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Abstract: In this study, the effect of the ratio of different components of the liquid phase on the properties of
polymethyl methacrylate bone cement was investigated. Polymethyl methacrylate microspheres were synthesized
through the emulsion method. Scanning electron microscope observations showed that microspheres with a size
of 20 microns were obtained. The optimized bone cement, in terms of mechanical strength and setting time, was
achieved by changing the molar ratio of methyl methacrylate (as monomer), benzoyl peroxide (as an initiator), and
methyl toluene (as an activator). The presence of benzoyl peroxide, methyl toluidine, and hydroquinone (as the
inhibitory agent) was confirmed by Fourier transform spectroscopy analysis. The setting time varied from 10
minutes to 24 hours, and the compressive strength and elastic modulus ranged from 7 to 60 MPa and 0.15 to 0.88
GPa, respectively. The results from thermometry analysis showed that the heat of reaction of the cements increased
upon increasing the molar ratio of benzoyl peroxide to methyl toluene. The phase analysis of the optimized bone
cement confirmed the presence of both amorphous and crystalline phases related to methyl methacrylate. Cell
studies showed that the cement was non-toxic and exhibited adequate fibroblast cell adhesion. According to the
results, the cement may be appropriate for the treatment of spinal damages, such as vetebroplasty and kyphoplasty.

https://doi.org/10.30501/jamt.2025.499806.1316 URL: https://www.jamt.ir/article_216549.html

1. INTRODUCTION

Nowadays, the use of different types of ceramic and
polymer bone cements to repair bone injuries is
expanding. Among these, methyl methacrylate-based
cements have many applications in repairing bone
damages in different areas of the body (Corbett et al.

2010).

In this research, the effect of the ratio of different
liquid phase components on the properties of polymethyl
methacrylate bone cement was investigated.

2. MATERIALS AND METHODS
After synthesizing the powder phase containing
polymethyl methacrylate microsphere by emulsion

method, the desired cement was produced through Figure 1. SEM observation of PMMA microspheres
changing the molar ratio of benzoyl peroxide, as an 8.5
initiator, and methyl toluidine, as an activator, in the 75
liquid phase. ~ 6.5 1
3. RESULTS AND DISCUSSION %55 -2
Scanning Electron Microscope (SEM) observations §§: :g
revealed the formation of microspheres with a size range £ 2'; 6
of 20 microns (Figure 1). 1';
Thermometry values indicated that the heat of (']‘
reaction of the cements increased upon increasing the 0 010203040506 07 08 09 1
molar ratio of benzoyl peroxide to methyl toluene. The Extension (mm)
compressive strength and elastic modulus ranged from 7
to 60 MPa and 0.15 to 0.88 GPa, respectively, as the Figure 2. Force-Strain curves of different types of PMMA
molar ratios were varied (Figure 2). cements

Please cite this article as: Nezafati, N., Hesaraki, S. & Borhan, Sh. (2024). The Role of Various Ratios of Liquid Phase Constituents on the Setting
Time And Strength of Polymethyl Methacrylate Bone Cement. Journal of Advanced Materials and Technologies, Vol. 13, No. 4, 1-14. [In Persian].
https://doi.org/10.30501/jamt.2025.499806.1316.

2783-0829/© 2025 The Author(s). Published by MERC.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/legalcode) BY



https://doi.org/10.30501/jamt.2025.499806.1316
https://en.merc.ac.ir/
https://doi.org/10.30501/jamt.2021.??????.????
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
http://journals.merc.ac.ir/
http://www.jamt.ir/
https://doi.org/10.30501/jamt.2025.499806.1316
https://www.jamt.ir/article_216549.html
https://orcid.org/0000-0002-2072-5012
https://orcid.org/0000-0001-9147-5850
https://orcid.org/0000-0002-1115-5193

2 N. Nezafati et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 13, No. 4, (Winter 2024), 1-14

The presence of benzoyl peroxide, methyl toluidine,
and hydroquinone, as the inhibitors in the liquid phase,
was confirmed by Fourier Transform Spectroscopic
Infrared (FTIR) analysis (Figure 3).
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Figure 3. FTIR diagrams of different liquid phases
0.5
Phase analysis confirmed the presence of amorphous
0 z !
| 3 7

and crystalline phases related to methyl methacrylate in
cement as well (Figure 4).

Days of Immersion

Figure 5. Fibroblast attachment and MMT assay of
PMMA cement

4, CONCLUSION
According to the obtained results, this type of cement has
the necessary potential to treat spinal repair.
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Abstract: In this research, Carbon Nanotubes (CNTSs) were incorporated into pure titanium to create a surface
nanocomposite using Friction Stir Processing (FSP) method. Initially, through various experiments, the desired
linear and rotational speeds were established (0=300 rpm, v=180 mm/min). Subsequently, different process passes
were conducted on pure titanium and the surface composite, which was fabricated using a fixed volume percentage
of 3.8% carbon nanotubes. The effect of this variable on the mechanical properties and microstructure of both pure
titanium and the surface composite was then investigated. The results showed that the optimal ultimate tensile
strength and hardness for the surface composite were achieved in the second pass, with values increasing to 512

Twinning, MPa and 265 Hv, respectively. In contrast, the ultimate tensile strength and hardness of pure titanium were

Surface Nano-composite,
Mechanical Properties

https://doi.org/10.30501/jamt.2025.486560.1311

measured at 390 MPa and 45 Hv, respectively. The findings indicated that friction stir processing did not have a
noticeable effect on the mechanical properties of pure titanium.

URL: https://www.jamt.ir/article_216721.html

1. INTRODUCTION

Friction Stir Processing (FSP), developed from
Friction  Stir Welding (FSW), enhances the
microstructure of pure metals and cast alloys. Research
indicates that FSP can completely refine the
microstructure of aluminum-silicon alloys, yielding a
uniform silicon distribution and an ultimate strength
increase of up to 30%. FSP is also used in producing
surface composites, such as the AZ series of magnesium
alloys reinforced with carbon nanotubes (Hosseini et al.,
2015). Further, the obtained results show that the number
of FSP cycles positively affects the distribution and
fragmentation of carbon nanotubes, improving both
mechanical properties and microstructure. This study
investigates the impact of cycle count on the
microstructure and mechanical properties of titanium-
carbon nanotube composites (Liu et al., 2014).

2. MATERIALS AND METHODS

The present study employs Friction Stir Processing
(FSP) to produce Ti/CNTs surface composites. The
processing parameters, including the number of passes,
are varied to investigate their effects on the
microstructure and mechanical properties of the
composite. The microstructure is characterized using
optical microscopy and scanning electron microscopy,
while the tensile testing and hardness testing were used
to evaluate the mechanical properties. Additionally, this
study employed the FSP to modify the microstructure and
mechanical properties of titanium and its composite with
carbon nanotubes. The processing involved multiple
passes, and the effects of each pass on the microstructure

and mechanical properties were examined.

3. RESULTS AND DISCUSSION

Friction Stir Processing (FSP) is an innovative
technique derived from Friction Stir Welding (FSW) that
aims to enhance the microstructure of metals and alloys.
Research indicates that FSP can significantly refine the
microstructure of aluminume-silicon alloys, resulting in
an approximate 30% increase in strength. Moreover, FSP
is effectively employed to develop surface composites,
such as magnesium-aluminum-zinc alloys reinforced
with carbon nanotubes. Studies have shown that
increasing the number of FSP processing cycles
improves the distribution and fragmentation of carbon
nanotubes within the matrix, leading to enhanced
mechanical properties (Zhang et al., 2008).

This study specifically investigates the impact of
varying the number of FSP cycles on the microstructure
and mechanical properties of titanium-carbon nanotube
composites. Titanium is renowned for its excellent
strength-to-weight ratio and corrosion resistance, making
it a valuable material in various applications, including
aerospace and biomedical fields. The incorporation of
carbon nanotubes into titanium matrices can further
improve mechanical properties such as strength,
ductility, and toughness (Kumar et al., 2008).

In this research, titanium-carbon nanotube
composites undergo multiple FSP cycles to assess how
these  cycles influence  their  microstructural
characteristics and mechanical performance. The process
involves using a rotating tool that generates frictional

Please cite this article as: Hakakzade, M., Jafarian, H., Eivani, A. & Seyedein, S. H. (2024) The Effect of the Number of Passes on the Microstructure
and Mechanical Properties of Ti/CNTs Surface Nanocomposite Produced by the Friction Stir Processing (FSP). Journal of Advanced Materials and
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heat, causing local melting and plastic deformation of the
material. This method enables the uniform distribution of
carbon nanotubes within the titanium matrix, which is
crucial for achieving optimal mechanical properties
(Fujii et al., 2010).

Preliminary results suggest that increasing the
number of FSP cycles leads to finer microstructures and
better dispersion of carbon nanotubes, hence improved
mechanical performance. The enhanced properties
observed in these composites indicate their potential for
use in demanding applications where high strength and
lightweight materials are essential (Rios et al., 2010).

In summary, this study highlights the effectiveness of
FSP in refining the microstructure of titanium-carbon
nanotube composites. Optimizing the number of
processing cycles promises significant improvements in
mechanical properties, thus paving the way for advanced
applications in various industries (Figure 1 and 2). The
findings underscore the importance of further research
into processing parameters to fully harness the benefits
of FSP for composite materials.

Ti
V=180mm/min-W=300rpm-CNTs-N=1
V=180mm/min-W=300rpm-CNTs-N=3
500 4 V=180mm/min-W=300rpm-CNTs-N=2
V=180mm/min-W=300rpm-nonCNTs

stress (MPa)

100 4 [

0

LA A e A g g e o g s paa )
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Figure 1. Stress-strain diagram with linear speed of 180
mm/min and rotational speed of 300 rpm and with different
number of passes of the friction mixing process

Ti

w=300mpm-v=180mm/min-nonCNTsN=3
w=300pm-v=180mm/min-nonCNTs-N=2
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e —
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Figure 2. Stress-strain diagram of surface composite with
different number of passes of friction mixing process

4. CONCLUSION

The study concludes that the number of passes is a
critical parameter in the friction stir processing of
Ti/CNT surface composites. An increase in the number
of passes leads to a decrease in grain size and an
improvement in the distribution of CNTSs, resulting in

enhanced mechanical properties. Furthermore, friction
stir processing proves to be an effective method for
improving the mechanical properties of titanium and its
composite with carbon nanotubes. This process
facilitates the formation of a fine-grained microstructure
and a more uniform distribution of carbon nanotubes,
which leads to improved strength and hardness. The
study also recommends using simulation software, such
as Deform, to validate the initial experimental data. It
also suggests that further research should investigate the
impact of friction stir processing variables, such as linear
speed, rotational speed, and number of passes on the
mechanical properties and microstructure of titanium-
based surface nanocomposites.
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Abstract: A binder-free hybrid electrode composed of reduced graphene oxide (rGO) and molybdenum oxide
(Mo0Os3) was prepared using hydrothermal and electrodeposition processes. First, rGO nanosheets were deposited
hydrothermally, followed by the electrochemical deposition of MoO3. The structural and morphological
properties of MoO3; and rGO/MoO; electrodes were examined using XRD and FESEM. The findings indicated
that a-MoO; particles were effectively deposited onto the surface of reduced graphene oxide (rGO) nanosheets,
resulting in a porous structure ideal for energy storage applications. The pseudocapacitive characteristics of the
electrodes were assessed through CV, GCD, and EIS techniques in potassium hydroxide aqueous electrolyte.
The as-fabricated pure and hybrid electrodes exhibited specific capacitance values of 563 and 1021 F g!,
respectively, when tested at a galvanostatic discharge rate of 1 A g'. Additionally, the rGO/MoO; hybrid
electrode demonstrated excellent cyclic stability, achieving a capacitance retention of 84.7% after 2000 cycles

URL.: https://www.jamt.ir/article 216424.html

1. INTRODUCTION

Supercapacitors have garnered significant interest
from both researchers and industry professionals, thanks
to their impressive power density, extended lifespan,
biocompatibility, and reliable performance. These
attributes make them a compelling option among the
diverse range of energy storage systems available today
(Oyedotun & Mamba, 2024).

Supercapacitors are categorized into two main types:
faradic pseudocapacitors and non-faradic
electrochemical double layer capacitors (EDLC). The
electrodes of EDLCs are composed of various carbon
materials that possess excellent electrical conductivity
and large surface area, including graphene, carbon
nanotubes, and activated carbon. In  these
supercapacitors, no faradaic reactions take place. In
contrast, pseudocapacitors utilize various conductive
polymers (including polythiophene, polypyrrole, and
polyaniline) and metal oxides (such as MnO,, NiO,
Co0304, M00O3) as their electroactive materials. They store
electric charge through reversible faradaic reactions
occurring at the interface of the electrolyte and electrode
(Subramaniyan et al., 2025; Shahrokhian et al., 2018).
Among the diverse range of metal oxides, Molybdenum
oxide (MoQg) is emerging as a promising active material
for supercapacitors, thanks to its affordability, non-toxic
nature, and eco-friendly characteristics. Hexavalent
molybdenum oxide exists in three polymorphic forms:

hexagonal (h-MoOz), monoclinic (m-MoOgz), and
orthorhombic (a-MoQs3). Although a-MoOs; offers
significant advantages, it also has drawbacks, including
low electrical conductivity, limited current capacity, and
short lifespan, which have restricted its commercial use.
To address these challenges, molybdenum oxide is
typically combined with carbon-based materials like
carbon nanotubes or graphene to create hybrid electrodes
that offer high supercapacitor efficiency, improved
capacity, and extended cycle life (Askari et al., 2024).

In this study, a highly efficient two-step technique
was applied to prepare the reduced graphene
oxide/molybdenum oxide (rGO/Mo0s) hybrid electrode.
A conductive and porous rGO framework was first
formed onto the Ni current collector via the hydrothermal
method. Subsequently, molybdenum oxide particles were
deposited onto the graphene nanosheets using the
cathodic  galvanostatic electrochemical deposition
technique.

2.MATERIALS AND METHODS

The rGO nanosheets were uniformly and seamlessly
coated onto the Ni surface using the hydrothermal
procedure. To achieve this, 0.2 g of acid-washed rGO
was dissolved in 100 ml of deionized water, and a
controlled amount of dilute KOH solution was gradually
added until the pH of the suspension reached
approximately 8.5. The prepared suspension was then
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heated for 48 hours at 150°C in an autoclave, with nickel
foam included to facilitate the deposition of rGO onto its
surface. In the subsequent step, molybdenum oxide
particles were uniformly coated onto the rGO framework
using a cathodic electrodeposition method. To prepare
the electrolyte, 0.15 g of sodium acetate, 0.045 g of
Triton X-100, and 0.75 g of sodium molybdate were
carefully dissolved in 30 ml of deionized water. The pH
of the as-prepared aqueous solution was adjusted to 4 by
adding dilute sulfuric acid. Electrochemical deposition
was performed at 5 mA cm? for 10 minutes.
Subsequently, the electrodes were calcined at 300°C for
2 hours. The morphology, structure, and supercapacitor
characteristics of the as-prepared electrodes were
thoroughly analyzed using various analytical techniques.

3. RESULTS AND DISCUSSION
3.1. Characterization of the fabricated electrodes
The XRD patterns of the nickel foam substrate, pure

MoO:s electrode, and rGO/MoOs hybrid electrode are
illustrated in Figure 1. As observed, aside from three
intense peaks corresponding to Ni current collector, the
remaining peaks are attributed to the orthorhombic
structure of a-MoO3 (JCPDS. No. 89-5108).

The morphology of the rGO/MoOs electrode was

analyzed using FESEM, the results of which are
presented in Figure 2. It can be seen that molybdenum
oxide particles are electrodeposited onto the graphene
matrix, forming a porous hybrid structure. The graphene
scaffold, known for its high electronic conductivity,
enhances the pseudocapacitive performance of the MoO3
active material through this hybrid microstructure.

3.2. Electrochemical performance of the prepared
electrodes

Figure 3(a) presents the voltammograms of MoOj3 and
rGO/MoOs3 electrodes at 20 mV s™'. As observed, both
electrodes exhibit a pair of oxidation/reduction peaks,
indicating a faradic reaction mechanism. Additionally,
the hybrid electrode shows a significantly larger area
under its CV curve, reflecting its higher capacitance. This
enhanced capacitance suggests that the rGO support
framework facilitates electron and ion movement within
the electrode structure.

As shown in Figure 3(b), the rGO/MoOs3 electrode
exhibits high specific capacitances of 1021, 979, 892, and
833 F g! at discharge rates of 1, 2, 5, and 10 A g,
respectively, which are significantly higher than those of
the pure MoO:s electrode (563, 526, 467, and 433 F g™!).

Intensity (a.u.)

¥ = a-MoOs

Ni == Nickel foam

MoOs/rGO
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Figure 1. XRD patterns of the bare nickel foam, MoOz and rGO/MoO3 electrodes.
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Figure 3. (a) voltammograms of the molybdenum oxide and reduced graphene oxide/molybdenum oxide electrodes at 20 mV s%; (b)
Specific capacitances of the molybdenum oxide and reduced graphene oxide/molybdenum oxide electrodes at various current rates.

4. CONCLUSION

In conclusion, the binder-free rGO/MoQO; hybrid
electrode was synthesized through a two-step approach,
which included the hydrothermal deposition of rGO
followed by the electrodeposition of molybdenum oxide
particles. The influence of the three-dimensional rGO
conductive network on the morphology and
pseudocapacitive properties of the molybdenum oxide
electrode was systematically investigated. The hybrid
electrode shows a significantly high capacitance of 1021
Fg'atl A g, exceptional cycling performance (with
84.7% capacity retention after 2000 cycles), and
enhanced discharge rate capability (maintaining 81.6%
capacity retention despite a 10-fold increase in discharge
rate).
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Abstract: The wound healing process consists of four stages: hemostasis, inflammation, proliferation, and
remodeling. Many wound dressings are designed to enhance the body’s ability to close wounds and restore the
function of damaged tissues. Recently, pectin has been utilized for various biomedical applications, including
wound healing, due to its simple gel-forming mechanism and cell compatibility. The hydrophilic pectin particles
in the dressing interact with wound exudate to form a soft gel layer on the wound bed, effectively absorbing

@i{‘ﬁ’gﬁigsmg, exudates. Additionally, the acidic environment created by the dissolution of pectin may serve as a barrier against
Pectin, bacteria and viruses. This study reviews recent research on pectin for biomedical applications, extending beyond
Hydrogel, traditional uses in food or pharmaceuticals. It discusses the structure of pectin and extraction methods, focusing
Nanofibers on the polysaccharide properties that can optimize gels for specific applications, thereby playing a crucial role in

its biomedical use. Various crosslinking methods for pectin structures in medical applications are introduced, along
with their respective advantages and disadvantages. The role of electrospun pectin fibers in wound healing

applications is also specifically addressed.
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1. INTRODUCTION

The skin acts as a critical protective barrier against
environmental threats such as heat, injury, and infections.
Severe skin damage, resulting from burns or certain
diseases, can lead to life-threatening complications
(Nourmohammadi et al., 2020; Zargar et al., 2016).
Wounds disrupt this barrier, allowing bacteria and other
pathogens to penetrate, which makes wound care
essential to prevent infection (Abbas et al., 2019;
Venkataprasanna et al., 2020). Given the complex
healing process, effective wound management is vital for
promoting recovery. lIdeal wound dressings should
provide a moist environment, allow oxygen permeability,
minimize pain during removal, reduce scarring, and
enable the delivery of bioactive agents to accelerate
healing (Ghalei et al., 2018; Mirzababaeiy et al., 2018).
Polysaccharides are particularly promising for wound
dressings due to their natural bioactivity,
biocompatibility, biodegradability, and affordability
(Sanjarnia et al., 2023). Their modifiable functional
groups allow for easy chemical alterations, enabling a
range of properties; for instance, they can be
carboxylated or functionalized with aldehyde or amine
groups (Jelkmann et al., 2018; Khodaei et al., 2023;
Shahriarpanah et al., 2016). Polysaccharides such as
chitosan, starch, alginate, and pectin have shown
promising results in wound healing applications (Chogan
et al., 2020; Davydova et al., 2024; Hadisi et al., 2018;
Kheradvar et al., 2018; Sanjarnia et al., 2023). Among
these, pectin stands out for its low cost, non-toxic nature,
and renewable sources, such as citrus peels and apple
pomace. Its anionic structure, composed of smooth

homogalacturonan regions and hairy
rhamnogalacturonan domains, enhances cell signaling,
adhesion, proliferation, and differentiation, making it
suitable for biomedical applications, especially in wound
repair (Kiadeh et al., 2022; Munarin et al., 2012). This
study aims to review pectin’s structure, crosslinking
techniques, and its potential as a natural polysaccharide
in wound healing.

2. WOUND DRESSINGS BASED ON PECTIN

Pectin has been explored in wound dressings
primarily as hydrogels and electrospun fibers. Pectin-
based hydrogels, made from a natural, biocompatible
polysaccharide, form three-dimensional, crosslinked
networks capable of absorbing and retaining substantial
water while maintaining structural integrity (Tortorella et
al., 2021). The molecular weight and esterification of
pectin influence the gel's properties, with additional
factors like temperature, pH, and cations affecting
gelation. Crosslinking methods, such as physical,
chemical, photochemical, and enzymatic, are employed
to enhance the properties of pectin hydrogels for diverse
applications (Lofgren et al., 2005).

Electrospinning, a technique that uses high-voltage
electric fields to create polymer fibers, enables the
production of nanofibers with diameters ranging from
nanometers to micrometers (Lofgren et al., 2005).
Electrospun pectin  fibers resemble the skin’s
extracellular matrix, supporting cell adhesion and
proliferation and thereby promoting tissue regeneration.
Their porous structure allows for nutrient and gas
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exchange and prevents bacterial contamination
(Augustine et al., 2020; Yuan et al., 2018). Additionally,
bioactive molecules can be incorporated to aid healing.
However, pure pectin’s low viscoelasticity complicates
electrospinning, so it is often blended with synthetic
polymers like polyethylene oxide to create stable
nanofibers (Akinalan Balik et al., 2019). Despite these
challenges, pectin-based nanofibers hold significant
potential for the development of advanced wound
dressings.

3. CONCLUSION

In this article, several applications of the well-known
polysaccharide pectin in wound dressings are introduced.
To this end, the chemical and structural properties of
pectin, along with its sources and extraction methods,
were discussed to identify the properties that influence
gel formation, particularly those attractive for biomedical
uses like wound healing. The inherent properties of
pectin offer multiple benefits for wound dressings. For
example, its hydrophilicity enables it to absorb wound
exudates, while its ability to maintain an acidic
environment can inhibit bacterial growth. Additionally,
pectin’s capacity to bind active molecules, such as drugs
or growth factors, aids in wound recovery. The growing
body of research on pectin hydrogels and nanofibers for
wound repair highlights its potential as a versatile
biomaterial, suggesting even greater promise for future
biomedical applications.
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Abstract Pancreatic cancer exhibits a high mortality rate globally, and numerous research efforts have been
directed toward treating this disease. Gemcitabine is considered one of the most efficacious pharmacological agents
for the treatment of this disease. However, this drug is characterized by its short half-life and development of
resistance over time. To enhance the efficacy of this drug, it is imperative to utilize a carrier and concurrently
administer another drug, Curcumin, to augment its effect. The implementation of advanced drug delivery systems
can effectively address this challenge. For this purpose, a niosomal vesicle system was employed to simultaneously
encapsulate both drugs. Various assays were conducted to design optimal and engineered systems. The results
demonstrated that the optimal lipid-to-drug ratio was 20. Furthermore, the optimal sonication time was determined
to be approximately 24 minutes, yieldeding niosomes with a diameter of 241 nm, suitable for passing through the
intercellular pores of cancer cells. FESEM images also confirmed the semi-sphericity and formation of vesicles.
Through optimization of the effective parameters in the synthesis process, the encapsulation efficiency for
Curcumin reached 93%, while that for Gemcitabine reached 65%. The drug release rate after 48 h of co-
encapsulation was 38% for Gemcitabine and 13.5% for Curcumin. The results of this study indicate that the
niosomal drug delivery system with simultaneous loading of Gemcitabine and Curcumin is suitable for use in

cancer chemotherapy.
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1. INTRODUCTION

Pancreatic cancer arises when cells in the pancreas
undergo uncontrolled proliferation, resulting in the
formation of a neoplastic mass with the potential to
metastasize to other anatomical sites. Nanotechnology
has been developed to fight and defeat cancer (Kassem et
al., 2017). One method that has garnered significant
attention in recent years is drug delivery to tumors by
encapsulating the drug in a biocompatible carrier and
delivering it to the site of the cancerous tumor (Kheiri
2014). Nanoparticles utilized as drug carriers present a
novel approach to drug delivery for cancer cells by
penetrating the capillaries of the cancer mass, which
exhibit porosities ranging from 100 to 1000 nm. This
methodology facilitates the delivery of a high
concentration of the therapeutic agent specifically to
neoplastic cells while minimizing its deleterious effects
on healthy tissues. One type of nanoparticles used for
targeted drug delivery is niosomal vesicles. Niosomes are
biocompatible spherical systems composed of non-ionic
surfactants and, due to their nature, can entrap
hydrophilic and hydrophobic drugs. They can also entrap
various types of drugs, hormones, genes, proteins,
peptides, and  vaccines.  Gemcitabine  (2,2-
difluorodeoxycytidine) is a nucleoside analog that is
considered the primary treatment modality for pancreatic
cancer (Yang et al., 2018). This pharmaceutical agent has

demonstrated antineoplastic efficacy in treating breast,
colon, and bladder malignancies (Parsian et al., 2016).
Low-molecular-weight Gemcitabine is a hydrophilic
drug with a short plasma half-life that cannot cross the
cell membrane through an active diffusion mechanism
due to its hydrophilic nature. Therefore, it must be used
in clinical applications by binding to an agent or being
loaded in a carrier to protect it from plasma degradation
and overcome drug resistance, thereby increasing its
anticancer efficacy (Khoury et al., 2007; Parsian et al.,
2016). In pancreatic cancer, resistance to Gemcitabine
increases over time. Thus, an agent that can enhance the
efficacy of Gemcitabine and overcome chemoresistance
in pancreatic cancer treatment is needed. Evidence
suggests that Curcumin can solve this problem (Mathew
& Hsu, 2018). Curcumin (difluoromethane) is an herbal
medicine and the main ingredient extracted from the
rhizome (underground stem oil) of turmeric, accounting
for 77% of the Curcuminoids in turmeric (Mathew &
Hsu, 2018). Curcumin is a hydrophobic polyphenolic
compound that has demonstrated high efficacy against
many cancer cells, including breast, prostate, bone, lung,
gastrointestinal, and especially pancreatic cancer (Bisht
et al., 2007). Due to its highly hydrophobic nature,
Curcumin is unable to reach the target cell on its own. In
fact, due to its short lifespan in serum, it does not have
time to activate its mechanism of action. Therefore, a
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carrier is needed to protect Curcumin from existing
metabolites, enhance its hydrophilicity, facilitate its
transport, and deliver it to the targeted cancer cells.

The results showed that Curcumin enhanced the
antitumor effects of Gemcitabine in pancreatic cancer
cells (Mathew & Hsu, 2018). Consequently, the
combination therapy of Gemcitabine and Curcumin is not
only safe but also exhibits a high response rate in the
treatment of advanced pancreatic cancer. Notably,
Curcumin increases the median survival of patients with
Gemcitabine-resistant pancreatic cancer (Ali et al., 2010;
Pastorelli et al., 2018). The combination of these two
drugs reduces tumor growth and exhibits significant anti-
inflammatory effects, proving to be much more effective
than either drug alone. Therefore, we aimed to utilize the
bilayer capability of the niosomes and the possibility of
simultaneously loading two drugs into them to
encapsulate Gemcitabine and Curcumin together,
designing an engineered system.

2. MATERIALS AND METHODS

To prepare niosomes in this study, Span 60, Tween
61, and cholesterol were used in a ratio of 0.9:0.1:1,
respectively (Hood et al., 2007).

First, the niosome components, including surfactants
and cholesterol, were weighed in a 1:1 ratio, added
separately to chloroform solvent with a lipid
concentration of 0.02 M, and placed on a magnetic stirrer
for 30 minutes. All samples were then combined. To
remove the solvent, a rotary evaporator was used for 40-
60 minutes at 150 rpm and 65 °C. A quantity of phosphate
buffered saline was added to this container containing the
lipid bilayer, and the concentration reached to 0.01 M. To
homogenize the niosome particles, the sample was placed
in a bath sonicator (CODYSON Digital Ultrasonic
Cleaner, CD-4820, China) tank at 30 °C for 24 min, with
a power of 170 Watts and frequency of 35 KHz (Hood et
al., 2007). Preparation of drug-loaded niosomes is not
significantly different from that of drug-free niosomes.
The hydrophobic drug was dissolved in the
corresponding solvent and added to the niosomes during
the pre-solvent evaporation step, where the solvent was
removed using a rotary evaporator. The hydrophilic drug
was added to the lipid content of the niosomes during the
water-coating step (Sharma et al., 2015).The lipid-to-
drug (L/D) ratio was set to 20, and 3.4 mg of curcumin
drug was dissolved in ethanol and added to the niosomes
in chloroform. Then, 1.3 mg of gemcitabine drug was
dissolved in ethanol for 24 hours (Yang et al., 2018),
added once in the lipid bilayer formation step, and again
dissolved in phosphate-buffered saline before being
added during the water-coating step (Xu et al., 2014).

3. RESULTS AND DISCUSSION

As shown in Figure 1, the average particle size of
empty niosomes was 296.93 nm, while that of drug-
loaded niosomes was 315.02 nm. Of note, the
Polydispersion Index (PDI) was 0.2 in the first case and
0.3 in the second case. A PDI value of approximately 0.2
indicates a narrow particle size distribution curve
(Tavano et al., 2013). The size of the drug-loaded
particles was slightly larger than that of the drug-free
niosomes, likely due to the increase in the volume of the
lipid bilayer in the presence of the drug.

(a) ) (b)
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Figure 1. DLS images of empty niosomes (left image) and
drug loaded niosomes (right image).

The FESEM (Seron Technology, AlS-2100, Korea)
images of the morphology of the niosomes are shown in
Figure 2. The images showed that the prepared niosomes
were semi-spherical. Performing this test requires some
precautions, such as placing the sample in a freeze dryer
(Alpha 1-2 LD Plus, Martin-Christ, Germany).
Therefore, it is natural for the particles to be positioned
next to each other with a much smaller distance when the
solvent is removed, resulting in a powder form. The
average particle size was calculated using Imagel
software as 115.49 nm in the right image and 186.25 nm
in the left image. The difference between these values
and the average size obtained from Dynamic Light
Scattering (DLS) (Zetasizer Nano ZS, model 3000HAs,
Malvern, UK) test was due to elimination of the aqueous
environment. The particles in the aqueous environment
become somewhat larger due to water coverage. Given
that same conditions exist in the body, the sizes obtained
from the DLS test should considered more reliable.

Figure 2. Morphological images from FESEM. Niosomes
without drug (right image) and niosomes containing drug (left
image).

The optimal sonication time was determined to be 24
minutes. By observing the morphological images of the
samples, as shown in Figure 3, it is evident that within 40
minutes, the niosomal vesicles have collapsed.
Therefore, it can be concluded that a longer sonication
time does not further reduce the particle size. Instead, the
stress resulting from mechanical energy and the heat
generated by ultrasonic waves due to prolonged
sonication cause the fusion of the niosomal particle
boundaries. The loading rate of Curcumin alone was
approximately 73%, and when co-loaded with
Gemcitabine, it increased up to approximately 93%. In
addition, the loading rate of Gemcitabine in the water-
coating stage was 40%, in the lipid layer formation stage
was approximately 64%, and when co-loaded with
Curcumin, it was approximately 65%. As observed, the
individual drugs have a lower loading percentage than
when both drugs are loaded simultaneously, indicating
the effect of their interaction.
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Figure 3. Morphological images obtained from sonication
of niosomes particles at 8 minutes (top right), 24 minutes (top
left), and 40 minutes (bottom).

The entrapment rate of Curcumin was investigated
with three different lipid-to-drug ratios. For a lipid-to-
drug ratio of 10, the loading rate was about 73%; for a
ratio of 20, the loading rate was about 91%; and for a ratio
of 40, it increased up to 95%.

According to the diagram in Figure 4, Curcumin has
a slower release rate than Gemcitabine due to its
hydrophobic nature. For this reason, 38% of Gemcitabine
was released within 48 h, while only 13.5% of Curcumin
was released during the same period. It is important to
note that the release duration of Curcumin should be
longer than that of Gemcitabine because Curcumin is
required for its effectiveness (Pastorelli et al., 2018).

¢ Curcumin = Gemcitabine

Cumulative Release

0 20 40 60
Time (Hour)

Figure 4. Drug release diagram in co-loading of Curcumin
(blue) and Gemcitabine (red).

4. CONCLUSION

The effect of sonication time on the particle
morphology and size was investigated. It was observed
that increasing the sonication time did not affect particle
size; however, the physical energy from ultrasonic waves
and the heat generated from the energy conversion of
these waves had an adverse effect on the shape of the
niosome vesicles, causing them to fuse and their
boundaries to collapse into each other. A duration of 24
min was selected as the optimal time for this step.

Then, the effect of increasing the percentage of
cholesterol on the loading rate of Curcumin was
investigated. An increase in loading was observed due to
the hydrophobic property of this drug. However, despite
the advantage of increasing drug accumulation in

niosomes, the toxicity caused by the system’s
components is not negligible. To deliver the same
amount of drug, a higher content of niosomes than the
drug itself would be required, which, in addition to not
being worth the toxicity caused by the system’s
components, is not cost-effective.

Since the targeting mechanism in this system is
passive and requires an appropriate particle size in the
range of 100-800 nm, we were able to prepare particles
with dimensions of 296 nm, which are suitable for
passive tumor targeting.

To evaluate the effect of the hydrophilic drug loading
method on the loading percentage and reduction in the
release rate, Gemcitabine was stored in niosomes using
two different methods. The loading percentages of this
drug in the two cases were significantly different_ 40%
in the first case and 64% in the second case. This
difference was related to the location of Gemcitabine in
the niosomes layers. According to the findings, drug
release was faster in the first case and slower in the
second, which is attributed to the drug being trapped
within the lipid layer.

Subsequently, according to the desired outcome of
the loading method, both drugs were dissolved in an
organic solvent and loaded simultaneously in a passive
manner. The percentage of drug loading and their release
process indicated that the loading percentage was higher
when both drugs were loaded together in the system
compared to when they were loaded separately. The
difference in the release process also depended on the
degree of drug hydrophilicity. Due to its higher
hydrophobicity compared to Gemcitabine, Curcumin
exhibited a much slower release process. Within 48
hours, 13.25% of the Curcumin drug was released,
compared to 38% of the Gemcitabine drug.
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Abstract In this study, gelatin/chitosan hydrogels were synthesized using polymer casting and freeze-drying
techniques. The effects of varying concentrations of hydroxyapatite (HA) particles and carbon nanotubes (CNTSs)
on the mechanical and biological properties of the scaffolds were investigated. Scanning Electron Microscopy
(SEM) images showed that increasing the concentrations of HA and CNTSs resulted in a reduction of the average
pore size from 221 + 5.53 um to 80 + 2 pm and 144 + 3.61 pum, respectively. Water absorption capacity decreased
from 2516% to 1367% and 1509% upon increasing HA and CNT content, respectively. Furthermore, the
degradation rate of the scaffolds under in vitro conditions was reduced followed by the addition of nanoparticles.
Compressive strength tests revealed that the Young’s modulus increased from 1.09 + 0.05 MPa up to 4.92 + 0.22

MPa and 2.90 + 0.13 MPa as the HA and CNT concentrations increased, respectively. These findings suggest that
gelatin/chitosan hydrogels containing HA particles and CNTs exhibit desirable microstructural properties,
including uniform distribution of interconnected pores, enhanced swelling capacity, and improved mechanical
performance, making them promising candidates for tissue engineering applications.
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1. INTRODUCTION

Hydrogels have garnered significant attention as
scaffolds for tissue engineering due to their structural
similarity to the extracellular matrix, biodegradability,
good  stability, hydrophilicity, high  porosity,
interconnected pores, high swelling capacity, and ability
to retain large amounts of water (Hafezi et al., 2021; Tran
et al., 2020). Among natural polymers, gelatin and
chitosan are widely employed in tissue engineering
owing to their biocompatibility and biodegradability. The
mechanical properties and stability of chitosan/gelatin
scaffolds can be enhanced by introducing crosslinked
networks or incorporating inorganic particles such as
hydroxyapatite and carbon-based reinforcements
(Moshayedi et al., 2021). In this study, the effects of
adding varying amounts of hydroxyapatite particles and
Multi-Walled Carbon Nanotubes (MWCNTSs) on the
mechanical and biological properties of gelatin/chitosan
polymer blends were investigated.

2. MATERIALS AND METHODS

Hydroxyapatite (HA) powder was synthesized using
calcium nitrate tetrahydrate, di-ammonium hydrogen
phosphate, and ammonia (Merck, Germany). Porcine
skin gelatin (Gel) (Bloom: 90-130) and medium
molecular weight chitosan (Cs) (75-85 % deacetylation,
Sigma-Aldrich, Germany) were used, with acetic acid as
the solvent. Glutaraldehyde (GA) (MW:100.12 g/mol,
Merck, Germany) served as a crosslinker. Multi-walled
carbon nanotubes (MWCNTSs) (20-30 nm, Tamad Kala,

Iran) and Phosphate-Buffered Saline (PBS) tablets
(Tamad Kala, Iran) were also utilized.

2.1. Hydroxyapatite Synthesis

To produce approximately 5/5 + 0/5 g of HA, calcium
nitrate tetrahydrate (12 g) was dissolved in 175 mL of
deionized water, while di-ammonium hydrogen
phosphate (4 g) was dissolved in 125 mL of deionized
water under stirring (VS-130SH, Vison Scientific,
Korea) at an optimal speed of 500 rpm. The phosphate
solution was gradually added dropwise to the calcium
solution. The pH was initially ~6 and was adjusted to 10—
11 using ammonia. The precipitate was dried at 75°C for
90 minutes, washed thoroughly using a vacuum pump
(JP-40V, Kawaki, Taiwan) to remove residual ammonia,
and dried again at 75 °C for 24 hours. The dried
precipitate was ground using an agate mortar and
calcined at 600 °C (heating rate: 5 °C/min) in a furnace
(F11L, AZAR, Iran) to obtain the final HA powder.

2.2. Functionalization of Multi-Walled Carbon
Nanotubes (fF-MWCNTS)

MWCNTSs were functionalized using a 1:3 mixture of
65 % nitric acid and 94 % sulfuric acid. One gram of
MWCNTs was stirred at 600 rpm (VS-130SH, Vison
Scientific, Korea) at 40-60 °C for 24 hours, and then
ultrasonicated (3200, BENDELINE, Germany) for 2
hours to prevent agglomeration. After filtration and
washing to neutral pH, the nanotubes were dried at 60°C
for 24 hours (Shimaz, Iran). Functionalization enhanced
oxidation, interfacial bonding, and dispersion. Followed
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by washing to neutral pH, the nanotubes were dried at 60
°C for 24 hours (Shimaz, Iran).

2.3. HA and -MWCNT Dispersion

HA powder was dispersed in deionized water at
concentrations of 1 %, 2 %, and 3 % by weight, stirred at
500 rpm (VS-130SH, Vison Scientific, Korea) for 60
minutes and sonicated for 30 minutes (Model 3200,
BENDELINE, Germany). f-MWCNTSs were dispersed in
deionized water at 0.2 %, 0.3 %, and 0.4 % by weight,
stirred at 600 rpm for 4 hours and then sonicated for 2
hours.

2.4. Fabrication of gelatin/chitosan Composite
Hydrogels

Chitosan and gelatin were dissolved in 1 % acetic acid
and mixed in a 1:4 ratio. HA suspension (1 %, 2 %, 3 %)
and -MWCNT suspension (0.2 %, 0.3 %, 0.4 %) were
added. The mixture was dispersed by magnetic stirring at
500 rpm (VS-130SH, Vison Scientific, Korea) and
sonication for 30 minutes. Glutaraldehyde (25 %) was
diluted to 0.25 % and added at 3 % by volume based on
total weight. The mixture was cast into molds,
refrigerated, frozen, and freeze-dried (Model 10, Pishtaz
Equipment Sazan Co., lIran) for 34 hours. Table 1
presents the naming convention for the hydrogels.

Table 1. Sample codes and weight percentages* of
components.

Sample code | Cs:Gel HA CNTs GA
(Wt %) | (Wwt%) | (wt%)
CG 1:4 1 0/2 3
CG-HA2 1:4 2 0/2 3
CG-HA3 1:4 3 0/2 3
CG-CNTO0/3 1:4 1 0/3 3
CG-CNTO0/4 1:4 1 0/4 3

* The weight percentages were determined by dissolving the specified
amount of each component in a solvent, calculated based on the weight
of the component relative to the total weight of the mixture

2.5. Characterization of hydrogels

The microstructure of the samples was analyzed using
SEM (VEGA-ll, TESCAN, Czech Republic).
Compressive mechanical properties, swelling behavior,
biodegradation, and cytotoxicity were also assessed in
this study. Compressive strength was then determined
using a uniaxial compressive testing machine (DBBP-50,
Bong Shin, Korea).

3. RESULTS AND DISCUSSION

In terms of mechanical properties, the results
indicated that increasing the amounts of hydroxyapatite
and MWCNTSs significantly enhanced the Young’s
modulus, thereby improving the compressive mechanical
properties of the composite hydrogels (Figure 1).

The SEM images and pore size distribution of
hydrogels with varying HA and f-MWCNTs
concentrations are presented in Figure 2. The average
pore sizes of the scaffolds decreased upon increasing HA
concentrations, from 221 + 5.53 um (CG) to 117 + 2.93
(CG-HA2) and 80 + 2 pm (CG-HAZ3), indicating a denser
and more stable network. The precipitation of HA
particles and electrostatic interactions contributed to
reduced porosity, while f-MWCNTs caused a slight
reduction in porosity without significantly altering the
pore size (Figure 3). Hydrogels with proper dispersion of
HA and f-MWCNTSs exhibited a uniformly distributed,

interconnected porous structure, favorable for cell
attachment and nutrient exchange.

1

—CG-HA3

14 | ==CG-CNT0/4
CG-CNTO/3

12 G
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Strain [%]

Figure 1. The stress-strain curve of the synthesized composite
hydrogels measured under compressive stress in the dry state.

Figure 2. SEM micrograph and pore size distribution of
hydrogels A: CG, B: CG-HA2, C: CG-HA3, D: CG-CNTO0/3
E: CG-CNTO0/4.
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Figure 3. The effect of adding HA and f-MWCNTS on the
average porosity of chitosan/gelatin hydrogels.
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The results showed that increasing the HA content
reduced water absorption and swelling due to the
formation of a denser network, whereas f-MWCNTSs had
a minor effect on swelling (Figure 4). The biodegradation
rate decreased with higher concentrations of HA and f-
MWCNT, indicating enhanced structural stability
(Figure 5). Cytotoxicity testing using the MTT assay
demonstrated high cell viability (>70 %) for CG and CG-
CNTO0/3 hydrogels, confirming their biocompatibility
and potential for tissue engineering applications (Figure
6).
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Figure 4. Water absorption capacity of gelatin/chitosan
hydrogels containing various amounts of HA and f-MWCNTs
in PBS (pH = 7.4) at 37 °C over time.
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Figure 5. The degradation rate graph of the samples in PBS
(pH=7.4)at37°Condays3and?7.
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Figure 6. Cellular cytotoxicity test results of CG and CG-
CNTO0.3 composite hydrogels.

4. CONCLUSION

In conclusion, gelatin/chitosan hydrogels reinforced
with hydroxyapatite (HA) and functionalized multi-
walled carbon nanotubes (f-MWCNTSs) exhibited

improved mechanical and biological properties.
Incorporation of HA and f-MWCNTS reduced pore size,
water absorption, and degradation rate while enhancing
compressive strength and Young's modulus. These
modifications resulted in a more stable and dense
network structure, making the hydrogels suitable for
tissue engineering. Among all samples, CG and CG-
CNTO0/3 hydrogels exhibited the best overall
performance, with optimal mechanical strength, swelling
behavior, and biocompatibility. Therefore, CG and CG-
CNTO0/3 are recommended as the most promising
candidates for tissue engineering applications.
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