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Abstract Cardiovascular disease, particularly myocardial infarction, remains one of the leading causes of mortality
worldwide. Despite advancements in treatment strategies, the clinical application of existing therapies is hindered
by the impaired electrical and mechanical properties of damaged cardiac tissue. To address these challenges,
researchers have explored the integration of stem cells with biomaterials to develop bio-mimetic engineered
constructs in vitro. These constructs are essential for cardiac tissue regeneration, drug screening, and congenital
heart disease research. During heart development, mechanical, chemical, and electrical signals contribute to
enhanced cell-cell interactions, cellular alignment, and functional maturity. Among these stimuli, Electrical
Stimulation (ES) has emerged as a promising intervention for cardiac tissue engineering. This review explores the
role of endogenous bioelectrical signals in cardiac tissue and their impact on cellular processes such as adhesion,
proliferation, alignment, migration, and differentiation in response to ES. In addition, we discuss the introduction
of electroactive biomaterials (EABMs), which are capable of generating electrical signals, and the latest

advancements in their application for cardiac tissue engineering. The final section highlights the current limitations
of this approach and future prospects in the field.

https://doi.org/10.30501/jamt.2025.507009.1321

URL: https://www.jamt.ir/article 224078.html

1. INTRODUCTION

Cardiovascular diseases, particularly myocardial
infarction, are known as one of the major causes of
morbidity worldwide due to poor self-healing capability
of the myocardium (Benjamin et al., 2019). Nowadays,
tissue engineering has emerged as an efficient approach
to create bio-mimicking engineered constructs for
cardiac tissue replacement, drug screening, and studies
of congenital heart diseases (Zhao et al., 2019).

The tissue microenvironment and intercellular
interactions, plays a pivotal role in modulating cellular
behavior and tissue functionality. They should
recapitulate the native microenvironmental cues,
especially the structural and functional aspects. The
cardiac ECM is a complex and highly dynamic
microenvironment with electroactive properties (Liaw
& Zimmermann, 2016). Therefore, tissue engineering-
based techniques are focused on creating intelligent or
stimuli-responsive materials for cardiac cell interface to
replicate the biophysical characteristics and functional
behavior of native heart tissues.

These stimuli-responsive or smart materials possess
electroactive, piezoelectric, or magnetostrictive
properties that can deliver electrical, electromechanical,

magnetomechanical, electrochemical, and piezo-
electrochemical stimulations. Recent scientific attention
has thus centered on the development of electroactive
biomaterials (EABMs) with capacity to produce
appropriate electrical fields. EABMs are a new
generation of “smart” biomaterials capable of applying
Electrical Stimulation (ES) directly to target cells or
tissues (Roacho-Perez et al., 2024).

The family of EABMs is mainly composed of
electrically conductive biomaterials and stimuli-
responsive biomaterials that can generate electrical
signals under specific stimuli. The main categories of
conductive  biomaterials  include  carbon-based
biomaterials, metal/metal oxide-based biomaterials, and
conductive polymers. The main categories of stimuli-
responsive  biomaterials  include  piezoelectric,
magnetoelectric, and triboelectric nanogenerator. This
review highlights the significant potential of EABMs in
the field of cardiac tissue engineering that can generate
electric fields wirelessly and non-invasively in response
to external cues. The focus is on understanding the
biological response of cells to bioelectrical stimuli and
utilizing EABMs to improve the behavior of cardiac
cells and the functionality of engineered constructs.

Please cite this article as: Golafshan, E., Nikukar, H., Mashayekhan, S., Shokrgozar, M. A., & Simchi, A. (2025). An Overview of Innovate Approach
Generating Electrical Stimulation via Electroactive Biomaterials for Cardiac Tissue Engineering. Journal of Advanced Materials and Technologies,
Vol. 14, No. 2, 01-25. [In Persian]. https://doi.org/10.30501/jamt.2025.507009.1321.

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)



https://doi.org/10.30501/jamt.2025.507009.1321
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/
mailto:simchi@sharif.edu
https://doi.org/10.30501/jamt.2025.507009.1321
https://www.jamt.ir/article_224078.html
https://orcid.org/0009-0005-7650-9246
https://orcid.org/0000-0001-9225-6019
https://orcid.org/0000-0002-5479-5625
https://orcid.org/0000-0001-5123-4155
https://orcid.org/0000-0002-9111-2977

2 E. Golafshan et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 2, (Summer 2025), 1-25

2. Role of Bioelectricity

Bioelectricity is an integral part of living organisms.
The surface charge and the resulting internal potential
regulate cellular behavior through biological processes
and signaling pathways. Studies have shown that
electrical stimulation affects the intracellular Ca*" levels
through ion channels embedded in the plasma
membrane. Ca?' ion levels mediate many vital cellular
processes such as apoptosis, migration, proliferation,
and differentiation through the activation of the
calmodulin/calcineurin/NFAT  signaling  pathway.
Electrical stimulation and changes in membrane
potential can also affect membrane proteins, including
integrins, and activate the MAPK/ERK signaling
pathway. Action potentials regulate tissue function,
governing both nerve signal conduction and heart

contraction (Zhang et al., 2023b).

3. Electroactive Biomaterials-Based Electrical
Stimulation

It has been shown that electrical stimulation plays a
key role regulating cellular behavior and regenerating
tissue (Zhao et al., 2019). Over the past two decades,
several biomaterial-based approaches have been
employed to non-invasively deliver electrical cues to
cardiac cell for promoting cardiac tissue regeneration.
These include electrically conductive biomaterials (such
as carbon-based nanomaterials, metal/metal oxide-based
biomaterials, and conductive polymers) as well as
piezoelectric, magnetoelectric  biomaterials, and
triboelectric nanogenerator (Zhang et al., 2023b). These
materials are designed to mimic the electrophysical
properties of native cardiac tissue, which are crucial for
proper heart function.

To enhance the functionality of engineered cardiac
tissues, control over the electrical conductivity is
considered critical. For this purpose, carbon-based
nanomaterials as nano-filler to enhance electrical
coupling, upregulate cardiac-specific genes, facilitate
the development of mature and aligned sarcomeric
structures, and increase the expression of gap junction
proteins (Cx43) (Mehrotra et al., 2023).

Of note, metal-based nanostructure, such as gold
(Au) nanostructure integrated into polymeric matrices,
were used to interface with stem cells to encourage
cardiomyogenesis and the differentiation of those cells
into the cardiac lineage. For example, (Baei et al. 2016)
developed chitosan hydrogels with embedded Au
nanoparticles to simulate the electromechanical
characteristics of cardiac tissues. The scaffolds
promoted the migration and proliferation of
Mesenchymal Stem Cells (MSCs) and assisted in their
cardiomyogenic differentiation.

Electrically Conductive Polymers (ECPs) are
biocompatible, biodegradable, and have adjustable
electrical characteristics. For example, polyaniline
(PANI) is a frequently employed ECP in cardiac tissue
engineering owing to its excellent biocompatibility,
electrical conductivity, increased surface area,
chemical stability, and ease of surface modification for
incorporating bioactive compounds (Qazi et al., 2014a).
Polypyrrole (PPy) has also been thoroughly investigated
for cardiac tissue engineering (Parchehbaf-Kashani et
al.. 2020). In regenerative medicine, especially cardiac

tissue engineering, piezoelectric biomaterials such as
poly(vinylidene fluoride) and magnetic nanoparticle-
incorporated piezoelectric materials with
magnetoelectric properties, hold significant promise for
creating minimally invasive combinatorial treatments
(Ferson et al., 2021). For instance, in cardiac tissue
engineering, magnetically stimulated scaffolds with
magnetoelectric properties have been shown to enhance
the expression of heart-specific markers (Cx43, troponin
T) by generating electrical stimulation (Jing et al.,
2024). Electrical stimulation generated via EABMs can
modulate many cellular activities to enhance the
maturation of engineered tissues in vitro, primarily
through the activation of ion channels (K", Na*, and Ca®*
channels) on the cardiac cell membranes (Zhao et al.,
2019).

Moreover, Cardiac differentiation facilitated by such
materials has often been attributed to the upregulation of
cardiac-specific transcription factors including Nkx2.5
and GATAA4, which regulate the transcription of cardiac-

specific genes like cardiac troponin, Cx43, Myosin
Heavy Chain (MHC), Myosin Light Chain (MLC), and
their respective isoforms (Mehrotra et al., 2023).
Although the function of biomaterials responsive to
biophysical stimuli in generating electrical signals in
natural tissue remains unclear, it is generally closely
related to many physiological processes of tissue
regeneration (Roacho-Perez et al., 2024).

4. CONCLUSION

In summary, this comprehensive review has
explored the innovative application of electroactive
biomaterials to generate biomimetic electrical signals,
emphasizing their transformative role in cardiac tissue
engineering. Electrical stimulation is a critical factor in
tissue engineering, as it closely mimics the
physiological environment of native cardiac tissue.
Electroactive biomaterials serve as scaffolds that not
only provide a supportive microenvironment but also
actively generate electrical signals. These biomaterials
can directly influence cellular behavior and promote
tissue regeneration by integrating electrochemical,
mechanical, and biological cues. Therefore, they offer
substantial potential for innovative cardiac tissue
engineering approaches.
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Abstract Contaminated water is considered one of the major problems facing societies in recent years, leading to
the increasing need for new purification systems, which has consequently become a leading area of research among
scientists. Photocatalysts and Advanced Oxidation Processes (AOPs) are recognized as effective techniques for
water purification and pollutant removal. These methods are particularly applicable in reducing both organic and
inorganic contaminants in wastewater. The development of new technologies and nanostructures can enhance the
efficiency of these processes and make them more suitable for broader use in water treatment. In the present study,
a TiO,/CoFe,04 nanocomposite was synthesized using the sol-gel method. X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), and UV-visible diffuse reflectance spectroscopy (UV-vis DRS) were employed to
analyze the synthesized composite. The photocatalytic activity of the produced composite was studied through the
degradation of methyl orange. The X-ray diffraction analysis indicated that titania was in the anatase phase while
cobalt ferrite exhibited a cubic spinel structure. The average particle size of the nanoparticles was approximately
100 nm. The synthesized composite demonstrated effective degradation performance without the addition of
oxidants. The photocatalytic degradation of titania increased followed by the addition of cobalt ferrite. The band
gap energy of the samples decreased from 2.3 eV to 2.91 eV following the inclusion of CoFe,O.. The kinetic rate
constants for the degradation of methyl orange for pure titania and composite samples were 0.0082 and 0.0143,
respectively. Scavenger tests were conducted to investigate the photocatalytic degradation mechanism, which
showed that superoxide and hydroxyl radicals were the most active species in the photocatalytic degradation

process.
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1. INTRODUCTION

One of the most critical current topics in industrial
wastewater treatment is identifying the most effective
method to convert industrial wastewater pollutants into
less harmful forms. Industrial wastewater contains
various types of pollutants that must be removed from
water streams. This can be achieved through physical,
chemical, biological, or combined processes.
Discharging untreated wastewater undoubtedly impacts
the environment, particularly limited water resources.
Any contamination in one source ultimately affects
others. Pollution of groundwater by pathogens,
inorganic, as well as organic pollutants, is one of the
most significant challenges facing humanity. Given the
long lifespan and high pollutant release potential of
factories, their removal remains one of the most
challenging problems confronting human societies
(Morin-Crini et al., 2022).

Titanium dioxide is a light-sensitive semiconductor
that can be used as a photocatalyst to decompose organic
compounds and toxic pollutants in wastewater and air.
UV radiation on TiO; leads to the formation of valence
band holes and conduction band electrons, creating an
oxidative and reductive environment where toxic
materials and organic pollutants are decomposed into

simple, non-toxic molecules such as carbon dioxide and
water, which do not require additional disposal or
recycling. However, this material is only activated by
high-energy UV radiation, which significantly limits its
practical application. Research has therefore focused on
integrating TiO» with other materials to control electron-
hole recombination and enhance limited solar light
absorption. In addition, smaller and nano-sized particles
are preferred to enhance the photocatalytic activity of
this semiconductor, as a higher surface area improves
photocatalytic activity (Peiris et al. 2021). However, this
poses some problems in separating the catalyst from
treated water. Fixing the semiconductor using supports
results in a significant reduction in surface area. To
benefit from the high surface area of nano-sized TiO»
photocatalyst particles and achieve effective catalyst
recovery, use of titanium dioxide composite with
magnetic nano-powders can be considered as an
alternative option. Among various magnetic materials,
cobalt ferrite nanoparticles were selected as the catalyst
in this study. These magnetic particles possess strong
anisotropy, high coercivity, and good magnetism along
with chemical stability (Heydaryan & Almasi Kashi
2023). Therefore, the objective of this research is to
synthesize a  titanium  dioxide-cobalt ferrite

https://doi.org/10.30501/jamt.2025.510098.1322.
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nanocomposite to enhance the catalytic activity of the
composite. The  synthesized composite  was
characterized through different methods, and its
capability for methyl orange degradation was then
evaluated.

2. MATERIALS AND METHODS

The raw materials for synthesizing cobalt ferrite
powder included cobalt nitrate, iron nitrate salts, and
citric acid. Nickel ferrite nanoparticles were synthesized
via a self-combustion sol-gel method. Initially, cobalt
nitrate, iron nitrate salts, and citric acid were separately
dissolved in distilled water. After complete dissolution,
the solution was stirred continuously for one hour. The
mixture was then heated under stirring to 80°C until the
water completely evaporated, forming a thick gel. The
resulting brown gel was heated at 250°C to initiate the
combustion reaction.

The burnt powders were mechanically ground in a
mortar to remove agglomerates and subsequently
calcined at 800°C for one hour to obtain cobalt ferrite
spinel structures. Mesoporous titanium dioxide particles
were synthesized using the sol-gel method, with
titanium tetra-isopropoxide (TTIP) as the titanium
precursor and P123 as a surfactant. Specifically, 0.9 g of
P123 was dissolved in 60 mL of absolute ethanol under
stirring. TTIP was then added dropwise to the resulting
clear solution and stirred for three hours to achieve
uniform dispersion. Subsequently, 36 mL of distilled
water was gradually added to the mixture and aged for
24 hours to form a gel. Meanwhile, ammonia solution
was added to adjust the pH to 10. The resulting gel was
repeatedly washed with distilled water and dried under
vacuum at 80°C for five hours. It was then calcined at
200°C and 450°C for two and three hours, respectively,
to produce mesoporous TiO> powder. Mesoporous
TiO,- CoFe;O4 composites were prepared by adding
CoFe;04, obtained from the self-combustion sol-gel
process, into the TiO, gel under stirring. The gel

T=Anatase TiO2
C= Cubic CoFe204

Intensity (%)

underwent thermal treatment similar to that of pure TiO»
to produce the composite material.

X-ray diffraction analysis was used to examine the
phases of the obtained composite. For this purpose, a
Philips X'Pert model device was employed. The
morphology of the powder and the surface of the
composite components was investigated using a MIRA3
TESCAN scanning electron microscope (SEM). For
imaging, the components and powder were coated with
gold and then placed inside the SEM chamber.
Absorption measurements were conducted using a
spectrophotometer (T70 UV/VIS Spectrometer, PG
Instruments Ltd), and diffuse reflectance spectroscopy
(DRS) was performed using an Avantes-Avaspec-2048
spectrophotometer.

3. RESULTS AND DISCUSSION

The produced composite was analyzed using X-ray
diffraction (XRD) after the calcination process to
investigate its phases, and the results are presented in
Figure 1. The diffraction peaks at angles of 25.35°,
36.88°, 37.78°, 38.50°, 48.08°, 53.92°, 55.12°, 68.59°,
70.36°, and 75.09° correspond to the crystal planes
(101), (103), (004), (112), (200), (105), (211), (116),
(220), and (215), respectively. They indicate the
formation of titanium dioxide with an anatase structure
(Liu_& Fu, 2020). In this structure, anatase has a
tetragonal crystal system where titanium atoms are
located at the corners and center of the unit cell along
the c-axis, while oxygen atoms are arranged in an
octahedral configuration, resulting in a distorted
structure. This unique arrangement enhances the
photocatalytic activity of anatase. Moreover, peaks at
angles of 18.28°, 30.08°, 35.4°, 37.05°, 43.05°, 56.9°,
62.41°, 70.50°, and 78.7° correspond to the crystal
planes (111), (220), (311), (222), (400), (511), (440),
(620), and (444), respectively, indicating the formation
of CoFe;04 with a cubic spinel structure and an inverse
spinel configuration.

2 Theta (Degree)

Figure 1. X-ray diffraction pattern of calcined composite.
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The photocatalytic efficiency of the samples over time
was investigated. The results showed that, as time
passes, methyl orange is degraded; however, the
degradation is more pronounced in the composite
sample compared to pure titanium dioxide. The higher
photocatalytic activity of the composite sample can be
attributed to the interaction between the two
semiconductors ~ which  reduces electron-hole
recombination. In other words, when light is applied to
the photocatalytic system, electrons are transferred from
the valence band to the conduction band, creating a hole
in the valence band. The generated electron-hole pairs
participate in reactions with water, producing free
radicals. The generated free radicals attack the organic
dye adsorbed on the surface of the photocatalyst,
decomposing it into harmless species like water and
carbon dioxide.

4. CONCLUSION

In the present study, a titanium dioxide-cobalt ferrite
photocatalyst was synthesized using the sol-gel method.
The resulting material was examined in terms of its
phase and crystallite size. The synthesized nanoparticles
were approximately spherical in shape, with an average
particle size of about 100 nanometers. The bandgap
energy of titanium dioxide decreased with the addition
of cobalt ferrite. The photocatalytic activity results
indicated that compositing titanium dioxide with cobalt
ferrite enhances the degradation of methyl orange.
Further investigations revealed that superoxide and
hydroxyl radicals are the primary active species
responsible for the photocatalytic activity of this
composite system.
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Abstract Transient liquid phase (TLP) bonding is a critical process for joining materials such as CMSX-4, where
precise control of variables is essential for achieving optimal results. This study investigates the effect of
temperature and holding time in a two-step TLP process on the microstructural and mechanical behavior of CMSX-
4 superalloy. In this work, CMSX-4 was joined using MBF 20 filler metal at temperatures of 1100°C and 1150°C
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Shear Strength

for varying durations. The microstructure and mechanical properties of the bonded joints were characterized by X-
CMSX-4, Ray Diffraction (XRD), electron microscopy, elemental spectroscopy (EDS/WDS), microhardness testing, and
shear tests. The results showed that complete isothermal solidification was achieved in the samples bonded at
1150°C for 85 minutes and at 1100°C for 120 minutes. Microstructural examination revealed different zones in
the joints, including the Athermal Solidification Zone (ASZ), Isothermal Solidification Zone (ISZ), and Diffusion-
Affected Zone (DAZ). The strength increased upon increasing time and eliminating the deleterious ASZ regions,
which led to the precipitation of unique microconstituents such as nickel-rich and chromium-rich borides, as well
as y' solid solution phases in the bond region. Moreover, the highest shear strength (approximately 670 MPa) was
observed in the sample bonded at 1150°C for 85 minutes. Interestingly, although incomplete solidification during
bonding yielded the highest microhardness in the bond region, it was associated with the reduced shear strength

performance.
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1. INTRODUCTION

The operational lifespan and efficiency of industrial
and power generation gas turbines, the critical
components of modern energy infrastructure, are
intrinsically governed by the thermomechanical
performance of hot-section elements such as turbine
blades, rotor assemblies, and combustion liners (Zhang
etal., 2024; Li et al., 2023).

This investigation aims to: (i) elucidate the
multiscale bonding mechanisms operative during
Transient Liquid Phase (TLP) joining, (ii)
systematically optimize critical processing parameters
for microstructural control, and (iii) establish
quantitative correlations between process conditions and
mechanical performance metrics, including
microhardness and shear strength, in CMSX-4
superalloy joints.

2. MATERIALS AND METHODS

The two-stage bonding protocol comprised an initial
low-temperature phase at 950°C for 15 minutes,
followed by high-temperature treatment at 1100-1150°C
under high-vacuum conditions (10°¢ Torr).

3. RESULTS AND DISCUSSION

As evidenced in Figure 1, microstructural
characterization reveals the persistence of Athermal
Solidification Zone (ASZ) adjacent to the Isothermally
Solidified Zone (ISZ) and Diffusion-Affected Zone
(DAZ) at 1150°C for holding durations of 45-60 minutes
(Figure la-b). However, extended processing (85 min,
Fig. 4c) results in complete ASZ elimination through
progressive  isothermal solidification. Figure 2
demonstrates that elevated bonding temperatures and
prolonged dwell times markedly expand ISZ and DAZ
dimensions, attributable to enhanced diffusion kinetics
of y'-forming elements (Al, Ti) and boride-dissolution
mechanisms. Microstructural analysis confirms the
absence of eutectic phases in the ISZ region (Figure 3),
provided optimal TLP parameters are maintained, which
ultimately indicate complete diffusion-mediated
liquidation of transient phases in CMSX-4 joints.
Quantitative assessment reveals that joints exhibiting
shear strengths >630 MPa (representing 80% base metal
strength) after isothermal solidification meet stringent
industrial requirements, as validated in Figure 4.

Please cite this article as: Faraji, A., Rahimipour, M. R., Farvizi, M., & Omidvar, H. (2025). The Effect of Different Temperatures and Holding
Times on Microstructural and Mechanical Characterization in the Two-Stage TLP Bonding of CMSX-4 Superalloy. Journal of Advanced Materials
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Figure 1. The optical micrograph of the TLP joint for specimen CMSX-4 holding time on the thicknesses of the ISZ, DAZ,
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Figure 3. XRD spectrum of the fracture surface of the sample TLP bonded at 1150 °C for (a) 45, and (b) 85 minutes.
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Figure 4. (a) Load—displacement curves (b) Shear strength of the joints bonded at varying temperatures and holding times.
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Abstract In this study, the electronic and structural properties of the semiconductor MoS: (molybdenum disulfide)
were investigated using Quantum ESPRESSO software. MoS: has attracted significant attention as a two-
dimensional (2D) material due to its unique electronic and optoelectronic properties in the fields of nanomaterials
and nanotechnology. Density Functional Theory (DFT) calculations were performed with various approximations,
including the Generalized Gradient Approximation (GGA) and the inclusion of Spin-Orbit Coupling (SOC) effects.
The band structure, Density of States (DOS), and energy gap of MoS: were calculated and analyzed. The results
indicate that MoS: exhibits a direct energy gap in the monolayer form and an indirect gap in the multilayer state.
Also, SOC effects result in energy band splitting and significant changes in the material’s electronic properties.

Fermi Level This study provides valuable insights into the electronic behavior of MoS., which can be used in the design of
future nano electronic and optoelectronic devices.
https://doi.org/10.30501/jamt.2025.510618.1323 URL: https://www.jamt.ir/article 231360.html
1. INTRODUCTION renowned for its high accuracy, flexibility, and

Molybdenum disulfide (MoS:2), as one of the best-
known two-dimensional (2D) materials in the family of
optical transmitters, has attracted significant attention in
recent years in the fields of nanomaterials and new
technologies. Due to its unique layered structure as well
as special electronic, optoelectronic, and mechanical
properties, MoS: has become a leading candidate for use
in advanced devices such as Field-Effect
Transistors(FETs)(Yoon et al., 2011) sensors, solar
cell(Feng et al., 2012), and even catalysts. In its
monolayer form, MoS: exhibits a direct band gap (~1.8
eV), making it ideal for optoelectronic applications such
as Light-Emitting Diodes (LEDs) and photodetectors
(Fortin & Sears, 1982). In contrast, in its multilayer
form, MoS: possesses an indirect energy gap(Mak et al.,
2010; Lu et al., 2012; Pan & Zhang, 2012), resulting in
different electronic behavior and enabling a wide range
of applications (Novoselov et al., 2005; Joensen et al.,
1986; Coleman et al., 2011).

To gain a deeper understanding of the electronic and
structural properties of MoS:, computational methods
based on Density Functional Theory (DFT) are
employed as powerful and accurate tools. These
methods facilitate the simulation and prediction of the
material’s behavior at the atomic scale, making the
analysis of the material’s properties feasible without the
need for complex and expensive experiments. Quantum
ESPRESSO software (Giannozzi et al., 2009), as one of
the popular tools for performing such calculations, is

extensive capabilities in simulating materials systems.
This software uses advanced numerical methods and
incorporates  various approximations, such as
Generalized Gradient Approximation (GGA) as well as
Spin-Orbit Coupling (SOC)effects, to calculate the
electronic and structural properties of materials
(Atashbar Tehrani & Morshedian, 2025)

In this study, Quantum ESPRESSO was employed to
thoroughly investigate the electronic properties of
MoS:, including its band structure, Density of States
(DOS), energy gap, and Spin-Orbit Coupling (SOC)
effects. These calculations allow us to analyze the
material’s electronic behavior in both monolayer and
multilayer forms and to investigate the impact of various
parameters, such as layer thickness and SOC effects, on
its properties. The results of this study offer valuable
insights for the design and optimization of
nanoelectronics and optoelectronic devices based on
MoS.. The main objective of this research is to provide
a comprehensive and accurate analysis of the electronic
properties of MoS: based on advanced computational
methods. This analysis not only contributes to a deeper
understanding of the fundamental physics of this
material but also suggests ways to improve the
performance of MoS:-based devices in practical
applications. Focusing on the high potential of MoS: in
modern technologies, this study can be an important step
toward the development of the next-generation
nanoelectronics and optoelectronic devices.

Using Quantum Espresso Software.
https://doi.org/10.30501/jamt.2025.510618.1323.
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2. MATERIALS AND METHODS

The methods used for this research are the calculation of
the density of partial states, the density of total states,
and the Fermi level for the MoS, crystal. We use for
calculation Quantum Espresso package.

3. RESULTS AND DISCUSSION

This Quantum ESPRESSO study successfully
characterized the electronic structure of bulk MoS::

Semiconducting Nature: The DOS calculation
confirmed MoS: is a semiconductor with a DFT band
gap of ~1.8 eV.

Orbital Contributions: The PDOS analysis revealed the
complex orbital interplay, with the valence band edge
dominated by Mo-d orbitals and the lower valence
bands by S-p orbitals. The conduction band minimum
is also primarily of Mo-d character.

Validated Structure: The absence of a Fermi surface is
a strong indicator that the calculation was set up
correctly and converged, accurately capturing the
intrinsic insulating behavior of the material.

These results provide a foundational understanding of
MoS:'s electronic behavior, which is essential for
interpreting its optical properties and designing devices
based on this versatile material.

4. CONCLUSION

In this study, the electronic and structural properties
of the semiconductor molybdenum disulfide (MoS:z)
were investigated using Quantum ESPRESSO software
and Density Functional Theory (DFT)-based methods.
The results showed that MoS: has a direct energy gap
(~1.8 eV) in the monolayer form, while its energy gap
becomes indirect in the multilayer form. The d orbitals
of molybdenum and p orbitals of sulfur make the main
contributions to the electronic structure of MoS., and
Spin-Orbital Coupling (SOC) effect leads to the splitting
of energy bands. The Fermi level of MoS: also shows a
strong dependence on the layer thickness and SOC
effects. These findings indicate that MoS. has great
potential  for  applications in  nanoelectronic,
optoelectronic, and spintronic devices due to its tunable
energy gap and wunique electronic properties.
Calculations performed with Quantum ESPRESSO
offer a powerful tool for the design and optimization of
MoS.-based devices.
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Abstract With the growing utilization of monolithic refractories, particularly castables, considerable research
efforts have been devoted to enhancing their physical, mechanical, and thermomechanical properties. To address
the limitations of calcium aluminate cement associated with the formation of low-melting phases, sol-gel bonding
systems have been developed as an effective strategy to improve strength and high-temperature performance. In
this study, the effect of partially substituting cement with different proportions of colloidal silica in castable
formulations was examined. The castables were prepared using conventional processing techniques and sintered
at 1500 °C to assess their mechanical performance and microstructural characteristics. Cold crushing strength
(CCS) measurements indicated that the composition containing 75% cement and 25% colloidal silica exhibited the
highest CCS value of 78 MPa. Phase identification was carried out by X-ray diffraction (XRD), while field-
emission scanning electron microscopy coupled with energy-dispersive spectroscopy (FESEM/EDS) revealed a
notable reduction in porosity, primarily due to the lower water demand during casting. Additionally, Fourier
transform infrared spectroscopy (FTIR) demonstrated the gelation process and the formation of an extensive
siloxane (Si—O-Si) network. The combined formation of the calcium aluminate phase and decreased porosity
contributed to the improved CCS. However, further increases in colloidal silica content led to a decline in strength,
attributed to the reduced contribution of hydraulic bonding from cement.

https://doi.org/10.30501/jamt.2025.530795.1333 URL: https://www.jamt.ir/article_231431.html

1. INTRODUCTION

Refractories are materials capable of withstanding
high temperatures, mechanical loads, and chemical
reactions without undergoing significant physical or
chemical changes. They play a critical role in high-
temperature industries such as iron, steel, and
petrochemicals, directly influencing product quality and
production costs. Among different refractory types,
castables have gained increasing attention due to their
versatile applications and ease of installation. The
binder phase in castables serves to unite the aggregates
into a cohesive structure, providing sufficient green
strength for shaping and handling. Upon firing, the
binder either decomposes or participates in ceramic
bonding, contributing to strength development through
the sintering process (Banerjee, 1998a; Zhou, 2004).
The most commonly used binders are calcium aluminate
cements (CAC), valued for their favorable rheological
behavior and ability to impart early mechanical strength.
However, in the presence of impurities such as silica,
CAC can form gehlenite (C2AS)—a low-melting, non-
hydratable phase—and may also produce phases with
slow or no setting, such as CsAF and C:F, in the
presence of ferrites (Banerjee, 1998b; Rangdal & Patil,
2023). These drawbacks have led to the development of

low-cement castables (LCCs) with 1-2.5 wt.% CaO,
ultra-low cement castables (ULCCs) with 0.2-1 wt.%
Ca0, and no-cement castables (NCCs) containing less
than 0.2 wt.% CaO. These systems aim to reduce CAC
content by employing alternative binders such as resins,
hydrated alumina, sodium silicate, aluminum phosphate,
and others (Dos Anjos et al., 2008; Ismael et al., 2007).

The use of colloidal binders in refractory castables,
first introduced in the 1980s, has gained substantial
attention due to their numerous advantages. In the sol-
gel method, colloidal particles form branched chains
that create a three-dimensional gel network around the
aggregates, holding them together. During firing, water
evaporates from the gel, promoting the formation of
ceramic bonds between particles (Singh & Sarkar,
2016). Recent studies have shown that partial
replacement of calcium aluminate cement (CAC) with
colloidal sols, particularly colloidal silica, can improve
castable properties. For example, replacing CAC with 5
wt.% silica enhanced both flowability and mechanical
strength (Yaghoubi et al., 2012). Hybrid systems with
small amounts of CAC and colloidal silica increased
cold crushing strength (CCS), while complete CAC
removal reduced it (Milani & Kakroudi, 2025; Piippo et
al., 2024). Smaller colloidal particle sizes accelerated
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setting but caused microcracks, lowering CCS
(Zemanek & Neviivova, 2021a). Castables bonded with
silica sol generally showed higher density and CCS
compared to those with alumina sol (Milani & Kakroudi,
2025). Additionally, colloidal silica improved hot
strength due to enhanced sintering from its high surface
area (Alireza et al., 2011).

Based on the aforementioned studies, the present
work aims to investigate the effect of partially replacing
calcium aluminate cement with colloidal silica to
develop hybrid-bonded high-alumina refractory
castables. The focus is on evaluating the cold crushing
strength and microstructural evolution of the castables,
providing insight into the performance of such hybrid
systems.

2. MATERIALS AND METHODS

Five types of low-cement castables were prepared to
investigate the effect of colloidal silica (nanosilica) as a
bonding agent. In selected formulations, a portion of the
calcium aluminate cement (CAC) was replaced with
colloidal silica to form hybrid bonding systems. For
each of the five compositions, the dry raw materials
were first mixed in a planetary mixer (CE 230, Azmoon
Co., Iran). Coarser aggregates were added and blended
initially, followed by the incorporation of finer particles.
Finally, the commercial colloidal silica sol was added to
the mix, and the entire batch was mixed thoroughly for
5-6 minutes. No additional water was introduced in the
sol-containing samples. In the reference sample
containing only CAC, approximately 7 wt.% water was
used, while in the hybrid formulations, water was added
during mixing as required to achieve proper flowability.

The workability of the castable mixes was evaluated
using the slump test according to ASTM C1446-07.
Once the desired consistency was achieved, the mixtures
were poured into lubricated steel molds (50 mm x 50
mm x 50 mm) using a vibration casting method. The cast
specimens were initially dried in the molds for 24 hours,
followed by demolding and subsequent drying in a high-
humidity environment (relative humidity >90%) at room
temperature for another 24 hours. The samples were
then oven-dried at 110 °C for 24 hours in a laboratory
oven (Sanat Saram, Iran). Sintering was carried out in an
electric furnace (Sanat Saram, Iran) at 1500 °C with a 2-
hour soaking time at the peak temperature. After firing,
the samples were allowed to cool inside the switched-
off furnace to room temperature.

3. RESULTS AND DISCUSSION

As evident in Figure 1, all samples contained
corundum (a-AlL:0s), identified using reference card No.
96-100-0018, and mullite (3A1:0s-2Si0:), identified
with card No. 96-901-0160. Notably, the intensity of the
mullite peak increased with higher colloidal silica
content in the castables, indicating an increased mullite
phase fraction due to the enhanced availability of SiO..
Additionally, with increasing colloidal silica content,
the presence of free SiO2 was detected (reference card
No. 01-076-0933), which is considered one of the
drawbacks of silica sol usage in refractory castables. In
the sample bonded solely with CAC, only a weak mullite
peak was observed, attributed to the low silica content
in the raw materials. In contrast, hybrid-bonded samples
containing colloidal silica exhibited greater mullite

formation and higher free silica content as the amount of
silica sol increased. The calcium aluminate (CA) phase,
identified by reference card No. 98-018-0997, appeared
in the XRD patterns of cement-containing samples. This
phase typically forms from solid-state reactions between
cement particles and fine alumina at temperatures above
1350 °C and can contribute to improved mechanical
properties (Zhu et al., 2011). The CA peak was most
intense in the pure CAC sample (C) and absent in the
pure silica sol sample (S), consistent with the lack of
calcium in the latter formulation.
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Figure 1. XRD patterns of sintered castables including
various binders.

Figure 2 illustrates the cold crushing strength (CCS)
values of the various alumina castables. Alumina
castables bonded with colloidal silica exhibited lower
CCS compared to those bonded with calcium aluminate
cement (CAC), which is attributed to the sol-gel
bonding mechanism’s dependence on particle
aggregation and solid content. While CAC-bonded
samples benefit from hydraulic bonding and higher early
strength, the volumetric expansion during CA phase
formation can induce microcracking. Hybrid systems,
combining CAC and colloidal silica, balance these
effects by enhancing green strength through calcium
aluminate hydrate formation and reducing porosity due
to lower water demand. The synergistic effect of strong
hydraulic bonds and improved sintering, particularly in
the 75C25S formulation, resulted in enhanced
mechanical integrity, suggesting the dominance of
hydraulic bonding in the hybrid samples. The addition
of colloidal silica also promoted mullite formation and
produced dense, crack-free structures. As discussed
earlier, this improvement stems from the reduced water
content in sol-containing samples, which minimizes
porosity and enhances structural cohesion.

80 + 78

Cold crush strength (MPa)

C 75C258  S0C50S  25C75S
Sample

Figure 2. Cold crush strength of Castables including various
binders.
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4. CONCLUSION

This study demonstrated that partial replacement of
calcium aluminate cement with colloidal silica in high-
alumina castables improves sintering, reduces porosity,
and enhances mullite formation due to the high surface
area of nanosilica and the development of a siloxane
network. The optimal performance was observed in the
hybrid sample with 25% colloidal silica (75C25S),
which exhibited the highest cold crushing strength.
However, replacing more than 25% of the cement
reduced mechanical strength as a result of weakened
hydraulic bonding.
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Abstract In this study, dissolvable microneedle (MN) arrays based on polyvinyl alcohol (PVA) were designed,
fabricated, and evaluated for the controlled transdermal delivery of curcumin (Cur@MN). Fourier-Transform
Infrared Spectroscopy (FTIR) confirmed the incorporation of curcumin within the PVA matrix, as evidenced by
the presence of three characteristic peaks at 1510 cm™, 1603 cm™, and 1628 cm™. Optical and scanning electron
microscopy revealed uniformly arranged, conical microneedles with sharp tips (<15 pm). Mechanical testing
demonstrated successful penetration of five layers of Parafilm, indicating sufficient insertion strength for
transdermal application. Drug release and degradation studies were conducted in phosphate-buffered saline (PBS,
pH 7.4). The release profile exhibited an initial burst (60.31% within 12 hours), followed by sustained release up
to 72 hours, reaching a cumulative release of 82.5%. Degradation tests showed faster structural breakdown in
curcumin-loaded microneedles compared to unloaded ones. Furthermore, DPPH radical scavenging assays

confirmed the significant antioxidant activity of Cur@MN, particularly at higher concentrations. These findings
suggest that Cur@MN microneedles offer a promising, biocompatible platform for the transdermal delivery of

natural therapeutics such as curcumin.

https://doi.org/10.30501/jamt.2025.523415.1331

URL.: https://www.jamt.ir/article_232993.html

1. INTRODUCTION

Skin, the body’s largest protective barrier, offers an
ideal route for drug delivery by bypassing
gastrointestinal degradation and first-pass metabolism,
thereby enhancing therapeutic efficacy. Transdermal
delivery serves as a noninvasive alternative to oral and
subcutaneous administration, enabling direct entry into
the bloodstream without damaging deeper vascular or
neural structures. Among emerging technologies,
dissolvable microneedles fabricated from biocompatible
polymers such as polyvinyl alcohol create transient
microchannels in the stratum corneum and subsequently
dissolve to release encapsulated agents in a controlled
manner.

This platform overcomes the limitations of
conventional needles and passive transdermal systems,
such as restricted drug physicochemical properties and
patient compliance, by facilitating self-administration,
reducing medical waste, and permitting sustained release.
Here, we report a curcumin-loaded dissolving
microneedle patch designed to deliver the hydrophobic
bioactive through pH-responsive zinc-based
nanoparticles, offering on-demand, inflammation-
triggered release for the treatment of inflammatory skin
disorders.

2. MATERIALS AND METHODS
The materials used in this study were polyvinyl
alcohol (PVA, Mw 70 kDa; Merck, Germany), four-

times distilled deionized water (Sabalan, Iran), 25 %
(w/w) glutaraldehyde solution (Merck, Germany),
pharmaceutical-grade curcumin (Merck, Germany), and
a silicone PDMS microneedle mold (University of
Naples, Italy).

In this work, the fabricated dissolving microneedles
were systematically characterized to assess their
morphological, mechanical, and functional properties in
accordance with established protocols. Needle geometry
and surface texture were examined by Scanning Electron
Microscopy (SEM) to confirm uniformity and tip
sharpness. Mechanical strength was evaluated via
compression tests against Parafilm® and ex vivo skin to
ensure sufficient rigidity for reliable skin penetration
without buckling. Drug loading and encapsulation
efficiency were quantified by UV-Vis spectroscopy.

2.1. Polymeric solution preparation

Two polymeric solutions were prepared for
microneedle fabrication. The first comprised 10 % w/w
polyvinyl alcohol (PVA) with sucrose as a viscosity and
concentration modifier; the second was identical but
contained 0.5 % w/w pure curcumin. Briefly, 10 g of
PVA powder was dissolved in 100 mL deionized water
at 80 °C under magnetic stirring for 4 h. After complete
dissolution, 1 g of laboratory-grade sucrose (Merck,
Germany) was added and stirred for an additional hour
until the solution became clear and homogeneous. To
prepare the drug-loaded formulation, 0.5 g of

https://doi.org/10.30501/jamt.2025.523415.1331
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pharmaceutical-grade curcumin was then incorporated
and the mixture was stirred at 4 °C in darkness for 24 h.
The resulting orange solution was stored at 4 °C until
further use.

2.2. Microfabrication of microneedle arrays

To fabricate both blank dissolving microneedles
(MN) and curcumin-loaded microneedles (Cur@MN),
500 uL of each pre-prepared polymer solution was cast
onto silicone PDMS molds (gifted by the University of
Naples, Italy), each containing a 16 x 16 array of conical
cavities (600 um height, 300 um base diameter) produced
by two-photon polymerization (Nanoscribe GmbH). To
remove entrapped air, molds were subjected to vacuum
(= 0.1 bar) for two cycles of 10 minutes each in a
desiccator. After demolding, the arrays were left to dry at
ambient temperature for 12 hours. Finally, microneedles
were carefully peeled from the molds, sealed in zip-lock
bags, and stored at 4 °C until further use.

3. Results and Discussion

FTIR (Figure 1) analysis confirmed the successful
incorporation of curcumin into the PVA microneedle
(MN) matrix without chemical degradation, as the
characteristic peaks of both polymer and drug were
preserved. SEM (Figure 2) and optical imaging (Figure
3) verified that the 16 x 16 MN arrays exhibited uniform
conical geometry with sharp tips (<15 um) and consistent

MN

W

Curcumin

T ]

Transmittance (%)

Cur@MN

m\/w

1628 1510
C=C C=0ring

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. FTIR spectra of microneedle arrays (MN), pure curcumin,
and curcumin-loaded microneedles (Cur@MN)

spacing, ensuring structural integrity and reliable
fabrication. Mechanical insertion tests using Parafilm®
(Figure 4) demonstrated that the arrays could penetrate
up to five layers (~635 um), consistent with the MN
height (600 um), indicating sufficient sharpness and
mechanical strength for skin penetration.

Degradation studies (Figure 5) showed similar water
uptake in both blank and curcumin-loaded MNs during
the first hour, confirming effective glutaraldehyde
crosslinking. However, Cur@MN exhibited faster
degradation beyond 1 hour, likely due to curcumin-
induced disruption of hydrogen bonding and polymer
network integrity. Drug release profiles (Figure 6)
revealed a biphasic pattern comprising an initial burst
phase within 12 hours, followed by sustained release up
to 72 hours suitable for rapid therapeutic onset and
prolonged delivery in inflammatory skin conditions.

DPPH assays (Figure 7) demonstrated concentration-
dependent antioxidant activity of Cur@MN,
outperforming free curcumin at higher doses due to
improved dispersion and solubility within the PVA
matrix. Overall, the Cur@MN system integrates efficient
drug loading, mechanical performance, controlled
degradation, and enhanced antioxidant functionality,
making it a promising platform for transdermal delivery
of natural therapeutics such as curcumin.

Figure 2. SEM images of curcumin-loaded microneedles (Cur@MN)

Figure 3. Optical microscopy images of curcumin-loaded microneedles (Cur@MN)
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Figure 4. (a, b) Parafilm images following 30 s of microneedle

penetration using the thumb; first and fifth layers (c) Schematic of the

Parafilm-based mechanical testing of the microneedles.
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Figure 6. Release kinetics of curcumin from Cur@MN microneedles

in PBS medium at the pH of 7.4

4. CONCLUSION

In this study, dissolvable microneedle arrays based on
polyvinyl alcohol (PVA) were developed and evaluated
as a novel and biocompatible platform for the
transdermal delivery of the natural drug curcumin.
Structural and microscopic analyses confirmed that the
fabricated microneedles possessed uniform geometry,
sharp tips, and sufficient mechanical strength for
effective skin penetration. In vitro drug release tests
under physiological conditions (PBS, pH 7.4) revealed a
biphasic release profile characterized by an initial burst
release within the first 12 hours, followed by sustained
release up to 72 hours. Structural degradation studies
indicated that curcumin loading accelerated the
breakdown of the microneedles. Furthermore,
antioxidant assays demonstrated that the curcumin-
loaded microneedles (Cur@MN) exhibited notable free
radical scavenging activity, supporting their therapeutic
potential, particularly for inflammatory skin conditions.
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