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Abstract:

In this study, new 3D scaffolds based on synthesized PGAZ-co-PEG g and PLA were prepared by salt
leaching technique and Polythiophene as conductive pairs and Fe,O3 as magnetic nanoparticles, were
also added to the 3D scaffolds. The FTIR test revealed that there is a relatively good interaction between
the components used in these scaffolds. The XRD test also showed that the simultaneous presence of
nanoparticles Fe,O3 and Polythiophene has a reducing effect on the crystal structure of the samples. SEM
analysis also showed that suitable three-dimensional structures were formed within the samples and that the
presence of other components in the scaffolds had significant effects on the three-dimensional structures of
the scaffolds. The mechanical behavior of the samples in compression mode was analyzed in both dry and
wet states. Young’s modulus in dry and wet states showed completely different behavior among the samples.
The compressive strength of the nanocomposite sample, which has twice the amount of nanoparticles as
Polythiophene, was higher in both wet and dry states than in all the samples. Also, the degradation test was
investigated in two acidic and basic pH, and interesting results were obtained. Alizarin red, H&E, and cell
adhesion tests were performed on simple samples and samples loaded with the drug, and the results showed
that the presence of Polythiophene and nanoparticles have a good effect on cell growth and proliferation, and
Simvastatin drug has also demonstrated sound effects in addition to these substances.
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1. Introduction

Tissue engineering is one of the best scientific fields, which
is in close engagement with technical and medical sciences.
In this area, there must be in-depth knowledge of materials
science (Guo and Ma, 2014; Khademhosseini and Langer,
2016; Iravani and Varma, 2019). It should be determined
what each material used in tissue engineering contributes
to the achievement of the scaffold. Bone, as a prevalent
tissue in the body of living organisms, has received much
attention. On the other hand, this tissue is subject to much
damage because it is considered a pillar for the internal
organs of the body and plays a protective role against them
(Chen et al., 2006; Charles-Harris et al., 2008; Venkatesan

and Kim, 2014).

Recently, cell therapy or tissue engineering are commonly
used to repair damaged tissues. The use of cell therapy
has not been widely accepted due to its high cost and other
problems (Farjaminejad et al., 2021; Golbaten-Mofrad et
al., 2021; Hashemzadeh et al., 2021). In the meantime,
tissue engineering is one of the most appropriate and best
paths for doctors to treat patients due to its ease of use,
affordable costs, and its ability to be used in many organs
of the body. To prepare suitable and efficient scaffolds in
tissue engineering, one must have a great deal of knowledge
about biomaterials, their understanding, and, on the other
hand, scaffold construction methods (Hosseini Chenani et
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al., 2021; Tirgar et al., 2021; Asgharnejad-laskoukalayeh
etal., 2022).

Among the materials used to make scaffolds used in tissue
engineering, bio-polyesters have received much attention.
These materials cover an extensive range, including PCL,
PLA, etc (Zia et al., 2016; Bedian et al., 2017; Zhang et al.,
2021). Petretta et al. prepare scaffolds based on PCL as the
primary material and other materials such as bioactive glass.
They concluded that these scaffolds, with the presence of
such an additive, showed significant effects in repairing
bone tissues (Petretta et al., 2021).

The use of conductive polymers in regenerative medicine
has been proven, and many articles and research have been
conducted in this field (Guo and Ma, 2018). Langer’s re-
search team investigated the presence of the conductive
polymer polypyrrole on cell differentiation and showed that
this polymer has outstanding effects on the growth and pro-
liferation of stem cells into bone cells (Shastri et al., 1998).
Sajesh and her colleagues made alginate conductive with
the help of polypyrrole and then prepared a scaffold with
chitosan and showed that the presence of conductive algi-
nate in this scaffold had positive effects on the growth and
proliferation of bone cells (Sajesh et al., 2013). Wu and
her colleagues made gelatin conductive using polymer and
then prepared a concluded hydrogels that using this con-
ductive material enhances cell growth and differentiation
in bone scaffolds (Wu et al., 2016). Polyglyceroazelaic
acid is an important biopolyester material that has shown
good effects in tissue engineering work and has been used
in many biological activities. This material is obtained by
a polycondensation process between alcoholic and acidic
monosaccharides (Hosseini Chenani et al., 2021; Moham-
madi et al., 2024).

In this study, a polymer of PGAZ-co-PEGiggp was syn-
thesized using the polycondensation method, which has
also been very limited in research on this material and has
been mentioned in the only existing work by Mohammadi
et al. (2024). After preparing this bio polyester, scaffolds
were prepared by combining PLA and PGAZ-co-PEG o
using the salt leaching method. Iron oxide nanoparticles
and Polythiophene were also added to these scaffolds to
increase their biological and other relevant properties. A
wide variety of tests were performed on these scaffolds.

2. Materials and methods

2.1 Materials

A well-known company prepared all the chemical materials
used in this study. PEG (with M,, = 1000 g/mol), PLA
(granules with My, = 84000 g/mol), and Fe, O3 nanoparti-
cles with a fine particle size of 100 nm were purchased from
Sigma Aldrich, USA. Other materials such as thiophene,
Amoniom persulphate, NaCl particles (average particle size
less than 200 microns), n-butane, hydrochloric acid (HCL),
1,4- dioxane and N, N-Dimethylmethanamide (DMF) with
high purity were supplied from Merck. Co (Germany). Tin
octanoate as catalyst was prepared from Sigma Aldrich Co.
Hexamethylene diisocyanate (HDI) from Merck Co.

Samizadeh et al.

2.2 Sample preparation

In this study, all of the samples were prepared by salt leach-
ing technique as well as the solution method. All of the
stages of preparation of samples were presented briefly. In
the first step, polymer PGAZ-co-PEG g9 must be synthe-
sized. In this case, the monomers glycerin and Azelaic
acid were reacted in a chemical reactor at 140 °C under
vacuum for 48 hours. Then, a certain amount of polymer
PEG0go was added to it, and the reaction was carried out
for another 48 hours under vacuum. After these steps, the
resulting polymer is precipitated in n-butane and stored for
the next step. To prepare Polythiophene, a certain amount
of thiophene as the monomer is dispersed in water, then
some hydrochloric acid (HCL) is added to it and stirred for
12 hours until the thiophene monomers are reactive. Then,
an ammonium persulfate (APS) initiator is added to it and
stirred for 24 hours; then, the brown precipitate is separated
with filter paper and washed several times with water, and
the resulting polymer is placed in an oven at 35 °C to dry
completely and used in the following steps.

To prepare 3D scaffolds, first, 2 grams of polymer resin
is dissolved in dioxane solvent for 5 hours at room tem-
perature, then amounts corresponding to specific weight
percentages of PLA polymer are added to the desired solu-
tion and stirred again for 12 hours. After this step, 0.001
cc of Tin(Il) 2-ethyl hexanoate as a catalyst is added to the
solution, the reaction temperature is increased to 50 degrees
Celsius and stirred for 30 minutes. At this stage, two cc of
HDI is added to the solution, and stirring is continued for
15 minutes, and then 40 times the weight of the polymers is
poured into a beaker of salt and stirred vigorously with the
polymer solution. This paste mixture is poured into molds
and kept at room temperature for 2 weeks until they dry, and
the crosslinking process is completed. Then, the samples
are removed from the mold and placed in containers filled
with distilled water until all their salts dissolve and are re-
moved from them. After ensuring that all salts are removed,
the samples are kept in an oven at 40 °C until they are de-
hydrated. To prepare samples containing nanoparticles and
Polythiophene, first, specific weight amounts of these two
materials are poured into 1,4 dioxane solvent and placed in
an ultrasonic bath for 10 minutes to ensure that the particles
are well dispersed. Then, the above process is continued to
obtain nanocomposite scaffolds.

A summary of the sample fabrication process is graphically
shown in Fig. 1. Table 1 details the percentage composition
of the samples and the materials used in each sample.

The drug Simvastatin was used to aid osteogenesis in se-
lected prepared scaffolds. In these scaffolds, the drug was
loaded into scaffolds S1, S3, S4, and S6 based on specific
protocols that exist in other studies Jin et al. (2021) and Ni
et al. (2023).

2.3 Characterizations

The molecular structures of synthesized prepolymers were
evaluated by proton Nuclear Magnetic Resonance ('H
NMR) and (!3C NMR) spectroscopy (NMR, AVANCE II-
IHD400, Bruker). In the first step, all of the prepolymers
were dissolved in a specific solvent (DMSO), their spec-
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Figure 1. Prepared samples with leaching technique.

Table 1. Sample codes and their compositions.

Samples PGAZ-co-PEGgp9 PLA (Wt.%) Pth (wt.%) n-Fep,O3 (wt.%)
S1 100 - - -

S2 70 30 - -

S3 70 30 5 -

S4 70 30 5 5

S5 70 30 10 5

S6 70 30 5 10

3/12

trums were recorded, and the obtained results were analyzed
by using particular software.

Functional groups and the amount of interaction between
the materials used were analyzed by Fourier Transform In-
frared spectroscopy (FTIR, Lincoln FTIR instrument) range
of 500 — 4000 cm~!. The characterization of chemical
bonds in the solid scaffolds was evaluated by Attenuated
Total Reflectance Fourier Transform Infrared (ATR-FTIR)
mode.

The XRD analysis was accomplished using a diffractometer
AWXD M300 within the scanning region of 2 h from 10°
to 60°, with Cu-K« radiation, for assessing the crystalline
behavior of samples.

The molecular structures of synthesized prepolymers (r-
PGAZ-co-Pegiggp) were evaluated by proton and Carbone
Nuclear Magnetic Resonance ('"H-NMR, 3C-NMR) spec-
troscopy (AVANCE IIIHD400, Bruker). At first, prepoly-
mers were dissolved in a specific solvent, their spectrums
were recorded, and the obtained results were analyzed by
using particular software.

The morphology of the fractured surface of samples and the
dispersion quality of bioactive glass (BG) nanoparticles into
the polymeric matrixes were considered through a scanning
electron microscope (SEM) Philips CM200. Mapping tools
studied the dispersion and distribution of nanoparticles into
polymeric matrixes for researching Calcium atoms (Ca) as
the central element in the BG nanoparticles.

The thermal degradation behavior of prepared samples

was studied using thermogravimetric analysis (TGA,
STA449F3) in the inert atmosphere from room tempera-
ture to 600 °C with a heating rate of 10 °C /min.

A contact angle analysis was performed for all of the sam-
ples. A water drop was placed on smooth surfaces of poly-
meric films, and every 30 s, a photo was taken for 2 min.
According to measuring right and left angles of water drop
in each time can, be obtained hydrophilicity behavior of
samples.

The hydrophilicity of all as-prepared scaffolds was mea-
sured using a sessile water drop method at room temper-
ature. To achieve this goal, 2 puL of water was located on
the surface of the scaffolds. The water droplets were then
immediately photographed at determined time intervals (0
to 30 seconds). Using the imaging system, the static contact
angles were calculated to determine the interaction between
the water and the scaffold surface.

Hydrolytic degradation of samples was performed in 10 mL
of phosphate buffer saline solution (PBS) as host milieu at
37 °C. Therefore, a specific size and weight of polymeric
films (10 mm x 10 mm x 2 mm) were selected, and the
weight loss of each sample was calculated as follows:

Wo — W,

Weight Loss (%) = L% 100 (D)

0
where W, is the initial weight of the sample particle, and W,
is the weight of the residual dried sample (after degradation)
at each time (¢; in the day).
The MTT assay was used for cell viability of the seeded
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cells on cylindrical scaffolds on day 7 post-seeded. After 24,
72, and 120 hr of cell seeding, the media was changed with
200 uL MTT solution (0.5 mg/mL, Sigma) and incubated
to form formazan crystals for four hr. After the incubation
period, 200 pL. dimethyl sulfoxide (DMSO, Sigma) was
added to dissolve the blue formazan crystals in a dark room
for 15 min by shaking. The absorbance of each sample (n
= 3) was then measured at 570 nm using an ELIZA reader
(Expert 96, Asys Hitch, Ec Austria).

The SEM was used for the investigation of morphology and
attachment of the seeded cells on scaffolds after 5 days of
the culture period. The seeded cells on samples were fixed
with 2% paraformaldehyde and 2.5% glutaraldehyde for
90 min at 27 °C. The samples were then rinsed two times
in PBS and dehydrated with increasing concentrations of
ethanol (30, 50, 70, 85, 90, and 100%) for 5 min. Finally,
the samples were prepared to see using SEM by sputter
coating with gold.

Alizarin Red analysis was performed to characterize the
mineralization (Calcium on the surface of scaffolds).
MC3T3-E1l and BMSc cells were seeded on the samples
and were cultured for 3, 8, and 11 days in an incubator at
37 °C and 5% CO,. Media was removed, and cells were
fixed using 4% PFA for 14 min. Samples were stained using
1% Alizarin Red powder in PBS for 45 min and then were
rinsed with PBS solution before imaging under a fluores-
cence microscope (Zeiss Axio Observer Z1, Zeiss, USA).
All data were represented as mean &= SD. A one-way analy-
sis of variance (one-way ANOVA) and Tukey’s posthoc test
using GraphPad Prism software was applied. Significance
levels were set at p < .05.

Samizadeh et al.

3. Results and discussion

3.1 Determining the prepolymer structure and examin-
ing the interactions in scaffolds

Determining the structure of the synthesized polymer is one
of the most critical parts of this research. Using analyses
'H-NMR and "*C-NMR, the structure of the r-PGAZ-co-
PEG g can be easily determined. Accordingly, the results
of these tests are shown in Fig. 2. The chemical analysis of
the groups in PGAZ material was presented in Fig. 2 (A,C)
as follows:

'"H-NMR (499 MHz, DMSO) § 14.41 (d, ] = 13.9 Hz, 50H),
14.41 (d, J = 13.9 Hz, 39H), 5.28 (dd, J = 205.3, 167.2 Hz,
39H), 4.91 (d, J = 27.1 Hz, 8H), 4.97 - 4.74 (m, 14H), 4.97
—4.64 (m, 18H), 4.97 - 4.16 (m, 42H), 4.16 —3.76 (m, 52H),
3.61 (dd, J = 10.6, 5.3 Hz, 5H), 3.59 — 3.23 (m, 37H), 3.12
—1.97 (m, 80H), 1.48 (d, ] = 5.8 Hz, 77H), 1.23 (s, 121H).
I3C-NMR (126 MHz, dmso) & 41.15 — 40.45 (m), 40.29 (d,
J=19.2 Hz), 40.21 — 39.43 (m), 34.39 — 34.16 (m), 34.16 —
33.64 (m), 28.78 (d, J = 14.1 Hz), 24.97 — 24.26 (m).

In these results, the associated peaks of CH; for Azelaic
acid groups are clear (Fig. 2 (B,D)). The results analysis of
the results sample of PGAZ-co-PEG are as follows:
'H-NMR (499 MHz, DMSO) § 4.74 — 4.17 (m, 3H), 4.17
—3.17 (m, 231H), 3.71 — 3.17 (m, 212H), 3.71 — 2.79 (m,
207H), 2.36 —2.13 (m, 27H), 1.43 (dd, J = 55.8, 48.3 Hz,
29H), 1.24 (s, 42H).

I3C-NMR (126 MHz, dmso) § 174.91 (d, J = 3.5 Hz), 40.38
(s), 40.21 (s), 40.17 — 39.43 (m), 34.05 (s), 33.81 (s), 28.84
(t,J =11.6 Hz), 24.86 (d, J = 5.6 Hz).

The PEG’s groups have been appropriately placed in the
structure. The differences in the peaks between the PGAZ
and PGAZ-co-PEGog9 demonstrate the presence of PEG’s

A
T T T T T T T 1 f T T T T T T T 1
8 7 6 5 4 3 2 1 0 8 7 ] 5 4 3 2 1 0
ppm ppm
\
2.%0 I 20I 0 I 1 é{) ‘ 1 6 0 I 5‘0 ‘ CI) BID 7‘0 6‘0 5‘0 4:0 3‘0 2‘0

ppm

Figure 2. HNMR and CNMR of synthesized polymer: (A, C) PGAZ and (B, D) PGS-co-PEG .

2194-0509[https://doi.org/10.57647/pibm.2024.132401]


https://doi.org/10.57647/pibm.2024.132401

Samizadeh et al.

groups (Rostamian et al., 2020; Rostamian et al., 2022).

To better understand the interaction between the materials
used, Fig. 3 (A) initially shows the FTIR results from S1,
S2, and S3 samples. The spectrum of sample S1 showed
that the functional groups related to polyesters were visible
in this sample, and in sample S2, with the presence of 30%
by weight of PLA, very slight changes were seen in the
important groups of this sample. However, in sample S3,
with the presence of 5% by weight of Polythiophene, very
significant changes were seen in the spectrum of this sample.
This observation is related to the interaction of the sulfur
heterocyclic in Polythiophene with the hydrogen bonds in
the ester and hydroxyl groups in the polymer chain PGAZ-
c0-PEGjggo. The results of FTIR analysis between samples
in which the weight percentage of Polythiophene and n-
Fe,O3 varies were examined and presented in Fig. 3 (B).
Figure 3 (C) shows the X-ray analyses of all of the samples.
Based on the reported results, it can be seen that most of
the peaks in this analysis are visible at angles of 20° to 25°.
This behavior is also mainly related to PGAZ-co-PEGjqqo,
which, based on the results of previous reports, has shown
peaks in this region that are related to the crystal structures
in their polymeric families. The highest crystalline structure
is seen in S1, and the lowest crystallinity is seen in samples
2 and 3, which is due to the presence of Polythiophene and
Fe, O3 in it and the disruption of order in the base polymer.

— 81
—_—52
S3

I L T Ll T E T T T N T i T 4 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (Cm™)
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3.2 Microstructures, EDX, and mapping analysis

In Fig. 4, the microstructures of all of the prepared sam-
ples have been analyzed in two different magnifications.
In the pure sample (Fig. 4 (A,A")), it is observed that suit-
able pores have been created, a good three-dimensional
structure is seen in this sample, and the boundaries be-
tween the pores are completely defined and clear. In sample
S2, with the presence of 30% by weight of PLA, the three-
dimensional structures have slightly changed, and compared
to S1, the structural order in this sample has decreased
(Fig. 4 (B,B’)). Morphological images of sample S3 are
given in Fig. 4 (C,C'). In these images, it can be seen that
the presence of 5% by weight of Polythiophene has slightly
changed the structure of the sample, and particles can be
seen next to the walls of the pores, which are most likely re-
lated to this polymer material. In sample S4, both additives
exist together in equal proportions (5 wt.%), and their role
in the changes in the morphology of the sample can be seen
in Fig. 4 (D,D’).

In sample S5, the presence of Polythiophene is about twice
as high as n-Fe, O3, and morphological changes in this sam-
ple are shown in Fig. 4 (E,E/). In these figures, it can be seen
that the pore structures in this sample have been slightly
deformed and have become circular. In the morphology of
sample S6, the ratio of nanoparticles to Polythiophene is
higher, and it is also observed that the three-dimensional

—54
—83
S6

I T T g T " T T T ¥ T T T L 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (Cm™)

1000

800 +

600 4

4004

Intensity (%)

0

C

—351
— 82
— 33
— 54
— 85
— 86

LI L L L L L L L
10 15 20 25 30 35 40 45 50 55 60 65

2Theta (deg.)

Figure 3. FTIR and XRD analysis of studied samples.

2194-0509[https://doi.org/10.57647/pibm.2024.132401]


https://doi.org/10.57647/pibm.2024.132401

6/12 PIBM13 (2024)-132401

Samizadeh et al.

Figure 4. SEM analysis of studied samples at different magnifications: (A, A’) S1, (B, B’) S2, (C, C') S3, (D, D’) S4, (E, E’) S5 and (F, F') S6.

structure has become irregular and is similar to sample S5.
Perhaps the reason for this morphology is the increased hy-
drophilicity in these samples and better interaction between
polymer materials.

The dispersion of Polythiophene and Fe, O3 nanoparticles
within the 3D scaffolds was investigated using EDX and
mapping analysis, and their results are shown in Fig. 5 for
the samples specified. In sample S3, the dispersion of sulfur
atoms in the sample indicates that a relatively good inter-
action has been created between polymers Polythiophene
and PGAZ-co-PEG(og, which has been able to show this
proper dispersion. It was also observed in samples S4, S5,
and S6 that the dispersion of iron nanoparticles next to Poly-
thiophene was appropriate, and these atoms could be seen
everywhere in the sample, confirming the proper interac-
tion between the components and the appropriate mixing
process for making the samples.

3.3 Mechanical analysis

In this section, the mechanical analysis of all of the pre-
pared samples in dry and wet conditions was analyzed, and
their results have been presented in Fig. 6. In Fig. 6 (A),
strain-stress curves of samples in dry conditions were pre-
sented. In this figure, it can be seen that the mechanical
behavior of the samples can be divided into two categories
based on the location of sample S1. In almost all samples,
the mechanical behavior is below the curve of sample S1.
Based on this, it can be concluded that the addition of PLA
has reduced the mechanical properties of the sample. This
observation is likely due to the weak interaction between
the two primary materials used in this study (Hassanajili
et al., 2019; Wang et al., 2021; Davoodi et al., 2022).

Meanwhile, the mechanical behavior of sample S6 was in-
teresting. In this sample, the proportion of nanoparticles
was twice that of Polythiophene, which was able to provide
a better structure and increase the compressive strength of

the sample. This behavior can be partly attributed to the
three-dimensional structure of the scaffold in the SEM im-
ages.

The mechanical properties of prepared samples were also in-
vestigated in wet conditions, and their results are presented
in Fig. 6 (B). In this figure, the difference in mechanical
behavior between the samples and sample S1 has increased,
and sample S6 still has mechanical properties under these
conditions, which is due to the well-formed structure in
this sample. The modulus and compressive strength of the
samples in both dry and wet conditions are compared in
Fig. 6 (C,D). In the dry state, most of the compressive modu-
lus is related to samples S4 and S6, and overall, the compres-
sive modulus is higher for samples in which nanoparticles
and Polythiophene were used compared to other samples.
However, in the wet state, the opposite trend was observed
compared to the dry state. In this condition, the modulus
of samples S1 and S3 was higher than that of the other
samples. The compressive strength analysis of the samples
in wet and dry conditions is shown in Fig. 6 (D). In the
dry state, the compressive strength of the samples in which
the additive was used is higher. In wet conditions, these
samples also have higher compressive strength, indicating
structural strengthening of these samples.

3.4 Electrical conductivity

Electrical conductivity is a vital property for the investi-
gation properties of conductive scaffolds. The electrical
properties of all samples were examined, and their results
are presented in Table 2. Based on the data obtained, it is
clear that in sample number 3, the electrical conductivity
increased with the addition of Polythiophene. In sample
number 4, the electrical conductivity has improved with the
addition of iron nanoparticles. The reason for this result
could be due to the presence of iron nanoparticles and the
creation of a synergistic state between Polythiophene. It is
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Figure 6. Mechanical analysis of studied samples: Strain and stress
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Table 2. Electrical conductivity of studied samples.

Samples Specific resistance (£2/cm)
S1 3063052.8

S2 997589.8

S3 1702664.5

S4 2191408.2

S5 3907044.2

S6 4364309.9

observed that with increasing the weight percentage ratio of
Polythiophene to nanoparticles, there are no drastic changes
in the electrical conductivity of the scaffolds. This behavior
may be due to the presence of the nature of both additives
in the samples.

3.5 Degradation analysis

The results of the degradability test were performed for all
samples prepared in two conditions (pH = 7 and pH =
12), and their results over a period of 60 days are shown in
figure 7. In both situations, it has been determined that the
degradation rate in S1 is higher than in the other samples.
This analysis is also related to the PEG blocks present in
the polymer chain structure of this sample, which cause
interactions with ions that have a significant impact on the
destruction of ester bonds (Chen et al., 2010; Aghajan et
al., 2020; Sood et al., 2021). S6 also showed less degrada-
tion behavior in both cases, which is due to the presence
of twice the amount of iron nanoparticles compared to the
Polythiophene polymer. These particles, by creating an
interconnected structure, prevent the penetration of oxidiz-
ing agents into the polymer chains and, on the other hand,
reduce the degradation rate.

3.6 MTT, Alizarin Red, and H&E staining analysis

The results of the cytotoxicity test for all prepared samples
are given in figure 8 for the three selected times. In this fig-
ure, it can be seen that at 24 hours, the cytotoxicity behavior
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of the samples is not stable. After 48 hours, the behavior
becomes slightly more stable, and the samples containing
nanoparticles and Polythiophene show good behavior. After
72 hours, S6 showed less cytotoxicity compared to the other
samples. In this section, the amount of calcium pyrophos-
phate crystals was measured using the Alizarin red test, and
the morphology of cells on the surface of the scaffolds was
examined using the H&E analysis, and their results are also
presented in this figure.

The drug Simvastatin was loaded on samples S1 and S3,
and its effect was investigated in this section. Based on the
results shown in figure 8, it can be seen that the pure sample
showed a lower amount of calcium crystallinity than the
sample containing 5% by weight of Polythiophene. The
reason for this observation may be related to the greater
exchange of ions on the surface of scaffold S2, which leads
to better growth of the cells used and greater accumulation
of calcium on the surface of this sample (Mahdavi et al.,
2024). In these two samples, it can also be seen that scaffold
S2 also showed better behavior in the presence of the drug,
which is probably due to better interaction between the drug
and Polythiophene.

In sample number S4, 5% by weight of iron nanoparticles
was added to the scaffold along with Polythophene, and
the results showed that the presence of these two materials
together created a suitable structure and the ability of cal-
cium deposition in this sample was increased (Fig. 8 (C))
in compare with previous samples. Also, the presence of
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Figure 7. Degradation analysis for studied samples: (A) pH = 7 and (B) pH = 12.
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Figure 8. MTT, Alizarin Red and H&E for studied samples (A, A’) S1 and S1+Druge, (B, B’) S3 and S3+Drug, (C, C') S4 and S4+Drug and (D, D’) S6
and S6+Drug, H&E analysis (A”, A”) S1 and S1+Drug, (B”, B”") S3 and S3+Drug, (C”, C"") S4 and S4+Drug and (D", D"’) S6 and S6-+Drug.

the drug in this sample has covered a much larger surface
area of the sample with calcium crystals (Fig. 8 (C')). In
sample S6, the weight percentage of iron nanoparticles was
twice that of Polythiophene, which showed that it had a
very high impact on this test compared to other samples;
it can be seen that the area of colored areas in this sample
have increased (Fig. 8 (D)). Also, the presence of the drug
in this sample has shown greater effects compared to other
samples (Fig. 8 (D).

In the pure sample, it is observed that the morphology of
the cells is in good condition, and the level of collagen
produced in this sample is low (Fig. 8 (A”,A")). With the
presence of 5% by weight of Polythiophene and also the
drug in sample S2, the morphology of the cells is suitable,
and in this sample, the level of collagen prepared is better
than sample S1 (Fig. 8 (B”,B")). In sample S3, the pres-
ence of nanoparticles and Polythiophene had outstanding
effects on the cells, and in addition, the presence of the
drug also showed a positive impact on the formation of

cell morphology (Fig. 8 (C”,C")). In sample S6, with the
presence of more nanoparticles in the sample, there was a
slight decrease in cell morphology compared to sample S4,
and on the other hand, the presence of the drug also showed
slight effectiveness (Fig. 8 (D”,D")).

3.7 Cell attachments

In this section (Fig. 9), the number of cell adhesions on the
surface of selected scaffolds at 3, 5, and 7 days was pre-
sented, and the role of Polythiophene, n-Fe,O3, and drug on
cell adhesion was investigated. In the pure sample, it is ob-
served that the presence of the drug in this sample increases
the amount of cell interaction with the scaffold surface, and
on the other hand, proper adhesion is also observed between
the cell and the scaffold. Also, over several days, the amount
of cells has increased, which has shown the good cell growth
effect of this scaffold. In sample S3, the presence of Poly-
thiophene has demonstrated effects in the sample and has
created a high level of adhesion in the sample, which may
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Figure 9. SEM of cell attachment from scaffolds without and with drug at different times.

be due to better exchange of nutrients in this sample due to
the presence of the conductive polymer Polythiophene. On
the other hand, it is observed that the presence of the drug
in this sample has also shown a good role in cell adhesion
and growth and proliferation of cells over the specified pe-
riod. In sample S4, the presence of nanoparticles alongside
Polythiophene, with an equal weight percentage, has shown
a good role in the adhesion rate, and the drug has also had
sound effects on the growth and proliferation of cells. In
sample S6, as the weight percentage of iron nanoparticles
increased, the presence of cells on the scaffold increased,
and it was also observed that the role of the drug in this
sample became more pronounced and caused greater cell
proliferation in this sample (Golbaten-Mofrad et al., 2021;
Hosseini Chenani et al., 2021).

4. Conclusion

In this study, 3D scaffolds based on PGAZ-co-PEGggo
were prepared by combining materials PLA, Polythiophene,
and Fe; O3 as nanoparticles using the salt leaching method.
In the construction of 3D scaffolds, the weight percentage
ratio between PGAZ-co-PEGjgog0 and PLA was kept
constant (70/30), and the presence of Polythiophene and
n-Fe, O3 within the prepared samples was determined in the
different weight fractions. 'H-NMR and '3C-NMR were

used to prove the accurate synthesis of PGAZ-co-PEGjqqo,
and the results showed that the polycondensation method
successfully synthesized the original polymer used in this
study. Using a solution method and various materials,
different three-dimensional scaffolds were prepared in this
research, and a wide variety of tests were used to examine
the physical, mechanical, and biological properties of these
scaffolds. Using FTIR testing, it was determined that there
were relatively good interactions between the components
used in the scaffolds and that the ester groups created good
interactions with the active groups on the surface of the
nanoparticles and Polythiophene, which perhaps confirms
the good compatibility between these materials used in this
research.

The results of XRD analysis showed that a semi-crystalline
structure was observed in all samples, and mainly one type
of crystal structure was present. On the other hand, the
presence of additives in the samples severely weakened
the crystal structures. The microstructures in the prepared
samples were observed using SEM, and the results showed
that a good structure was mainly achieved within all
samples using the salt leaching process. The dispersion of
sulfur atoms and iron atoms, which was a measure of the
dispersion of Polythiophene materials and iron nanopar-
ticles within the prepared scaffolds, was investigated
using a mapping test, and the results showed that in any
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percentage combination between these two materials, the
dispersion of these particles within the prepared scaffolds
was completely optimal. In the dry state, the compressive
modulus of sample 1 and sample 3 is higher than the
other samples. The presence of nanoparticles along with
Polythiophene has reduced the compressive modulus of the
samples, which may be due to the creation of more porosity
in the samples. In wet conditions, sample number 6 has a
higher compressive modulus compared to other samples,
and its compressive modulus is even higher than in the
dry state, which may be due to the creation of a porous
structure in this sample and the placement of nanoparticles
and suitable Polythiophene polymer among the porous
structures of the sample. Also, the compressive strength
of the samples showed that sample number 6 had higher
compressive strength than all samples in both wet and dry
states. Electrical property testing also revealed that the
presence of Polythiophene and iron nanoparticles created a
good conductive structure in the scaffolds.

The contact angle test also showed that all samples
have suitable hydrophilicity, and the tendency to absorb
water is higher within all samples. Degradability tests
were conducted for all samples in both acid and alkaline
conditions over 60 days, and the results showed that sample
S1 had the highest rate of degradation. The presence of
Polythiophene and iron nanoparticles affected the rate
of degradation in the samples, and sample S6, which
has a higher percentage of nanoparticles, had the lowest
degradation rate in both conditions. Cytotoxicity tests were
performed on the samples over specific periods, and the
results showed that all samples showed good behavior over
48 and 72 hours. To see better effects on bone cell growth,
the drug Simvastatin was also used in some scaffolds,
and Alizarin Red and H&D tests were performed on the
samples, and it was found that samples containing 10%
by weight of iron nanoparticles and 5% by weight of
Polythiophene showed better results and on the other hand,
the drug also intensified the effects. Cell adhesion tests
were also performed on the specified scaffolds, and it was
observed that due to the appropriate hydrophilicity of the
scaffolds and the creation of relatively rough surfaces
on the scaffolds, the level of cell adhesion on them was
relevant, and the presence of the drug also enhanced this
adhesion.
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