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ABSTRACT

This work reports the assembly of mesoporous iron oxide nanoparticles (meso-MNPs) with cryogel scaffolds composed of chi-
tosan and gelatin. Meso-MNPs with a particle size ranging from 2 and 50nm, a surface area of 140.52m?g, and a pore volume
of 0.27cm?® g~! were synthesized on a porous SiO, template in the presence of PEG 6000 followed by leaching of SiO,. Different

ratios of meso-MNPs were successfully incorporated into chitosan:gelatin cryogels up to an amount equivalent to the entire

amount of polymer. The morphological structure and physicochemical properties of the cryogels were directly affected by the

amount of MNPs. VSM curves showed that all composite cryogels could be magnetized by applying a magnetic field. In the con-
text of the safety of magnetic cryogel scaffolds for use in biomedicine, it is important to note that all values are below the exposure
limit for static magnetic fields, and according to cytotoxicity data, scaffolds containing meso-MNPs showed nontoxicity with cell
viability ranging from 150% to 275%. In addition, microbial analysis with gram-negative and gram-positive bacteria showed that

the scaffolds exhibited activity against these bacteria.

1 | Introduction

Thanks to the development of material design and new man-
ufacturing processes, a large number of scaffolds with differ-
ent morphology, geometry, and functional properties can be
produced with the tissue engineering approach for use in the
biomedical field. So far, natural and synthetic polymer-based
scaffolds with various morphological structures such as po-
rous, fibrous, hydrogel, micro-patterned, or spherical parti-
cles have been successfully designed using methods such as
electrospinning [1], solvent casting [2], particulate leaching

[3], emulsion templating [4], gas foaming [5], freeze-thawing
[6], and additive manufacturing [7]. In fact, studies on new-
generation scaffolds with multilayered hybrid morphology by
combining the techniques mentioned here continue to progress
with high demand such as solvent casting—particulate leaching
[3], electrospinning-three-dimensional (3D) printing [8], and
electrospinning-freeze-thawing [9]. To create ideal scaffolds
that can better remodel the native extracellular matrix (ECM)
structure, biocompatibility, micropore size, high porosity, con-
trollable biodegradability, and appropriate mechanical proper-
ties that will improve cell interactions are desired. In addition
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to polymer combination, geometry, and internal structural cues,
scaffolds that activate under external physical stimuli such as
magnetic fields and magnetism are also of growing research
interest.

In the last decade, magnetically responsive (magneto-
responsive) scaffolds, as one kind of smart biomaterials, have
been introduced into tissue engineering to achieve favorable
outcomes in advanced drug delivery, cell guidance for tissue
regeneration/formation, and in vivo monitoring of tissue en-
gineering processes [10, 11]. Magneto-responsive scaffolds as
drug carriers could revolutionize local drug delivery to patients
to release drugs on-demand at specific concentrations through
internal/external magnetic signaling [12]. On the other hand,
magnetic field forces are converted into mechanical stimuli
in cells and this orientation accelerates tissue regeneration.
Studies on this phenomenon have also shown that paramag-
netic scaffolds can promote bone, cartilage, vascular, nerve,
and tendon tissue regeneration under magnetic fields and even
play positive roles in regulating wound healing phenotypes
for macrophages and fibroblasts [13]. After implantation of
scaffolds, it is also necessary to monitor tissue structures
over time to assess tissue development and functionality. For
this field, magneto-responsive scaffolds allow in vivo im-
aging thanks to optimal tissue penetration and 3D spatial
resolution [11].

The magneto-responsive scaffolds to be used for the abovemen-
tioned application areas can be created by combining a poly-
meric matrix with magnetic nanoparticles (MNPs). Previous
reports have revealed that MNPs (<20-30nm), such as ferrous
ferric oxide (Fe,O,) particles, create superparamagnetic micro-
environments that stimulate a large number of sensitive recep-
tors on the cell surface and thus have the potential to enhance
the process of tissue regeneration, especially in the treatments
of bone diseases [14-17]. In addition, it has been reported that
the mechanical properties of scaffolds are improved with the in-
corporation of Fe,O, MNPs, which have high specific stiffness,
specific strength, and large specific surface area, into the poly-
mer matrix [16, 18].

Considering the advantages of Fe,O, MNPs with the super-
paramagnetism properties they display, researchers have in-
corporated these MNPs into polymeric scaffolds for tissue
engineering applications such as enhancing tissue regenera-
tion [16, 19], targeted drug delivery [20, 21], and magnetic res-
onance imaging (MRI) [22]. In this study, we developed cryogel
scaffolds composed of mesoporous iron oxide nanoparticles
(meso-MNPs) that can be controlled by the applied magnetic
field. The innovative aspect that distinguishes this research
from the other studies lies in the synthesis strategy that imparts
a mesoporous morphology to the nanoparticles. The porous
Fe,O, MNPs synthesized in the studies so far are generally in
hybrid structures consisting of a Fe,O, core and a mesoporous
silicon dioxide (SiO,) shell [23]. Herein, we first evaluated the
interaction of meso-MNPs synthesized using polyethylene gly-
col (PEG 6000) molecules with chitosan cryogel scaffolds. In
this way, the physicochemical properties of existing cryogels
were preserved and the potential of meso-MNPs with magneto-
responsive cryogel scaffolds for the field of tissue engineering
was demonstrated.

2 | Materials and Methods
2.1 | Materials

For the construction of a 3D polymeric template as a scaffold,
chitosan with medium molecular weight and gelatin for microbi-
ology was selected and obtained from Sigma-Aldrich, USA. The
other reagents for MNPs production, which are hydrochloric
acid (HCl, 37%), tetraethyl orthosilicate (TEOS, 99%), PEG (with
MW 6000kDa), SiO,, and ethyl acetate (anhydrous, 99.8%), were
also provided by Sigma-Aldrich, USA.

2.2 | Production of Meso-MNPs

Production of meso-MNPs consists of three steps as also de-
scribed in our groups' previous recent studies including (i) the
synthesis of mesoporous SiO, NPs, (ii) the coating of the syn-
thesized SiO, NPs with Fe,0,, and (iii) the subsequent leaching
of SiO, after coating. The synthesis steps as detailed in recent
previous studies by Ulusal et al. [24] and Ulusal and Ozdemir
[25] are schematically summarized in Figure 1 for a clear under-
standing. Briefly mentioned, in the first step, porous SiO, NPs
were synthesized using PEG 6000 [26]. A solution of PEG at 3.2%
concentration in 6% HCIl was prepared. TEOS was added to the
solution at 2.3 times the mass of PEG, and a white powdery prod-
uct was obtained after 60h at 80°C. The product was neutralized
to pH 7.0 by washing with distilled water five times for 5min at
10,000rpm, dried in an oven, and burned at 550°C for 6h. In
the second step, to coat the mesoporous SiO, NPs with Fe,O,
(Si0,@Fe,0, NPs), a dry synthesis method was applied using
hexaurea iron (III) nitrate ([Fe(NH,CONH,) ](NO,),) complex
as a precursor. A certain amount of complex was dissolved in
triethylene glycol, and mesoporous SiO, prepared in the previ-
ous step was added to this mixture. The mixture was gradually
brought to 260°C under magnetic stirring and kept in these con-
ditions for 6 h. At the end of this period, the mixture was cooled
to room temperature and washed in 100mL of ethyl acetate by
magnetic decantation until a transparent washing solution was
formed. Finally, the synthesized SiO,@Fe,0, NPs were washed
with acetone and dried in an oven at 30°C. In the last step, for
leaching silica, the known amount of dried mesoporous SiO,@
Fe,0, NPs was dispersed in 100mL of distilled water with the
help of an ultrasonic bath. Na,CO, was added at a ratio of 1:5 by
mass under stirring at 50°C for 24h. The initially brown mix-
ture turned dark brown at the end of this period. The obtained
meso-MNPs were separated by decantation, washed with dis-
tilled water and acetone, and dried at room temperature.

2.3 | Production of Cryogel Scaffolds

The 3D cryogenic scaffold designed for the transport of meso-
MNPs and as an artificial ECM was prepared in line with the op-
timization results obtained from our previous studies [27-29]. In
this context, chitosan solution (3% wt.) was prepared in glacial
acetic acid (2% vol.) at room temperature, and gelatin solution
(6% wt.) was prepared in distilled water at 60°C. The homoge-
neously prepared polymer precipitates were mixed at a ratio of
1:1 by volume and crosslinked under cryogenic conditions by
adding 3% vol. glutaraldehyde solution. After 24 h, the stabilized
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FIGURE1 | Illustration of the production steps of mesoporous MNPs: (i) synthesis of mesoporous SiO, NPs, (ii) coating of the synthesized SiO,
NPs with Fe,0, (Fe,0,@Si0,), and (iii) the subsequent leaching of SiO, to obtain mesoporous Fe,0, NPs (meso-MNPs).

gels were brought to room temperature, washed with high vol-
umes of distilled water, and subjected to lyophilization for dry-
ing without distorting their physical shape.

Meso-MNPs-added cryogel scaffolds were obtained by adding
completely dried fine powder of meso-MNPs directly to the
polymer solution and crosslinking the resulting composite solu-
tion in cryonic media under the abovementioned experimental
conditions. For this purpose, based on the amount of polymer,
meso-MNPs were added to the polymer mixture at 25, 50, and
100wt. % of the polymer. In the continuation of the study, de-
pending on the increase in the amount of meso-MNPs, blank
cryogels were named SO, and MNPs-loaded cryogels were
named S25, S50, and S100, respectively.

2.4 | Characterization Studies of Meso-MNPs

For meso-MNPs characterization, magnetization measure-
ments with a Vibrating Sample Magnetometer (VSM, Cryogenic
Limited PPMS) were performed. The magnetization measure-
ments were carried out by using VSM with a magnetic field range
of up to +5 Tesla at room temperature. X-ray diffraction (XRD)
patterns were recorded in the 260 range of 10°-90° with CuK« ra-
diation (1=0.154nm) using a Rigaku MiniFlex x-ray diffractom-
eter. Morphological analyses were conducted using scanning
electron microscopy (SEM, Zeiss Gemini 500) and transmission

electron microscopy (TEM, FEI Talos F200S) images. The oper-
ating accelerating voltages were 5 and 200kV for SEM and TEM,
respectively. The specific surface area was determined accord-
ing to the BET method after N2 adsorption—desorption.

2.5 | Characterization Studies of Cryogels

Synthesized cryogels were characterized by Fourier transform
infrared spectroscopy (FTIR), SEM, pore size, swelling capac-
ity, and magnetic properties. For chemical identification, FTIR
spectroscopy (Perkin Elmer, 400 FTIR, USA) was performed
ranging between 400 and 4000 cm~! having 20 scans with a res-
olution of 4cm™!. For morphological investigations of the cryo-
gels, SEM (Carl Zeiss, SUPRA 55, Germany) was used. After
coating the freeze-dried cryogel samples with a thin layer of
gold, the images were obtained at an accelerating voltage of 5kV.
The mean pore size was calculated by processing measurements
of at least 50 pores in the SEM images taken using Image-J soft-
ware. The swelling capacity of cryogels was determined from
the difference in weights of the freeze-dried cryogel and swollen
cryogel at predetermined time intervals (5, 15, 30, 60, 90, 120,
and 150 min). First, the initial dry weight of cryogel samples was
recorded (Wi). Samples were taken into a falcon tube containing
10 mL of phosphate-buffered solution (PBS pH 7.4) and the tem-
perature was fixed to 37°C using a water bath. After each time,
the samples were carefully taken and excess water around the
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samples was removed using a filter paper. The swollen weight
of samples was recorded (Wt). The swelling capacity of the cryo-
gels, that is, the water content at each time interval, was calcu-
lated using the following equation:

Swelling capacity, wt. % = [(Wt — Wi) /Wi| x 100 (1)

VSM (Cryogenic Limited PPMS) was used for determining the
magnetic properties of cryogels after adding MNPs at different
ratios. Before analysis, the samples were prepared by grounding
the dried cryogels in a fine powder using a ceramic mortar. The
powder samples were placed in a Teflon holder. The magnetic
properties were then determined by an increasing magnetic field
over the sample. The measurements were carried out at room
temperature with a magnetic field range up to +5 Tesla.

2.6 | Cell Studies

The scaffolds were cut at a height of 3.0mm and a radius of
2.5mm and placed in 24-well plates for cell viability assays.
The scaffolds were sterilized before analysis. For the steriliza-
tion, the samples were first soaked in 70% alcohol for 1h. Then,
the alcohol was removed and washed three times with sterile
PBS (Cytiva, USA). After the last wash, 1h was left for drying.
Cells were observed during drying and care was taken not to
dry completely. A549 and BEAS2B cells were counted. Cell
suspensions of 40-50x 103 cells in 20uL were carefully added
onto the scaffolds. The cell-free group from each scaffold (3D
control) and the cell group without scaffold (2D control) were
also added to the plates. The plates were kept in an incubator for
2h at 95% humidity, 5% CO,, and 37°C for 2h for the cells to ad-
here. After 2h, DMEM medium (Cytiva, USA) containing 10%
FBS and 1% penicillin was added to the scaffolds and incubated
for 1 and 3days in the incubator. At the end of the incubation
periods, the cell media were removed and the CCK-8 (Abbkine,
USA) viability test was performed. According to this test, 10 uL
of CCK-8 reagent was added to the media and incubated at 37°C
for 2.5h, and at the end of the incubation, the absorbance was
measured at 450 nm after shaking for 10s. For scaffold-free cells
(2D), viability was considered 100%. Cell-free scaffolds (3D)
were considered blind and absorbance values were subtracted.
All experimental groups were performed with two repetitions.

2.7 | Antibacterial Analysis

The agar well diffusion method was used to analyze the in-
hibitory effect of cryogel scaffolds against pathogenic microor-
ganisms [30, 31]. Gram-positive Staphylococcus aureus (ATCC
29213) and gram-negative Escherichia coli (ATCC 25922) bacte-
ria were inoculated on 5% sheep blood agar plates and incubated
at 37°C for 24 h. After incubation, a homogeneous bacterial den-
sity of 0.5 McFarland standard (1.5x 108 CFUmL) was prepared
with sterile distilled water from the prepared pure bacterial col-
onies. For the agar well diffusion method, Muller-Hinton agar
(MHA) was sterilized in an autoclave at 121°C for 15min, then
poured onto sterile plates at a height of 4mm and allowed to dry
for 15min. After inoculation on the MHA plate, 100 L of the
bacterial suspension prepared according to the McFarland stan-
dard with a density of 0.5 was spread with sterile swabs. After

15min of drying in a sterile cabinet, wells with a diameter of
8 mm were formed on the plate surface with the help of a sterile
cork borer. Then, 192 L of sample was inoculated into each of
the wells created based on the volume calculation [32]. After in-
cubation of the plates at 37°C for 24 h, the inhibition zone diame-
ter of each well was measured. The experiments were performed
in a laminar flow sterile cabinet and repeated three times.

3 | Results and Discussion
3.1 | Characterization Studies of MNPs

The synthesized meso-MNPs were morphologically character-
ized using SEM and TEM images presented in Figure 2A,B,
respectively. In general, the morphology of the novel particles
was found to be quite similar to each other, exhibiting uniform
spherical or almost spherical structure with particle sizes in the
nano range. It is seen that the surface of the particles exhibits
porous bumpy-like structures. A similar morphological identi-
fication was reported in another study where iron oxide meso-
porous magnetic microparticles were produced by El-Boubbou
et al. [33]. Although the “mesoporous” term was defined, it was
very difficult to observe the porous structure of nanoscale par-
ticles in morphological images. Therefore, BET analysis was
performed to reveal the surface area of the synthesized parti-
cles due to their porous structure. According to the BET analysis
(Figure 2C), the pore diameters of MNPs ranged between 2 and
50nm, and the average pore diameter was calculated as 4.43nm,
confirming the Type IV isotherm. It was also determined that
the surface area of meso-MNPs was 140.52m?g~! and the pore
volume was 0.27cm3g~l. Moreover, the XRD pattern of the
meso-MNPs was characterized as shown in Figure 2D. All the
diffraction peaks present in the XRD pattern correspond to the
single-phase Fe,O, (magnetite) cubic crystals (JCPDS 19-0629)
in correlation with other studies [24, 34].

After determining the morphological observations of meso-MNPs,
the magnetic properties were characterized using magnetic hys-
teresis loops and the behavior of meso-MNPs under an external
magnetic field. In Figure 3A, the behavior of MNPs dispersed in
water under the external magnetic field created by the magnet
is photographed depending on time. Initially, it can be seen that
MNPs were successfully dispersed in distilled water without co-
agulation and displayed a homogeneous appearance. It was ob-
served that in the first 60s, it started to rapidly gather around the
magnetic field, and at the end of approximately 5min, the solid
MNPs were completely separated from the liquid phase. The mag-
netic characterization of meso-MNPs was continued with VSM
analysis, which is used to measure the magnetic moment of a sam-
ple when it vibrates perpendicular to a uniform magnetizing field.
Magnetic field dependence of magnetization (M—-H) measurement
was performed by sweeping the magnetic field in the range of
+1T at room temperature. Figure 3B shows the hysteresis loop of
meso-MNPs. It can be seen in Figure 3B that synthesized meso-
MNPs show hysteresis characteristic with a very low coercive field
(Hc-16 Oe) at room temperature. In addition, magnetization is not
saturated up to 1T for meso-MNPs. Saturation magnetization of
sample was determined as 21.30emug~!. Considering Ms, Hc, and
particle size (23.86nm on average) of meso-MNPs, it can be sug-
gested that the sample shows ferrimagnetic characteristics. This
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FIGURE2 |
XRD analysis.

is because that the particle size is smaller than critical phase tran-
sition size of Fe,0, (25nm). Ms value of sample is lower than of
the bulk Fe,0, (90emug™™). This structural behavior can create a
noncollinear spin arrangement in structure and decrease satura-
tion magnetization of meso-MNPs [34-36].

3.2 | Characterization Studies of Cryogels

The second part of the study aimed to activate the scaffolds
under a magnetic field by incorporating novel superparamag-
netic meso-MNPs into the chitosan:gelatin cryogel structure. In
this context, three different ratios of MNPs (25, 50, and 100wt. %)
were directly incorporated into the polymer solution, and by
freezing the composite solution in cryogenic conditions in the
presence of cross-linker, meso-MNPs-loaded cryogel scaffolds
were successfully obtained. Figure 4A shows the photographs
of the neat (S0) and meso-MNPs-loaded cryogels (S25, S50, and
S100) after freeze-drying. Gels produced in plastic syringes were
obtained in cylindrical form and stable without any deforma-
tion. It can be seen that as the MNPs ratio increases, the color of
the gels goes from light to dark. In fact, the S100 cryogel showed
a color close to dark brown compared to the others. Also in other
studies, the color intensity has been correlated with the amount
of MNPs in polymer structures [20, 37, 38]. This is due to the nat-
ural color of Fe,0,, and this color change is an indication that
MNPs can be physically integrated into the cryogel.

20, degree

Characterization of meso-MNPs: (A) SEM image at 100nm scale bar, (B) TEM image at 100nm scale bar, (C) BET analysis, and (D)

VSM analysis was performed to measure whether meso-MNPs
imparted magnetic properties to the cryogels. As expected, it was
found that there was an increase in magnetic properties along
with an increase in MNP concentration. VSM curves showed
that all-composite cryogels could be magnetized by applying a
magnetic field. The saturation magnetization was 21.30emu g!
for the synthesized meso-MNPs (Figure 2B), 0.86emu g~! (S25),
1.29emu g~! (S50), and 2.36emu g~! (S100) for the cryogels, re-
spectively. The significant decrease in saturated magnetization
can be attributed to the trapping of meso-MNPs within the pore
walls in the cryogels. In a study by Jia et al. [18], the saturated
magnetization value of chitosan:Fe,0, composite NPs prepared
using Fe,O, with a saturated magnetization of 120emug™" was
approximately 11.15emug™. Similarly, in this study, the mag-
netization value of Fe,O, nanoparticles coated with chitosan
polymer decreased significantly [39]. After doping MNPs into
cryogels, the samples showed small magnetization. We can
explain the reason for this as follows: when meso-MNPs were
added to the chitosan:gelatin cryogel structure, Fe,O, increased
the magnetic interaction and the material began to show mag-
netic properties, albeit weakly, especially at low MNPs amounts
(S25 and S50). Although it can be seen here that the magnetic
interaction of cryogels can be increased due to the increase in
the amount of MNPs, it can be said that the superparamagnetic
property of meso-MNPs decreases and exhibits nearly super-
paramagnetic properties in the cryogel samples formed with the
MNPs amounts used in the study.
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FIGURE 3
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FIGURE 4 | (A) Photos of scaffolds without and with the presence of an increased amount of porous MNPs and VSM curve graphs of (B) S25,
(C) S50, and (D) S100 ferromagnetic cryogel scaffolds.

In the evaluation of magnetic cryogel scaffolds in terms of safe
use in biomedicine, all values are below the static magnetic field

(SMF) exposure limit of 400mT published in the International

Commission on Non-Ionizing Radiation Protection SMF ex-
posure guidelines [40]. Therefore, we can conclude that the

meso-MNPs-loaded magnetic scaffolds prepared in this study
can be safe for human body use as reported by Shao et al. [41].

Regarding the potential use of cryogel scaffolds in tissue en-
gineering applications after different amounts of meso-MNPs
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incorporation, the changes in the characteristics of scaffolds
were evaluated by a series of physicochemical analyses. In
terms of scaffold morphology for a successful tissue engineer-
ing application, it has been demonstrated that microarchitec-
ture has a major impact on cell behaviors in both in vitro and
in vivo settings. Specifically, the scaffold’s mean pore size can

efficiently modify the cell-matrix interaction. Larger scaffold
holes have been shown to promote cell migration and diffusion,
while smaller ones increase the scaffold’s surface area for cell
attachment. The biochemical and mechanical characteristics
of regenerated constructions may be influenced by the ensu-
ing cell proliferation, differentiation, and matrix deposition.

FIGURE 5 | Morphological evaluation of cryogel samples with SEM images taken at 100x and 10,000x magnifications: (A, B) SO, (C, D) S25,
(E, F) S50, and (G, H) S100. (Areas marked in yellow indicate the collection points of particles on polymer walls inside the pores.)
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FIGURE 6 | Characteristics of cryogels: (A) mean pore size, (B) swelling capacity, and (C) chemical structure.

7 o0f 12



Consequently, different scientific groups study to understand
which scaffold design (e.g., mean pore size) influences cell be-
havior and subsequent tissue creation [42].

In our research, an open and interconnected pore morphology
was expected in all samples as a result of cryotropic gelation as
the chosen manufacturing process. The morphological study
by SEM (Figure 5) confirmed this expectation and revealed a
highly porous structure for all cryogels. With the incorporation
of meso-MNPs at different ratios, a porous structure with parti-
cles inside the pore was observed (Figure 5C,E,G). It is difficult
to say that there is a significant change in porosity in the overall
SEM images with increasing amount of MNPs. Therefore, when
the SEM images obtained at higher magnifications were exam-
ined (Figure 5D,F,H), the presence of nanoparticles was found to
be located on the polymer walls inside the pores (the collection
points of particles are indicated by yellow markings). The pres-
ence of nanoparticle aggregation was observed especially in the
S100 sample where the amount of meso-MNPs was the highest.
Here, it can be said that a more homogeneous non-coagulated
distribution occurred in samples S25 and S50 samples.

In addition to displaying the porous structure, determining the
mean pore size is an essential criterion for determining which
application the scaffold is more suitable for [43]. Studies in the
literature have reported that scaffolds with an average pore
diameter between 5 and 15um are more suitable for fibroblast
ingrowth, 20-125um for adult mammalian skin, 100-200 um
for osteoblast regeneration, and 40-100um for osteoid in-
growth [44-46]. For this reason, the average pore diameter of
each scaffold was calculated by processing SEM images with
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FIGURE 7 | Cellviability of A549 and BEAS-2B cells seeded on cryogel scaffolds and cultured for up to 3days, assessed via CCK-8 assay.

Image-J. According to Figure 6A, the mean pore size was cal-
culated as 307.71+90.36, 174.15+36.26, 195.46+46.88, and
159.47+45.51 pm for SO, S25, S50, and S100 cryogels, respec-
tively. It can be said that the average pore size decreased with
the addition of MNPs and settling in the polymer network. In
parallel with these results, when the swelling values presented
in Figure 6B are examined, it is seen that the swelling capacity
of cryogels is related to the pore size. As the MNPs fill into the
pore, it may be difficult for water to penetrate the gel structure.
However, the swelling values obtained are still quite high due
to the cryogenic structure of the scaffolds. The pore size and
total porosity of the swollen samples increase, which maximizes
the internal surface area of the scaffolds. Samples that exhibit
a higher degree of swelling will have a larger surface area to
volume ratio, allowing for maximum cell infusion into the 3D
scaffold and optimal cell growth through better attachment to

the scaffold surface [47].

The addition of different amounts of meso-MNPs resulted in
some changes in the final morphological and physical proper-
ties of the cryogel scaffolds as discussed above. These changes
were directly dependent on the amount of MNPs. Therefore, it is
important to determine whether this interaction between MNPs
and polymers is physical or chemical. For this reason, FTIR
spectra of the cryogels were obtained as presented in Figure 6C.
The characteristic peaks of the imine C=N group formed by the
crosslinking reactions between amino groups of chitosan and
gelatin with aldehyde groups of glutaraldehyde were observed
at 1546 and 1633cm™' [48]. Overlapping peaks of O—H and
N—H stretching were recorded at approximately 3300cm™'. The
peaks observed at 2925 and 2852cm™! correspond to aliphatic
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C-H symmetric and asymmetric bonds, respectively [47, 49].
With the addition of meso-MNPs, the spectrum showed similar
bands. However, especially, in the spectrum of S50 and S100, the
peak of Fe—O vibration at 530cm™" shifted to 460 and 430cm™!
due to the interaction between meso-MNPs and chitosan as also
reported in another study [50]. In another study, Qiang et al. [51]
stated that the hydrogen and amino groups of chitosan can form
strong interactions with Fe,O, surfaces. According to these, the
results imply that meso-MNPs are successfully incorporated
into the polymer network by hydrogen bonds formed between
amino groups of chitosan and the oxygen atoms on Fe,0,.

3.3 | Cytocompatibility of Scaffolds With
Increased Amount of Meso-MNPs

The safety of the use of MNPs has not yet been clearly estab-
lished. These particles tend to degrade in the body, therefore, in
addition to the toxicity of the particles as a whole, the biocom-
patibility of the degradation products interacting in the body
should be well understood [52]. Our primary goal in this study
was to provide superparamagnetic properties to existing cryo-
gel scaffolds without changing their morphological and physi-
cal properties. In this context, as stated in previous sections, the
scaffolds preserved their characteristic properties with the addi-
tion of MNPs and gained nearly superparamagnetic properties

that will play an active role under magnetic field. Within the
scope of these preliminary evaluation studies, in vitro cytotoxic-
ity studies of cryogels produced with different amounts of MNPs
(525, S50, and S100) were also conducted and compared with
the control sample (S0). Although these results do not provide
direct information about the dose and time-dependent degrada-
tion products of meso-MNPs, they are important in terms of pre-
liminary cytotoxicity evaluation. Figure 7 shows the CCK-8 test
findings for A549 and BEAS-2B cells shown in cryogel scaffolds
after 1 and 3days in culture. According to the cytotoxicity data,
the scaffolds containing meso-MNPs were nontoxic and cell vi-
ability ranged from 150% to 275%. These values indicating that
the scaffolds were biocompatible for both cell types. When cell
types were compared within themselves, it was observed that
the A549 cell line exhibited a higher rate of cell viability than
BEAS-2B. This shows that MNPs-loaded cryogel scaffolds have
the potential to be evaluated to create an in vitro tumor model
for this cancer cell line.

In different research articles, Fe,O, has been used with differ-
ent polymers such as [53, 54], PCL [55-57], PLLA, and gelatin
[58] for various applications. In a study conducted by Panseri
et al. [59], magnetic scaffolds were formed based on collagen and
hydroxyapatite/collagen, and it was reported that the attraction
of cells and growth factors was due to the presence of mag-
netic particles [59]. Similarly, in our study, it was observed that
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FIGURE 8 | Antibacterial activity of cryogel scaffolds. Agar well photographs of scaffolds against (A) Staphylococcus aureus and (B) Escherichia

coli bacterial strains. (C) Inhibition zones obtained from the test results.

9o0f12



MNPs-loaded S25 and S50 scaffolds exhibit higher cell viability
than SO sample.

3.4 | Microbial Evaluation of Cryogel Scaffolds

Implantation-induced microbial infections can significantly
affect cell survival and increase the risk of implant failure.
Therefore, the production of scaffolds with antimicrobial ma-
terials is crucial for the success of scaffolds. In this study, chi-
tosan, one of the selected polymers, is known to be antibacterial
in nature [60-62]. In this part of our study, we determined the
antibacterial activity of the scaffolds against gram-negative and
gram-positive bacterial strains to see whether the antibacterial
properties of the scaffolds were maintained after the addition of
meso-MNPs. Figure 8 shows the agar well diffusion results of
S0, S25, S50, and S100 cryogels against S. aureus and E. coli. It
was observed that all samples formed an inhibition zone against
both bacterial species.

4 | Conclusions

Combining therapeutic strategies in tissue engineering has
proven to be a critical step in improving outcomes. Based on
this, in this study, we functionalized chitosan:gelatin cryogel
scaffolds with MNPs additive and developed composite scaf-
folds with potential for use in magneto-responsive tissue engi-
neering applications. The synthesis of mesoporous MNPs was
successfully carried out and the average particle size obtained
was determined to be 4.43nm. The synthesized meso-MNPs
were used together with chitosan:gelatin cryogel and compos-
ite scaffolds with an open pore structure and interconnected
porosity were successfully produced at different MNPs ratios.
The incorporation of meso-MNPs into the gel matrix resulted in
cryogel scaffolds with tailored morphological, physicochemical,
and biological properties which are required for tissue engineer-
ing applications. SEM images confirmed that MNPs were suc-
cessfully incorporated into the matrix without compromising
significantly the inherent porous nature of cryogels. Depending
on the amount of MNPs, accumulation of MNPs in the polymer
wall or the pores was encountered. Although a shrinkage of the
pores of the gels occurred due to this accumulation, no signifi-
cant changes in swelling properties were recorded. In terms of
biological studies, cytotoxicity, and antibacterial studies were
performed. As a direct consequence of the interaction between
MNPs and cells, we demonstrated that MNPs-added composite
scaffolds have better cell viability after 3days of incubation. The
composite scaffolds were also found effective against bacterial
strains such as S. aureus and E. coli in the presence of meso-
MNPs. According to all results, we think that the composite
cryogels produced in our study are an innovative tissue engi-
neering product. Here, the use of meso-MNPs for tissue engi-
neering applications is reported together with cryogel scaffolds.
The incorporation of meso-MNPs into the polymeric network
structure resulted in the acquisition of nearly superparamag-
netic properties by the composite cryogels without a notable al-
teration in the conventional cryogel structure. The preliminary
optimization results obtained from this study indicate that the
meso-MNP-loaded cryogels have the potential to be employed
in magneto-sensitive applications, including magnetically

stimulated drug delivery, stimulation of cellular responses
under external magnetic fields, and targeting approaches for
cancer therapy.
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