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Abstract

Polymeric hydrogel is a promising candidate for drug delivery applications due to its ability to encapsulate and release
drugs. Incorporating magnetic particles enables controlled and specific release, providing sustained and targeted deliv-
ery. This study aimed to assess the cytotoxicity of the magnetite-polyvinyl alcohol (MPVA) hydrogel, specifically its mag-
netite content, using 3T3 fibroblast cells. The findings indicate that the MPVA hydrogel with magnetite nanoparticles was
compatible with the cells and did not induce cell death. Incorporating magnetite nanoparticles into the PVA hydrogel
improved its thermal stability and degradation temperature, disrupting the chain order, decreasing melting behavior,
and fractional crystallinity of the hydrogel. The MPVA hydrogel demonstrated a higher gel fraction and crosslink density
compared to the PVA hydrogel due to the presence of magnetite nanoparticles. The interaction between PVA and mag-
netite nanoparticles occurred through non-covalent forces, allowing for reversible interactions and dispersion of the
nanoparticles within the PVA matrix. Although the cytotoxicity of the MPVA gel was similar to that of the PVA gel, the
viability of fibroblast cells within the MPVA gel varied depending on the concentration. The MPVA hydrogel exhibited
stronger attachment and induced irregular changes on the cell surface compared to the PVA hydrogel. Furthermore, the
MPVA gel displayed paramagnetic behavior and controllable magnetization, as demonstrated by the hysteresis loop.
These magnetic properties make the MPVA gel suitable for potential biomedical applications, including drug delivery,
tissue engineering, and magnetic resonance imaging (MRI) contrast agents.
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1 Introduction

New delivery systems have emerged as promising alterna-
tives to conventional treatments for drug delivery, aiming
to enhance the effectiveness of drug delivery [1]. These
innovative materials, such as hydrogels, nanoparticles,
capsules, and micelles, have unique properties that enable
efficient drug release and targeted delivery [2, 3].
Polymers are the most commonly used materials
in drug delivery systems because they can remain in
the bloodstream for an extended period. The ability of

polymers to stay in the bloodstream for an ample time
is often attributed to their size, shape, and surface prop-
erties, which can influence their circulation kinetics and
biodistribution [4]. Polymers used in drug delivery sys-
tems can be designed to have a larger molecular weight
and size, which can help them evade rapid clearance by
the body’s immune system and extend their circulation
time. The prolonged circulation of polymers in the blood-
stream can have several advantages for drug delivery. It
can increase the bioavailability of drugs by extending their
exposure time in the systemic circulation, allowing for a
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more sustained therapeutic effect [5, 6]. It can also reduce
dosing frequency, improving patient compliance and con-
venience [7, 8].

Hydrogels are three-dimensional networks of hydro-
philic polymers that can hold a large amount of water,
making them ideal for drug delivery. They can be designed
to have specific characteristics, such as high biocompat-
ibility, biodegradability, and responsiveness to external
stimuli. This allows for the controlled release of drugs at
the desired site of action [9, 10]. Hydrogels can be formu-
lated into various forms, such as gels, films, or coatings,
making them versatile for different administration routes,
including oral, topical, and injectable. Using these nano-
structures as drug delivery systems have shown promising
results in enhancing the effectiveness of drugs. They offer
advantages such as improved drug stability, enhanced
bioavailability, controlled release, and targeted delivery,
improving therapeutic outcomes and reducing side effects
[11, 12]. However, additional research and development
are necessary to optimize their properties, safety, and effi-
cacy for clinical applications. Nonetheless, these innova-
tive materials hold significant potential for revolutionizing
drug delivery and improving patient outcomes in various
disease treatments [13-15].

Polyvinyl alcohol (PVA) hydrogel is a type of polymer
network with unique properties that make it suitable for
drug delivery applications. One of the critical characteris-
tics of PVA hydrogel is its ability to absorb and release a
large amount of liquid, resulting in a swollen structure [16].
This high swelling capacity creates a hydrophilic environ-
ment, which can be advantageous in avoiding capture by
phagocytes, immune cells that can remove foreign par-
ticles from the body [17, 18]. The rate of swelling of PVA
hydrogels can be controlled by adjusting the resistance
of the polymer to changes in volume. This means that the
swelling behavior of PVA hydrogels can be manipulated to
achieve desired drug release profiles. For example, modi-
fying the PVA polymer’s crosslinking density or molecular
weight can adjust the swelling and drug release rate to
meet specific therapeutic needs [19].

Controlled swelling of PVA hydrogels is optimal for drug
delivery, as it allows for targeted drug release in specific
tissues or organs. For instance, in localized drug delivery
applications, such as drug delivery to tumors or inflamed
tissues, PVA hydrogels can be designed to swell in
response to specific environmental cues, such as changes
in pH, temperature, or enzyme activity [20]. This can result
in targeted drug release at the desired site, minimizing
off-target effects and improving the therapeutic efficacy
of the drug [21].

Moreover, PVA hydrogels can also be used with other
drug delivery strategies, such as incorporating nanoparti-
cles that respond to an external stimulus. This can further
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enhance the drug delivery capabilities of PVA hydrogels
by providing controlled drug release and improving drug
stability [22, 23]. Magnetite nanoparticles can generate
a magnetic response under an external stimulus. One of
the promising applications of magnetite nanoparticles is
their incorporation into polymer structures to create "intel-
ligent" drug delivery systems. These systems are designed
to respond to an external magnetic field, allowing for
controlled and targeted drug release in specific body
areas [24]. The magnetite nanoparticles act as a trigger
or "switch" that can be activated by an external magnetic
field, releasing drugs from the polymer matrix. Magnetite
has been widely used in drug delivery, demonstrating its
ability to release anticancer drugs [25] effectively. Addi-
tionally, it has shown potential for the transfer of the neu-
rotrophic factor that promotes the growth and survival of
neurons in the brain [26-28].

The incorporation of magnetite nanoparticles into poly-
mer structures can be achieved through various methods,
such as physical mixing, chemical conjugation, or encap-
sulation during the fabrication process of the polymer
matrix. The magnetite nanoparticles’ size, shape, and
surface properties can be carefully controlled to achieve
desired drug delivery characteristics, such as release rate,
drug loading capacity, and responsiveness to external
magnetic fields [29, 30].

When an external magnetic field is applied to the poly-
mer matrix containing magnetite nanoparticles, the mag-
netic response of the nanoparticles can cause changes in
the polymer matrix, such as deformation, disruption, or
disruption of the drug-loaded matrix. This can result in the
release of drugs from the polymer matrix in a controlled
and targeted manner, allowing for precise drug delivery
to a specific area of the body [31]. Due to their magnetic
properties, magnetite nanoparticles can also serve as
contrast agents for evaluating the status of tissues and
organs during drug release [32]. Several advantages make
this approach promising for improving drug delivery in
various biomedical applications. These include controlled
drug release, targeted drug delivery, enhanced drug sta-
bility, non-toxicity and biocompatibility, versatility, and
non-invasiveness. However, further research and develop-
ment are needed to optimize this technology and ensure
its safety and efficacy for clinical translation [33, 34]. One of
the most important methods for determining biocompat-
ibility is studying the response of tissue-polymer interac-
tion in vitro using cell culture techniques [35, 36].

In general, PVA is considered biocompatible and has
low cytotoxicity. It is widely used in biomedical applica-
tions due to its non-toxicity and biocompatibility. How-
ever, adding magnetite nanoparticles to PVA hydrogel
may affect its cytotoxicity. Magnetite nanoparticles are
commonly used in drug delivery systems and have been
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studied for their cytotoxicity. While they are generally con-
sidered biocompatible, they may induce cytotoxic effects
at high concentrations or prolonged exposure.

The cytotoxicity of MPVA depends on several factors.
These include the PVA concentration, the magnetite nano-
particles’ concentration and size, and the exposure dura-
tion. It's important to note that the cytotoxicity may vary
depending on the specific formulation, experimental con-
ditions, and cell types used in the study. Comprehensive
biocompatibility and cytotoxicity assessments following
relevant guidelines and standards are necessary. Careful
evaluation of the specific PVA hydrogel and magnetite
nanoparticle formulation intended for biomedical appli-
cation is also essential. This paper describes how magnetic
particles change the behavior of PVA hydrogels and their
interaction with 3T3 fibroblasts.

2 Results y discussion

The molecular weight of polyvinyl alcohol (PVA) used in
the hydrogel synthesis significantly impacts the proper-
ties of the resulting hydrogel [37]. When a high molecular
weight PVA, such as 155,000 g/mol, is dissolved in water,
it forms a highly viscous solution that can make the in-
situ synthesis of magnetite nanoparticles difficult. This can
result in an inhomogeneous distribution of nanoparticles
within the hydrogel. On the other hand, when a lower
molecular weight PVA, such as 40,000 g/mol, is used, a
higher number of freeze-thaw cycles may be required to
achieve proper crosslinking of the hydrogel. The behav-
ior observed in this study aligns with Sonker’s findings,
where it was demonstrated that PVAs with lower molecu-
lar weights tend to have lower viscosity. As a result, this
lower viscosity can lead to a decrease in cross-linking den-
sity. To compensate for this, additional freeze-thaw cycles
may be required to achieve the desired cross-linking level
[38]. An average molecular weight PVA is often used to
strike a balance between the solution’s viscosity and the
resulting hydrogel’s crosslinking density. It provides an
optimal viscosity that allows for a better distribution of
nanoparticles during in-situ synthesis while also achieving
the appropriate crosslinking density required to reach an
equilibrium swelling level in an aqueous solution.

Choosing the appropriate molecular weight of PVA is
an essential consideration in hydrogel synthesis, as it can
significantly impact the final properties of the hydrogel,
including its homogeneity, crosslinking density, and swell-
ing behavior [10].

The properties of magnetic polyvinyl alcohol (MPVA) gel
depend on the content of magnetite nanoparticles. Table 1
shows differences in physical properties between PVA gel
and MPVA gel. One notable difference is the degradation

Table 1 Physical parameters of PVA and MPVA

Ty (C) T, (°C) X, % GF %
PVA 2825+0.7 224.7+1.1 40.3+09 745+2.2
MPVA 295.6+3.5 213.2+0.8 31.7+0.2 84.0+1.1

temperature (Td), which is higher in MPVA gel compared
to PVA gel by 13 degrees. This suggests that the presence
of magnetite nanoparticles may enhance the thermal
stability of the hydrogel, resulting in a higher degrada-
tion temperature. However, the increased degradation
temperature of MPVA gel is attributed to the reinforcing
effect of the nanoparticles on the swelled gel structure.
The presence of magnetite nanoparticles can alter the
degradation behavior of the hydrogel, potentially leading
to slower degradation [30]. The melting temperatures (T,,)
of the hydrogels show an inverse relationship, indicating
that the addition of magnetite nanoparticles decreases the
melting behavior of the hydrogel. The fractional crystallin-
ity (X.,) also decreases with the addition of magnetite, sug-
gesting a lower formation of crystalline regions in MPVA
gel than in PVA gel. This may be due to the disruption of
chain ordering of PVA caused by the presence of nanopar-
ticles, as noted by Paradossi et al. in their study [39]. It is
also mentioned that hydrogels are not homogeneous and
can have regions with different degrees of swelling. High
crosslink density and low swelling regions in hydrogels can
indicate cluster formations, as reported by Drumheller and
Hubbell [40].

Figure 1 indicates that PVA's crosslink density is higher
than MPVA, resulting in less swelling of PVA hydrogel.
Crosslink density refers to the degree of chemical or phys-
ical crosslinking within a hydrogel network, which can
affect its swelling behavior [41].

In this case, the polymer’s gel fraction (GF) is used as an
indicator of its crosslinking density. The gel fraction refers
to the portion of the polymer that remains insoluble in a
solvent after swelling or degradation, and it is often used
to estimate the degree of crosslinking in a hydrogel.

Ricciani determined that the swelling is influenced
by the degree of crosslinking in the PVA hydrogel. MPVA
exhibited a higher gel fraction (GF) than PVA in this case,
indicating a higher crosslinking density in the MPVA
hydrogel. The increased crosslinking density in the MPVA
hydrogel can be attributed to magnetite nanoparticles,
which facilitate crosslinking and result in a more densely
cross-linked network. This higher crosslinking density in
the MPVA hydrogel reduces swelling behavior compared
to the PVA hydrogel, as observed in Fig. 1 [41].

In hydrogels, the swelling mechanism can be described
as a diffusion process followed by a relaxation process. The
initial swelling rate is determined by the diffusion of water
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Fig. 1 PVA and MPVA gel swelled in a physiological fluid at 25y 37 °C

into the hydrogel network, followed by a slower absorp-
tion process involving the relaxation of the polymeric
chains [42, 43].

According to Sirousazar [44], the strength of hydropho-
bic interactions increases with temperature, leading to the
contraction of hydrogels through polymer chain associa-
tion. The swelling behavior of hydrogels is temperature-
sensitive due to the association/dissociation of hydrogen
bonds. This behavior has been observed in PVA and MPVA
hydrogels in physiological fluid, as depicted in Fig. 1A and
B. Higher temperatures result in greater relaxation of poly-
meric chains and increased swelling in PVA hydrogel. In
contrast, the presence of magnetic nanoparticles in MPVA
hydrogel restricts the mobility of PVA chains, limiting the
overall swelling behavior, as shown in Fig. 1B.

The X-ray diffraction (XRD) pattern of PVA and MPVA
gelsis shown in Fig. 2. The characteristic diffraction peaks
of semi-crystalline PVA are observed at 19.8° and 22.9°,
corresponding to the reflection planes (10 1) and (1 0 1),
respectively [45]. These peaks indicate the presence of
crystalline regions in the PVA matrix. In the XRD pattern
of MPVA, an additional peak at 35.5° appears, which can be
attributed to the diffracted plane (3 1 1) of the magnetite
nanoparticles, confirming the presence of iron oxides in
the PVA matrix. This suggests that the magnetite nanopar-
ticles are dispersed within the PVA matrix and have a crys-
talline structure. The full width at half maximum (FWHM)
of the most intense peak of magnetite can be used to
estimate the crystallite size using the Scherrer formula. In
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Fig.2 Diffraction patterns of PVA an MPVA

this case, a crystallite size of 8 nm was obtained, indicating
that the magnetite nanoparticles in the MPVA gel have a
relatively small crystalline size.

As confirmed by the XRD pattern, the incorporation
of magnetite nanoparticles in the MPVA gel indicates
their potential impact on the hydrogel’s crystalline struc-
ture and properties. Similar findings were observed by
Mahmood [46], who determined that the inclusion of iron
oxide nanoparticles (IONPs) in the PVA-PVP copolymer
matrix substantially enhanced the material’s mechani-
cal strength. This enhancement could have significant
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implications for the hydrogel’s overall performance and
potential applications.

The composition of magnetite nanoparticles gives them
a net charge on their surface, which enables them to inter-
act with PVA polymer chains through electrostatic and van
der Waals forces. Panja calculated the van der Waals inter-
action energy for nanoparticles of different sizes (5 nm and
15 nm). The van der Waals interaction energy is slightly
higher than the dipole-dipole interaction energy [47].
Therefore, in this case, the van der Waals interaction con-
tributes to explaining the dispersion behavior of Fe304
magnetic nanoparticles in PVA. Notably, the FTIR analysis
did not reveal the presence of a new band, indicating the
absence of covalent bonding between the nanoparticles
and PVA. Instead, the interaction primarily relies on non-
covalent forces, facilitating reversible interactions and the
potential dispersal of nanoparticles within the PVA matrix.

In the structure of magnetite (Fe;0,), the iron ions (Fe,,
and Fe;,) represent the positive components, which are
particularly attractive for interactions with the hydroxyl
groups (-OH) present in PVA. These hydroxyl groups can
establish hydrogen bonds with the functional groups on
the nanoparticle surface, facilitating the dispersion of
nanoparticles within the polymer matrix.

Incorporating nanoparticles and PVA chains induce
significant modifications in the properties of the result-
ing MPVA composite, especially in terms of its mechanical
characteristics [46]. The nanoparticles serve as reinforcing
agents, providing structural support to the polymer matrix
and resulting in improved mechanical strength, increased
tensile resistance, and enhanced elasticity.

Furthermore, the addition of nanoparticles can influ-
ence the thermal and magnetic properties of the compos-
ite [48]. For instance, magnetite nanoparticles can alter the
composite’s thermal conductivity, thereby impacting its
heat transfer capabilities.

The interaction between PVA and magnetite nanoparti-
cles also affects the magnetic response of the MPVA com-
posite. The presence of magnetite nanoparticles allows
for manipulating and controlling the material’s magnetic
properties, offering the opportunity for external regulation
by applying a magnetic field [30]. This particular character-
istic makes MPVA a promising candidate for various appli-
cations, such as controlled and prolonged drug release
systems, where the release of drugs can be precisely regu-
lated using an external magnetic field.

Figure 3 shows the magnetic hysteresis loop of MPVA,
which provides information about the magnetic proper-
ties of the gel. The coercive force (Hc) of MPVA is negligi-
ble at 1.5 Oe, indicating a paramagnetic characteristic. This
suggests that the MPVA gel is not firmly magnetized and
does not retain any significant magnetization after remov-
ing the magnetic field, which could be advantageous for
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Fig. 3 Magnetic hysteresis loop for MPVA
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biomedical applications where minimal residual magneti-
zation is desired [49].

The magnetic saturation (M,) of MPVA, representing
the maximum magnetization that can be achieved in the
presence of a magnetic field, increases with the magnetite
content. For MPVA gels with 4%, 6%, and 10% iron oxide
content, the M, values are 3.2, 5.9, and 8.2 emu/g, respec-
tively. This indicates that the magnetization of the MPVA
gel can be controlled by varying the magnetite content,
with higher magnetite content resulting in higher mag-
netic saturation.

Figure 4 shows that PVA gel exhibited lower cell viabil-
ity than the control group when evaluated with spindle-
shaped fibroblast cells (3T3 fibroblast). The PVA gel was
sterilized with UV irradiation, which caused dehydration of
the gel. Upon rehydration with culture media, the reduced
culture media used to hydrate the gel may have inhibited
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cell proliferation, resulting in lower cell viability. Hydrating
the hydrogel is an inherent characteristic and an essential
aspect of its final application. Therefore, evaluating this
condition is necessary to assess any potential cell death
caused by the nature of the material. According to the ISO
10993-5:2009 standard, a cell viability value above 75%
is considered non-cytotoxic. Based on this standard and
the variance value obtained, the difference in cell viability
between PVA and MPVA gel is negligible, suggesting that
incorporating magnetic nanoparticles into the polymeric
network does not significantly affect cytotoxicity [50].

The cell viability of MPVA gel with 3T3 fibroblast cells
depends on the magnetite concentration. 4% MPVA gel
and PVA gel showed lower cell viability than the control
group. A study by Chapa Gonzalez et al. (2014) suggested
that the slightly basic pH of physiological fluids could
cause oxidation/reduction of magnetite, generating iron
ions that may induce cell death. However, cell viability
increased with higher magnetite content, with 10% MPVA
gel showing higher cell viability than the control group
[51]. This suggests that the presence of magnetite nano-
particles may have a concentration-dependent effect on
cell viability.

During the degradation of polymers, chemical disinte-
gration of the molecule occurs, resulting in lower molec-
ular weight fractions. In the case of PVA, degradation in
the presence of -OH and -H groups can lead to the forma-
tion of ketones and enols [52]. This process can alter the
production of reactive oxygen species (ROS), which are
chemical species containing oxygen that are produced
intracellularly through multiple mechanisms and can
have various effects on cells and tissues [53]. Excessive ROS
production has been implicated in mitochondrial DNA
mutations, aging, and cell death [54]. Magnetite nanopar-
ticles in MPVA gel may strengthen the gel structure and
decrease swelling, resulting in a higher crosslink density
and slower degradation, which could lead to less abrupt
changes in ROS levels. This behavior may be consistent
with an increasing incubation time of the cell culture, as
shown in Fig. 5, where cell viability is slightly lower at 48 h
but not significantly different according to the Student’s
t-test (p=0.05) compared to other incubation times and
materials. Further studies may be needed to fully under-
stand the impact of magnetite content and degradation
behavior of MPVA gel on cell viability and ROS production.

The average size of fibroblasts can vary depending on
different factors, such as species, age, and physiological
state of the cells. Generally, fibroblasts tend to have a size
ranging from 20 to 50 um (um) diameter [55]. In Fig. 6A,
the fibroblasts attached to the hydrogel surface measure
approximately 35 pm and exhibit an elongated, spindle-
shaped morphology due to their adaptation to the pro-
duction and remodeling of the extracellular matrix.
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Figure 6B shows 10 microns of smooth rounded fibro-
blast after being incubated with PVA hydrogel. In the cell
adhesion process, an initial adsorption step occurs; fibro-
blasts can swell and adopt a more rounded shape due to
the influx of fluids into the cell, relaxation of the cytoskel-
eton, or changes in osmotic pressure.

Subsequently, cell adhesion initiates, and the hydro-
gel components generate surface charges or functional
groups that facilitate interaction with the fibroblast cell
membrane. Chen’s research revealed that hydrophobic
groups facilitate cell adhesion to the polymer. These inter-
actions enable the formation of cell-matrix junctions and
promote cell proliferation and differentiation on biomate-
rial surfaces. These interactions can occur through electro-
static forces or chemical affinity, as described by Chen [56].

Receptors on the fibroblast’s cell membrane, such as
integrins, can recognize and bind to ligands present on
the hydrogel surface. These receptor-ligand interactions
facilitate a more robust and stable attachment between
the fibroblast and the MPVA hydrogel [57]. After 48 h of
interaction, Fig. 6C shows an irregular fibroblast surface
with multiple bulges. The properties of the hydrogel
and cellular polarity changes can influence this change
in shape. The rigidity or surface irregularities of the PVA
hydrogel can play a role in determining cell shape. A softer
substrate allows cell reorganization and contraction, form-
ing a rounded form. Additionally, the surface ligands pre-
sent in the hydrogel have the potential to influence cel-
lular polarity [56].

The interaction between actin filaments and microtu-
bules plays a vital role in maintaining proper cell shape;
any alterations in the distribution of actin filaments and
microtubules can lead to changes in cell shape, caus-
ing the components of the cytoskeleton to contract
and reorganize, resulting in a more rounded cell shape
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Fig.6 A fibroblast onto PVA hydrogel, Fibroblast after being incubated for B 24 and C 48 h with a PVA hydrogel, Fibroblasts onto MPVA after

D 24 and E 48 h of incubation

[58]. When the fibroblasts were incubated with MPVA,
Fig. 6D shows that the cells exhibited a swollen appear-
ance after 24 h, with a size of approximately 30 microns.
This size was double the size of the cells incubated with
PVA alone. However, unlike the pure PVA condition,
the cells had no rounded shape. After 48 h of incuba-
tion, the incubated cells exhibit an irregular shape with

protrusions measuring approximately 15 microns in size
(Fig. 6E).

The interaction of the MPVA with fibroblasts can trig-
ger a process of oxidative stress and cellular damage. The
magnetite present in the composite can generate reac-
tive oxygen species, producing free radicals that damage
cellular components such as lipids, proteins, and DNA.
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This cumulative cellular damage can provoke an inflam-
matory response and lead to cell death through necrosis.
Necrosis is characterized by cellular collapse, inflamma-
tion, and the release of intracellular content into the sur-
rounding environment [59, 60]. Cells undergoing necrosis
often exhibit increased size and a swollen appearance, as
shown in Fig. 6B and D. As necrosis progresses, the plasma
membrane of the cells may rupture and lose its integrity.
This can result in the release of cellular contents into the
extracellular environment, triggering an inflammatory
response.

On the other hand, the interaction of the MPVA can also
activate cell death signaling pathways, such as apoptosis.
Oxidative stress and cellular damage can trigger an inter-
nal signaling cascade that leads to caspase activation
and DNA fragmentation. Apoptosis is a programmed and
orderly form of cell death in which cells shrink, the nucleus
condenses, and apoptotic bodies are formed. These apop-
totic bodies can be phagocytosed without eliciting a sig-
nificant inflammatory response. To precisely determine the
mechanism of cell death, further studies, such as applying
a flow cytometry assay demonstrated by Albukhaty [61],
are required.

3 Conclusion

e The presence of magnetite nanoparticles in the PVA
hydrogel enhances its thermal stability and degrada-
tion temperature. These nanoparticles also disrupt
the chain order and decrease the hydrogel’s melting
behavior and fractional crystallinity.

o The crosslinking density of the PVA hydrogel is higher
than that of the MPVA hydrogel, resulting in less swell-
ing. While higher temperatures promote a more signifi-
cant bump in the PVA hydrogel, the presence of mag-
netic nanoparticles restricts the swelling behavior of
the MPVA hydrogel.

e The MPVA gel exhibits a higher gel fraction and cross-
link density than the PVA gel due to the incorporation
of magnetite nanoparticles.

e Theinteraction between PVA and magnetite nanopar-
ticles occurs through non-covalent forces, allowing for
reversible interactions and dispersion of the nanopar-
ticles within the PVA matrix.

o The cytotoxicity of the MPVA gel is similar to that of the
PVA gel. However, the cell viability of the MPVA gel with
fibroblast cells may vary depending on the concentra-
tion.

e Fibroblast cells demonstrate different morphologies
and interactions with PVA and MPVA hydrogels, with
the MPVA hydrogel promoting stronger attachment
and irregular changes on the cell surface.
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¢ The magnetic properties of the MPVA gel, as revealed
by the hysteresis loop, indicate its paramagnetic
behavior and controllable magnetization. This makes
it suitable for potential biomedical applications, such
as drug delivery, tissue engineering, or magnetic res-
onance imaging (MRI) contrast agents.

3.1 Experimental method

PVA gel was prepared by dissolving PVA (CAS 9002-89-5;
M,, 89,000-98,000; Sigma Aldrich; Germany) in deionized
water with a concentration of 10% w/v and heating the
solution at 80 °C for 4 h with constant magnetic stirring.
After cooling, the solution was placed in nonstick molds
and underwent three freeze-thaw cycles to achieve
crosslinking.

MPVA gel was prepared by obtaining magnetite nano-
particles in-situ within the PVA matrix. Iron (Ill) chloride
hexahydrate (CAS 10025-77-1; Sigma Aldrich; Germany)
and Iron (Il) sulfate heptahydrate (CAS 7782-63-0; Sigma
Aldrich; Germany) were added to the PVA solution in a
ratio of 1:2 and heated at 80 °C for 4 h. After cooling
to 60 °C, Ammonium hydroxide (CAS1336-21-6; Sigma
Aldrich; Germany) was added to adjust the pH to 10 and
achieve magnetite nanoparticles. The MPVA resulting gel
was cooled, placed in nonstick molds, and cross-linked
through 3 freeze-thaw cycles.

Cytotoxicity of the MPVA gels on the 3T3 fibroblast
cell line was evaluated using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT;
CAS 298-93-1; Sigma Aldrich; Germany). 3 x 10* cells
were seeded in a 24-well microplate with a 0.5x 0.5 cm
polymer composite sample. The cells were incubated for
24 h and 48 h. After incubation, the media was removed,
and the samples were washed with phosphate-buffered
saline (10 x PBS; Sigma Aldrich). 50 ul of MTT solution
(5 mg/ml) and 450 pl of Dulbecco’s Modified Eagle's
Medium-high glucose (D-MEM; D5796 Sigma Aldrich;
Germany) media supplemented with fetal bovine
serum (FBS; F8067 Sigma Aldrich; Germany) and solu-
tion Stabilized, with 5,000 unit’s penicillin-streptomy-
cin (Sigma Aldrich; Germany) were added to each well.
The cells were incubated for 3 h at 37 °C in a humidi-
fied atmosphere with 5% CO2 in a D180-P-Co2 incuba-
tor. Next, dimethyl sulfoxide (DMSO; CAS67-68-5; Sigma
Aldrich; Germany)) was added to the cells to dissolve
the formazan product, and the microplate was gently
shaken for 20 min. The absorbance of the solution was
measured at a wavelength of 570 nm using a Benchmark
Plus microplate spectrophotometer. Control was used,
and each experiment was repeated three times for reli-
able results.
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