. According to Fig. 7,
the magnetic BC-CS-Fe,O, nanocomposite scaffold
showed a significant difference in the percentage of cell
viability compared to all groups. This result is probably
a consequence of the increase in the -OH of the BC-CS-
Fe,O, scaffold compared to the BC-CS and BC-CS-Fe,O,
scaffolds. In addition, the antimicrobial properties of Fe,O,
may have led to an increase in cell proliferation.” Also,
cell adhesion enhancement has been reported in some
studies in the presence of CS™; these properties together
increase the viability, growth, and proliferation of the cells.
In other studies, the viability of hASCs treated with pure
BC and BC/magnetic nanocomposites with 1%, 2%, and
5% of Fe,O, for 24 hours and 5 days was investigated. A
significant difference was observed in the viability of cells
exposed to pure BC and BC/Fe,O,. The results showed that
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Fig. 7. MTT assay was performed on ADSCs cultivated on BC, BC-CS, and BC-CS-Fe,O, scaffolds for 3, 5, and 7 days. The percentage of cell viability treated
with the magnetic BC-CS-Fe,O, nanocomposite showed a significant difference compared to the other groups. The percentage of cell viability treated with the
magnetic BC-CS-Fe,0, nanocomposite scaffold on days 3, 5, and 7 was reported to be 115%, 125%, and 129%, respectively. Due to the increase in hydroxyl
group and the special properties of BC and CS biopolymers, as well as the antibacterial property of Fe,O,, the percentage of cell viability treated with the
magnetic BC-CS-Fe,O, nanocomposite increased. Groups were compared by one-way ANOVA (analysis of variance) with Tukey’s multiple comparisons test
using GraphPad Prism 9.0.0 software. Statistically significant values were defined by * P< 0.05, ** P< 0.01, *** P< 0.001, and **** P< 0.0001.

with the increase in magnetic percentage, the cell viability
also increases.” Magnetic BC-CS-Fe,O, nanocomposite
scaffold possesses the highest optical absorption and the
lowest cytotoxicity compared to other samples, making it
a suitable scaffold for the growth and proliferation of cells
in bone tissue engineering.

Osteogenic differentiation of ADSCs

In order to investigate the scaffolds role in increasing the
differentiation of mesenchymal stem cells into osteogenic
cells, the ADSCs were treated with the developed scaffolds
and compared with the untreated ADSCs (control). The
images of cells stained with alizarin red and captured
using an inverted microscope are depicted in Fig. 8. The
deposition of late osteogenesis markers, such as calcium
phosphate, can be observed around the cells of all
samples in Fig. 8. Calcium deposits serve as evidence for
osteogenesis in various studies.”>”

Both BCand CS enhance the osteogenic differentiation of
bone.”>’¢ In other research, the outcomes of the osteogenic
differentiation of ADSCs treated with BC and CS, as
well as CS/carboxymethyl cellulose/nanohydroxyapatite
scaffolds, following 14 days of alizarin red staining,
indicated that the osteogenic capacity of each of the BC
and CS scaffolds was inferior to that of the composite
form.””7
Microscopic images (Fig. 8 C,, C,, C,) show increased
calcium deposits in the presence of magnetic BC-CS-
Fe,O, nanocomposite scaffolds compared to other
scaffolds. According to previous studies, Fe,O, leads to
enhanced Runx2 gene expression.®**®! Runx2 is the main
gene controlling osteoblast differentiation and is required

for the expression of several osteogenic genes, including
collagen I, osteopontin, alkaline phosphatase, and
osteocalcin.®>#

Conclusion

Magnetic BC-CS-Fe,O, nanocomposite scaffolds were
successfully prepared for the first time in this research.
This nanocomposite is made of natural, non-toxic
polymers BC and CS. The BC-CS scaffold was prepared by
adding magnetic (Fe,O,) nanoparticles for the first time.
The FTIR vibrations confirmed the bonding among CS
functional groups, magnetic nanoparticles (Fe,O,), and
cellulose fibers. The FE-SEM results demonstrated the
integrity of the fibrillar surface of the magnetic scaffold.
The tensile strength of the magnetic BC-CS-FeO,
nanocomposite scaffold increased, probably due to the
increased bonding between the functional groups of BC
and CS and the magnetic (Fe,O,) nanoparticles.

The magnetic BC-CS-Fe,O, scaffold showed higher
water absorption than the BC-CS scaffold Magnetic
nanocomposites had a higher biodegradability ratio than
BC and BC-CS scaffolds. The BC-CS-Fe,O, magnetic
nanocomposite had the least cytotoxicity on ADSCs. The
magnetic BC-CS-Fe,O, nanocomposite scaffold resulted
in significantly higher calcium deposit formation during
osteogenic differentiation of ADSCs compared to other
scaffolds. The magnetic BC-CS-Fe,O, nanocomposite
showed high water absorption and mechanical strength,
high osteogenic differentiation, low cytotoxicity and high
biodegradability compared to BC-CS and BC scaffolds,
enabling in vivo mimicry.

The properties of the BC-CS-Fe304 magnetic
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Fig. 8. Alizarin Red staining was performed on day 21 to investigate the calcium deposits resulting from the osteogenic differentiation of ADMCs cells treated
with (A) BC; (B) BC-CS; (C1, C2, C3) BC-CS-Fe,0, (scaffold); (D) CS; (E) Fe,O, (powder); (F) control. The obtained data were visually analyzed with an
inverted microscope. According to the images, ADSCs cells treated with the magnetic BC-CS-Fe,O, nanocomposite had the highest dye intensity of calcium
deposits. The ADSCs cells treated with CS and Fe,O, nanoparticles exhibited the lowest dye intensity of calcium deposits.

nanocomposite are expected to make it a promising
candidate for biomedical applications, such as osteogenic
differentiation, wound healing, and magnetically guided
drug delivery.
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