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Abstract
The development of new three-dimensional biomaterials with advanced versatile properties is
critical to the success of tissue engineering (TE) applications. Here, (a) bioactive decellularized
tendon extracellular matrix (dECM) with a sol-gel transition feature at physiological temperature,
(b) halloysite nanotubes (HNT) with known mechanical properties and bioactivity, and (c)
magnetic nanoparticles (MNP) with superparamagnetic and osteogenic properties were combined
to develop a new scaffold that could be used in prospective bone TE applications. Deposition of
MNPs on HNTs resulted in magnetic nanostructures without agglomeration of MNPs. A
completely cell-free, collagen- and glycosaminoglycan- rich dECM was obtained and characterized.
dECM-based scaffolds incorporated with 1%, 2% and 4%MNP-HNT were analysed for their
physical, chemical, and in vitro biological properties. Fourier-transform infrared spectroscopy,
x-ray powder diffractometry and vibrating sample magnetometry analyses confirmed the presence
of dECM, HNT and MNP in all scaffold types. The capacity to form apatite layer upon incubation
in simulated body fluid revealed that dECM-MNP-HNT is a bioactive material. Combining dECM
with MNP-HNT improved the thermal stability and compressive strength of the macroporous
scaffolds upto 2%MNP-HNT. In vitro cytotoxicity and hemolysis experiments showed that the
scaffolds were essentially biocompatible. Human bone marrow mesenchymal stem cells adhered
and proliferated well on the macroporous constructs containing 1% and 2%MNP-HNT; and
remained metabolically active for at least 21 d in vitro. Collectively, the findings support the idea
that magnetic nanocomposite dECM scaffolds containing MNP-HNT could be a potential
template for TE applications.

1. Introduction

Aging, trauma, infection, cancer and hereditary
diseases-based factors can lead to different kinds
of bone fractures and losses. Despite its excep-
tional self-healing ability, additional surgical proced-
ures using biological or synthetic bone grafts are
required for successful healing of large bone defects.
These kinds of clinical routines include some lim-
itations associated with healing processes and tissue

harvesting [1–3]. Tissue engineering (TE) approaches
have become game changers in the reconstruction
of bone defects in the last 30 years [4]. In this
innovative approach, four key factors play import-
ant roles in a successful bone healing process: scaf-
folds, growth factors, cells and an optimummechan-
ical environment [5].

Most research has focused on finding suit-
able ways to develop engineered scaffolds with the
required properties. The characteristics of the target
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tissue or organ are key factors in the design of
biomaterials. From this point of view, the use of com-
positematerials developed by combining one ormore
of many polymers of natural origin with ceramic, clay
and carbonnanotubes in order to simulate the natural
environment of the bone and to provide the appro-
priate modeling of the in vitro environment comes to
the fore. Such a three-dimensional (3D) porous com-
posite biomaterial developed to promote bone form-
ation is expected to have certain properties, includ-
ing osteoinductivity, osteoconductivity, biocompat-
ibility, and appropriate mechanical strength.

The extracellular matrix (ECM) is a complex net-
work of multiple macromolecules such as structural
proteins and polysaccharides [6] that provide the
mechanical and biophysical meshwork for cells to
attach, proliferate, migrate, differentiate and modu-
late their activity by providing tissue-specific cues [7,
8]. In this context, the use of the ECM to form scaf-
folds has become the core of interest in regenerat-
ive therapies to facilitate appropriate tissue remodel-
ing. Tissue-derived acellular ECM-based biomaterials
are formed by decellularization of allogeneic or xeno-
geneic tissue sources. The structural, biochemical and
biomechanical properties of the native ECM are pre-
served during the decellularization process, except
for living cells and cellular antigens [9]. They offer
a very rich bioactive environment compared to syn-
thetic materials and can be obtained from different
tissue types. These are the main reasons why decel-
lularized ECM (dECM) constructs derived from dif-
ferent tissues or organs have become central to func-
tional tissue reconstruction [10–13]. Today, there are
many products in this category that are approved by
the FDA for clinical use [14].Moreover, their intrinsic
tissue-specific cues hold great promise as an induct-
ive template to aid in the constructive remodeling of
damaged tissues [15]. However, the physicochemical
properties of the ECM may fall short of meeting the
requirements of bone tissue engineering (BTE). The
solution to this disadvantage is to strengthen the scaf-
fold biomaterial with nanofillers to increase mechan-
ical and biological functionality.

As a nanofiller, halloysite nanotubes (HNTs)
have drawn interest for the fabrication of bone
regeneration biomaterials due to their numerous
favorable properties, such as good biocompatibil-
ity, tubular structure, biodegradability and nanos-
ize, as well as to their high specific surface area,
large adsorption capacity for polymer molecules,
mechanical properties and availability [16–18]. HNT
[Al2Si2O5(OH)4.nH2O] is a 1:1 alumino-silicate clay
mineral with a tubular morphology. Its inner sur-
face consists of positively charged aluminolic groups
while the outer surface consists of negatively charged
siloxanes [19]. The length, inner diameter, and
outer diameter of halloysite particles are in the
range of 0.4–1.5 µm, 10–20 nm, and 40–70 nm,

respectively [20–22]. Various studies have demon-
strated the biocompatibility and mechanical per-
formance of HNTs that perform very well for BTE
[23–26]. On the other hand, an increasing amount of
comprehensive research continues on magnetic iron
oxide nanoparticles (MNPs) for their use in BTE due
to their biocompatibility, superparamagnetic beha-
vior, high antibacterial activity, osteogenic perform-
ance and chemical stability [27–33]. In addition to
the advantages offered by iron oxide nanoparticles,
they also have some disadvantages. For example, high
surface-to-volume ratio results in high surface energy
and they tend to agglomerate to reduce this energy.
They easily oxidize in air due to their chemical activ-
ity. Surfactants, polymers, biomolecules, and inor-
ganic materials are widely used to increase the stabil-
ity of MNPs [34]. At this point, HNTs can be con-
sidered as an immobilization substrate for MNPs due
to their properties, and can be offered as an effect-
ive and economical option for polymers, carbon nan-
otubes and other inorganic materials [35].

Considering the properties of HNTs, MNPs and
dECM each, it was thought that a bioactive mag-
netic scaffold biomaterial could be developedwith the
use of these three components together, which could
make a contribution to BTE studies. To the best of our
knowledge, there is no report on the study of MNP-
HNT-dECMmagnetic scaffolds for BTE applications.
In this study, it was aimed to develop a unique
natural tendon ECM-based tissue scaffold (MNP-
HNT-dECM) with increased osteogenic capacity and
mechanical properties by combining iron oxide nan-
oparticles modified halloysite with dECM without
using any chemical crosslinkers. The physical, chem-
ical, structural, and in vitro biological properties of
the developed biocomposite scaffolds were assessed
and discussed in detail.

2. Experimental

2.1. Materials
All chemicals and solvents were purchased from
Sigma-Aldrich (St. Louis, MO, USA), unless other-
wise stated. HNTs were used as received without fur-
ther purification. FeCl3.6H2O and FeSO4.7H2O were
obtained fromMerck (Rahway, NJ, USA). Sterile dis-
posable tissue culture plasticware was obtained from
Corning (Corning, NY, USA). Cell culture medium,
fetal bovine serum (FBS) and other supplements were
provided from Lonza (Basel, Switzerland).

2.2. Tissue decellularization
Achilles tendons of healthy adult bovine were
obtained from a local veterinary controlled slaughter-
house with the approval of the supplier (Meat and
Dairy Board, Ankara, Turkey). Tendons were trans-
ferred to the laboratory in cold antibiotic-containing
phosphate buffered saline (PBS, pH 7.4) immediately
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after slaughter. Decellularization was performed by
slight modification of a previously described protocol
[13]. First, tissue samples were washed with fresh
PBS and then with isotonic saline solution to remove
any remaining residues. Second, the cleaned samples
were frozen at −80 ◦C and were thawed at 37 ◦C.
Freeze-thaw cycles were repeated 3–5 times to pro-
mote cell lysis. In the third stage, synovial sheath
around the tendons was removed with the aid of a
surgical scalpel. The tendons were minced into small
pieces. At the beginning of the decellularization pro-
cedure, tissue pieces were treated with hypotonic
solution, hypertonic solution and PBS, respectively,
on a mechanical stirrer at room temperature. The
samples were then kept in 1% sodium dodecyl sulfate
(SDS) for 1 d by refreshing the solution. After that,
the samples were rinsed with PBS to remove any
residual detergent. Finally, samples were treated with
0.1% peracetic acid (PAA)/4% ethanol for 12 h. After
these steps, the samples were washed with distilled
water to remove all possible residues. The resulting
acellular tissue was lyophilized for 2 d after freez-
ing at −80 ◦C. Lyophilized samples were transferred
into liquid nitrogen, frozen samples were turned into
powder form with a laboratory blender and stored at
+4 ◦C for use in subsequent experiments.

2.3. Structural and chemical analyses of
decellularized tendons
2.3.1. ATR-FT-IR analysis
Attenuated total reflectance-fourier transform-
infrared (ATR-FT-IR) spectroscopy analysis was per-
formed to determine possible changes in the collagen
structure due to the chemical agents used and the pro-
cesses applied during decellularization. The spectra
of the samples were collected using a Bruker IFS 66/S
model ATR-FT-IR spectrophotometer in the range of
400–4000 cm−1.

2.3.2. Morphological (SEM) evaluation
Morphological changes in lyophilized native tendon
ECM and decellularized tendon ECM (dECM) were
examined by scanning electron microscopy (SEM).
Briefly, samples were fixed in a 2% glutaraldehyde
solution in 0.1 M PBS at 4 ◦C overnight, followed
by washing with PBS, then dehydrated by passing
through a graded series of ethanol (50%–95%; 30min
at each concentration). As a final step, the samples
were sputter-coated with gold and viewed under a FEI
Quanta 450 FEG SEM instrument (Hillsboro, OR,
USA).

2.3.3. DNA content
To evaluate the efficacy of the decellularization pro-
cess, the total DNA contents of decellularized and
native tendon tissues were determined and compared
according to a previously reported method [13]. In
short, 10 mg of native and dECM tendons were
weighed and digested in 20mgml−1 Proteinase K in a

buffer solution composed of 10mMTris-HCl, 50mM
KCl, 1.5 mM MgCl2, 0.5% Tween-20 on a heating
plate at 55 ◦C for 48 h under 1000 rpm. The homo-
genates were centrifuged at 3000 rpm for 15 min at
4 ◦C and the supernatant was collected. DNA was
extracted from the collected samples using a standard
phenol/chloroform/isoamyl alcohol-based extraction
technique. The DNA contents of the samples were
determined by measuring the absorbances of the
samples at 560 nm using the NanoDrop™ One
Microvolume UV–Vis Spectrophotometer (Thermo
Fisher Scientific, MA, USA).

2.3.4. Total protein content
Total protein contents of native and decellularized
tendon tissues were determined by Lowry’s assay [36].
Briefly, a standard solution of bovine serum albumin
at a concentration of 0.5 mg ml−1 in distilled water
was made and used to prepare a set of diluted stand-
ards for a working range of 10–200 µg protein ml−1.
The amounts of protein in standard solutions and
samples were quantified by measuring their absorp-
tion spectra at 750 nm. A standard absorbance curve
against microgram protein was plotted and the con-
centrations of the samples were calculated from the
curve.

2.3.5. Turbidimetric analysis
The turbidimetric gelation kinetics of dECM was
investigated as previously reported [37]. Briefly,
200 µl of samples were transferred to 96-well plates.
Measurements were made at 2 min intervals for
120 min in a microplate reader (Molecular Devices)
at 37 ◦C at a wavelength of 504 nm. The normalized
values were calculated using equation (1), where NA
is the normalized absorbance, A is the absorbance at
a given time, A0 is the initial absorbance, and Amax is
the maximum absorbance of the sample,

NA=

[
(A−A0)

(Amax −A0)

]
× 100. (1)

2.4. Synthesis of halloysite-based magnetic
nanostructures
Halloysite-based magnetic nanostructures (MNP-
HNT) were formed by co-precipitation as described
in the literature [34]. Briefly, 0.5 g of halloysite was
added to 50 ml of distilled water and stirred well
under magnetic stirring overnight. The next day, the
resulting suspensionwas sonicated for 5min and then
mixed with 100 ml of solution containing 1.165 g of
FeCl3 · 6H2Oand 0.429 g of FeSO4 · 7H2O.The result-
ing mixture was stirred continuously for 2 h at 60 ◦C
under a nitrogen atmosphere and aqueous ammo-
nia solution was added dropwise until the appropri-
ate pH (pH 9–10) was reached. The black precipit-
ate formed was separated from the solution using a
neodymiummagnet. The resulting black product was
resuspended in distilled water and collected again.
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Resuspension and collection were repeated 3–5 times
until the pH was ∼7.0. The final wash was done
with ethyl alcohol. The obtained black precipitate was
incubated at 37 ◦Covernight and stored at room tem-
perature in a desiccator.

2.5. Structural and chemical analyses of
halloysite-based magnetic nanostructures
Transmission electron microscopy (TEM) analysis
was performed to investigate the size, morphology,
and distribution profile of the nanoparticles using
a Jeol 2100 F model high resolution instrument
(HRTEM). The magnetic properties of the samples
were recorded on a vibrating sample magnetometer
(VSM) (PPMS, Cryogenic Ltd, London, UK) at
room temperature. The chemical structure of the
nanoparticles was evaluated using the Bruker IFS
66/S model ATR-FT-IR spectrophotometer (Billerica,
MA, USA) in the spectral range of 400–4000 cm−1.
The crystal structures of the synthesized samples
were characterized using the Ultima-IV model x-ray
powder diffractometer (XRD) with CuKα radiation
(Rigaku, Tokyo, Japan). Analysis was performed at
a scan rate of 2◦ min−1 within the range of 20◦–
70◦(2θ). Thermal analysis of the samples was per-
formed on a DTA-TG instrument (Shimadzu DTG-
60H, Columbia, MD, USA) under a nitrogen atmo-
sphere in the temperature range of 25 ◦C–550 ◦C and
a heating rate of 15 ◦C min−1. Mössbauer spectra
of the MNP-HNT were recorded utilizing a Wissel
Mössbauer measurement system (Wissel MVC 450,
Starnberg, Germany) operating in conventional con-
stant acceleration mode. The obtained spectra were
analyzed using theWin-Normos fitting program. The
instrument was calibrated using the α-Fe foil spec-
trum at room temperature. The specific surface area
of the samples was determined by the Brunauer,
Emmett and Teller (BET) method of nitrogen gas
adsorption at 77 K using a Quantachrome Nova
2200 model analyzer (Boynton Beach, FL, USA).
Samples were degassed for 4 h at 110 ◦C prior to N2

physisorption.

2.6. Preparation of dECM-based magnetic
nanocomposite scaffolds
To prepare the biological nanocomposite material,
the grounded dECM was digested with pepsin solu-
tion (1 mg ml−1 pepsin in 0.01 N HCl) on a mag-
netic stirrer for 48 h at room temperature. At the
end of the digestion, the pH of the flowable viscous
solution (pre-gel) was adjusted to pH 7.4 with ice-
cold 0.1 N NaOH. Physiological salt concentration
was achieved by adding 1/9 volume ratio of 10xPBS to
this solution at 4 ◦C. In the next step, different con-
centrations (0%–10%) of MNP-HNT nanocompos-
ites were added separately to the pepsin-digested and

neutralized dECM pre-gel solution, and the suspen-
sions were mixed at 4 ◦C by using a mechanical stir-
rer with a glass rod until a homogeneous solution was
obtained. In the last step, the obtained composite sus-
pensions were poured into the wells of the multi-well
culture plates and kept at 37 ◦C to complete gelation.
Nanocomposite scaffolds were obtained by freezing
and then lyophilizing the gelled samples at−80 ◦C.

2.7. Structural and chemical analyses of magnetic
nanocomposite scaffolds
2.7.1. Degradation and swelling profiles of scaffolds
The degradation behavior of the samples was determ-
ined by monitoring their mass loss in phosphate-
buffered saline (PBS) (pH 7.4) for 4 weeks at 37 ◦C
(n= 3 per group). Weighed (W0) dried samples were
placed in multiwell culture plates containing PBS.
The buffer solution was refreshed every other day.
Samples kept in the buffer were retrieved at weekly
intervals, rinsed with distilled water, dried at 37 ◦C
and weighed (W t). The percent mass loss in the
samples was calculated according to equation (2),

Mass loss (%) =

[
(W0 −Wt)

W0

]
× 100. (2)

The swelling profiles of the samples were determ-
ined as follows: first, the samples were allowed to soak
by incubation at 37 ◦C for 24 h in PBS (pH 7.4)
and then weighed (Wd) (n = 3 per group). Swollen
samples were removed at predetermined time inter-
vals, the remaining solution on the surface was care-
fully removedwith a filter paper and reweighed (Ww).
The percent swelling of the samples over time was cal-
culated using equation (3),

Swelling ratio (%) =

[
(Ww −Wd)

Wd

]
× 100. (3)

2.7.2. Mechanical analysis of scaffolds
The compressive strength of the samples was meas-
ured using a Shimadzu Autograph AGS-Xmodel uni-
versal compression tester (Kyoto, Japan) to determ-
ine the effect of incorporating MNP-HNT into the
dECM matrix. The compression test was carried out
with 500 N load cell by applying 80% strain at a con-
stant speed of 2 mm min−1. The test was conducted
in triplicate for each sample.

2.7.3. Morphological (SEM) evaluation of scaffolds
The surfacemorphology of the scaffolds was analyzed
using the Quanta 400 F Field Emission SEM (FEI
Instruments,Hilsboro,OR,USA). All specimenswere
coated with a thin layer of gold before analysis.

2.7.4. Thermogravimetric analysis of scaffolds
In order to determine the effect of MNP-HNT
content on the thermal stability of dECM-based
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scaffolds, thermogravimetric analysis was per-
formed using a DTG-60H model device (Shimadzu,
Tokyo, Japan) at a heating rate of 10 ◦C min−1

in the range of 25 ◦C–550 ◦C under nitrogen
atmosphere.

2.7.5. VSM analysis of scaffolds
The magnetic sensitivity of the samples was evalu-
ated by VSM (Cryogenic Ltd.) at room temperature
to determine the effect of MNP-HNT content on the
magnetic properties of the scaffolds.

2.7.6. ATR-FT-IR analysis of scaffolds
Infrared spectra of the nanocomposite scaffolds were
recorded with the ATR-FT-IR spectrophotometer
(Bruker IFS 66/S). Spectrawere collected in the region
400–4000 cm−1 at room temperature.

2.7.7. Bioactivity analysis of scaffolds
The bioactivity study of the samples was carried out
at 37 ◦C for 14 d in an artificial body fluid (Simulated
Body Fluid; SBF) with an ionic concentration sim-
ilar to blood plasma. The SBF solution was prepared
according to the Kukoba method [38]. The SBF solu-
tionwas changed daily to ensure stable ion concentra-
tion level. Apatite formations that may occur on the
sample surfaces after SBF treatment were examined
by SEM and energy-dispersive x-ray spectroscopy
(EDS).

2.8. In vitro biological characterizations
2.8.1. Indirect in vitro cytotoxicity analysis
After the basic physicochemical characterization
studies, the standard assay (ISO-EN-10993-5)
described by the International Organization for
Standardization was applied on the samples to
determine the in vitro biocompatibility of nano-
composite scaffolds. At first, human dermal fibro-
blasts (PCS-201–012; ATCC, Manassas, VA, USA)
were seeded in multi-well culture plates contain-
ing Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% FBS and 1% (v/v) peni-
cillin/streptomycin (standard medium; SM) and
were cultured at 37 ◦C, 5% CO2/ 95% air, and
90% humidity conditions until they reached
confluence.

On the other hand, both sides of the scaffolds
were sterilized under a UV light source (254 nm)
for 1 h. Sterilized scaffolds were then placed in
the wells of another multi-well plate and kept in
the serum-free standard culture medium for 24 h.
Later, themedium (scaffold extract) was collected and
used as the new medium (after adding FBS) for the
confluent fibroblast cultures for 24 h. Cell viability
based on metabolic activity was examined using the
MTT (3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl tet-
razolium bromide)] assay. Culture medium without
the scaffold extract was used as negative control, and

phenol was used as positive control. The percentage of
cell viability was calculated according to equation (4),

Cell viability (%) =

[
ODsample

ODnegative control

]
× 100. (4)

2.8.2. In vitro hemocompatibility analysis
In vitro hemolysis assay was performed to determ-
ine the in vitro blood compatibility of the scaffolds,
according to the ISO 10993-4 standard. Briefly, the
obtained anticoagulated blood was diluted 1:20 with
PBS. The weighed samples were washed with PBS
and sterilized under UV light for 40 min; the samples
were placed in separate eppendorf tubes and 1 ml of
diluted bloodwas added to each of them. PBS and dis-
tilled water were used as negative and positive con-
trols, respectively (n= 3 per group). All samples were
incubated at 37 ◦C for 1 h, and then centrifuged at
1500 rpm for 10 min. The absorbance measurements
of the supernatants were taken with a spectrophoto-
meter at 545 nm. The percentage of hemolysis were
calculated using equation (5),

Hemolysis (%)

=

[
Asample −Anegative control

Apositive control −Anegative control

]
× 100. (5)

2.9. Mesenchymal stem cell culture study
Human bone marrow-derived mesenchymal stem
cells (BM-MSCs) (PCS-500-012™; ATCC, Manassas,
VA,USA)were used in this study.MSCswere cultured
in MSC growth medium (ATCC, PCS-500-041) con-
taining 1%pen/strep, in an incubator set to 37 ◦C, 5%
CO2/95% air, and 90% humidity. For this prelimin-
ary cell culture experiment, cells reaching∼80% con-
fluence were detached by trypsinization, suspended
in fresh culture medium, and seeded onto sterilized
scaffolds [39]. The viability and proliferation capa-
city of cells on scaffolds were investigated by theMTT
assay (as described in section 2.8.1). SEM assess-
ments were performed to follow cell adhesion, pro-
liferation, and morphological changes in cell-laden
scaffolds.

2.10. Statistical analysis
All experimental data were expressed as the
mean ± standard deviation (SD) of at least three
experiments. Statistical analysis was performed
using one-way and two-way ANOVA with the
GraphPad Prism 8 program. Significance levels were
set as: p < 0.05∗, p < 0.01∗∗, p < 0.001∗∗∗, and
p< 0.0001∗∗∗∗.

3. Results and discussion

3.1. Evaluation of decellularization efficiency
While a well-decellularized tissue should be free of
cellular components, it should significantly preserve
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Figure 1. Characterization of tendon ECM and dECM: (a) ATR-FT-IR spectra; (b) SEM images (scale bars= 200 µm); (c) DNA
content analysis; (d) protein content analysis (p< 0.01∗∗; p< 0.0001∗∗∗∗).

the structural and bioactive macromolecules of the
native ECM to contribute to the remodeling pro-
cess in a potential regenerative application. Therefore,
the decellularization efficiency of tendon tissue was
investigated by comparing native and decellularized
ECM using various methods such as FT-IR, SEM,
DNA and total protein analyses.

3.1.1. ATR-FT-IR analysis
Sixty percent of the tendon tissue dry mass con-
sists of different collagen fibers. The main part
of this structure consists of 95% type I collagen,
while the remaining 5% consists of type III and
type V collagens [40]. ATR-FT-IR analysis was per-
formed to evaluate the possible effects of decellu-
larization based on the use of chemicals on the
ECM structure (figure 1(a)). The peaks observed
in the 3289 cm−1 and 1920 cm−1 regions repres-
ent the O–H stretching band, and the C–H bending,
respectively. The peaks at 1630 cm−1 and 1521 cm−1

were associated with amide-I and amide-II, respect-
ively. The peaks at 1225 cm−1 and 1235 cm−1 cor-
respond to sulfated glycosaminoglycans. Findings
based on structural analysis revealed that native
and decellularized ECM showed great similarity,
except for minor differences in peak intensities.
Accordingly, it was concluded that dECM is similar
to native ECM, thus the decellularization method

does not cause any significant changes in collagen
structure.

3.1.2. SEM evaluation
Differences inmorphological structures of native ten-
don ECM and dECMwere examined by SEM analysis
(figure 1(b)). The findings showed that the tight tis-
sue integrity in the tendonwas somewhat disrupted in
the dECM structure, resulting in a looser and porous
structure, indicating the success of the decellulariza-
tion procedure.

3.1.3. DNA content analysis
The DNA contents of native and decellularized ten-
don tissues were found to be 44.31 (±1.52) ng µl−1

and 3.51 (±0.02) ng µl−1, respectively (figure 1(c)).
Analyses showed approximately 92% reduction in
DNA content of dECM relative to native tissue fol-
lowing the decellularization process. Both SEM and
DNA analyses indicate a successful decellularization.
In another study using a similar decellularization
method, the decrease in DNA content was determ-
ined to be∼80% [13].

3.1.4. Protein content analysis
Protein content analysis results of native tendon ECM
and dECM are given in figure 1(d). The results show
that the protein content of the tissue is preserved by
∼84% after decellularization. This finding indicates
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Figure 2. Turbidimetric gelation kinetics of dECM gel.
Inner photos show sol-gel transition of dECM at 37 ◦C.

that the majority of ECM proteins, which are of great
importance for the regenerative effect, remain in the
dECM structural composition.

3.1.5. Turbidimetric analysis
The turbidimetric gelation analysis results of dECM
are summarized in figure 2. The results reveal that the
normalized absorbance value reaches a plateauwithin
70–75 min at 37 ◦C. The macroscopic images in the
graph show the pregel and gel forms of dECM in the
tubes.

3.2. Structural and chemical evaluation of
nanocomposites
3.2.1. TEM analysis
TEM results are presented together in figure 3(a).
TEM micrographs show that iron oxide-based nan-
oparticles are in the average size range of 12.5–
19 nm.This result alignswith the findings determined
according to the Scherrer equation. Furthermore,
TEM analysis reveals that the synthesized MNPs
exhibit a spherical morphology, and also indicate
that the synthesized MNPs tend to agglomerate due
to magnetic attraction forces. Consistent with the
findings in the current literature, the presence of
nanoparticle formations on both the surface and
inner walls of HNTs indicates that MNPs are directly
synthesized on the surface of halloysites. This phe-
nomenon can be attributed to the distinctive struc-
tural features of HNT, such as large surface area, sig-
nificant pore volume, and the presence of sufficient
hydroxyl groups to interact [41]. Results are consist-
ent with XRD and FT-IR results.

3.2.2. ATR-FT-IR analysis
ATR-FT-IR spectra of HNT and MNP-HNT speci-
mens are presented in figure 3(b). The peaks at 3800–
3600 cm−1 in the HNT spectrum are the stretching
vibrations of the OH groups. The peaks at 3691 cm−1

and 3648 cm−1 were typically associated with OH
groups (Al–OH) located on the inner surface, while
the peak at 3628 cm−1 was assigned to the OH
groups on the outer surface [42–44]. FT-IR peaks
in the range 1200–400 cm−1 were assigned to the

alumina silica structure. Bands at 1090–1000 cm−1

belong to Si-O stretching, while bands in the range
500–400 cm−1 belong to Al-O-Si and Si-O-Si bend-
ing. The peak seen at 904 cm−1 belongs to Al-OH
bending vibration, and the peak at 750–700 cm−1

belongs to Al-O-Si vibrations on the inner surface.
The 3400 cm−1 and 1630 cm−1 bands observed in
the HNT and MNP-HNT spectra are most likely due
to iron oxide and water absorbed on the halloysite
surface. The appearance of the absorption band of
the MNP sample (Fe-O stretching vibration of Fe3O4

nanoparticles) at low wavenumbers (550–600 cm−1)
is characteristic for magnetite and maghemite [45,
46]. All samples contain certain bands of kaolin group
minerals, revealing that HNT retains its original
structure.

3.2.3. XRD analysis
XRDpatterns ofMNP,HNT andMNP-HNTare plot-
ted in figure 3(c). The XRD patterns of the synthes-
ized MNP-HNT nanocomposite showed 2θ diffrac-
tion peaks at 30.3◦, 35.5◦, 43.4◦, 57.3◦, 62.8◦, and
74.4◦, corresponding to (220), (311), (400), (422),
(511) and (533), which can be indexed as MNP, con-
firming the presence of Fe3O4, conforming to the
magnetite crystallographic model (JCPDS file #75-
0033) [47, 48]. The specific peaks observed at 12.29◦,
19.98◦, 26.71◦, 29.93◦ and 37.16◦, corresponding to
(001), (110), (100), (114), (002) and (222) reveal the
existence of HNT. The presence of these peaks in the
MNP-HNT nanocomposite confirms the successful
formation of MNPs on the HNT. These results are
consistent with observations from TEM and FT-IR
analyses. The crystal size of the material was determ-
ined by the Scherrer equation [49], and the average
crystal size for MNP and MNP-HNT was calculated
as 13.24 nm and 15.07 nm, respectively.

3.2.4. VSM analysis
Ferromagnetic materials such as iron or magnetite
are self-magnetizing. Spontaneous magnetism is a
concept associated with hysteresis. Hysteresis curves
are created by changing the external magnetic field
applied to ferromagnetic materials [50]. The satur-
ation magnetization of MNPs and MNP-HNTs was
determined as 60–65 emu g−1 and 35 emu g−1,
respectively (figure 3(d)). It was found that the mag-
netization increased with the increase of the mag-
netic field. In another study utilizing a similar pre-
paration, the saturationmagnetization of HNT-MNP
was reported as 27.91 emu g−1 [51]. The minimum
hysteresis profile of the sample indicates its pos-
session of superparamagnetic properties (figure S1)
[52, 53]. VSM findings also indicate the presence of
MNP within the HNT structure and the interaction
between them.
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Figure 3. Characterization of the MNP-HNT nanostructures: (a) TEM images; (b) ATR-FT-IR spectra; (c) XRD patterns; (d)
magnetization curves [enlarged results of measurements of the hysteresis loop in the zero-field region are presented in the
supplementary data (figure S1)]; (e) TGA curves; (f) Mössbauer spectra.

3.2.5. TGA analysis
The TGA curves of HNT and MNP-HNT shown in
figure 3(e) revealed that themass loss ofHNT at 0 ◦C–
200 ◦C corresponded to the loss of water adsorbed on
the surface and interlayer of the HNT [54]. A second
phase ofmass losswas observed resulting fromdehyd-
roxylation of aluminol groups at 400 ◦C–500 ◦C [55].
MNT-HNT showed a similar trend, but mass losses
occurred at a lower rate. In this context, it was determ-
ined that the thermal stability of HNT increased as a
result of the modification, indicating that the forma-
tion of MNPs and binding to HNTs were successfully
achieved.

3.2.6. Mössbauer spectroscopy analysis
The Mössbauer spectra of the nanocomposite
samples are depicted in figure 3(f) and the corres-
ponding Mössbauer parameters calculated from the
fitting of the spectra are presented in table 1. The
Mössbauer spectra of the nanocomposite consist of
four magnetic sextets. One of the sextets with a lower
isomer shift corresponds to Fe3+ ions in the tetra-
hedral A region, while the other sextets with a higher
isomer shift are related to Fe3+ ions in the octahed-
ral B regions [56]. Due to the Fe3+ ions in the B
region in different environments, three sextets were
fitted in this region. The existence of these sextets

suggests that the Fe atoms in the samples exhibit
magnetic ordering [57]. In addition to the ferromag-
netic sextets, a doublet was formed in the Mössbauer
spectra. The findings affirm that the samples contain
nano-sized ferrite crystallites, which are known to be
superparamagnetic [58].

3.2.7. BET analysis
The surface area and total pore volume of HNT were
found to be 9.283 m2 g−1 and 2.325× 10−1 cm3 g−1,
while the surface area and total pore volume of HNT-
MNP were 12.981 m2 g−1 and 3.16 × 10−1 cm3 g−1,
respectively. According to these results, it can be said
that the surface area and total pore volume of HNT
increases with modification. BET analyses also reveal
that MNPs are located on the HNT surface. This
is consistent with TEM, ATR-FT-IR, XRD and TGA
analysis findings.

3.3. Structural and chemical evaluation of
magnetic composite scaffolds
In order to pre-select composite scaffolds (containing
0%, 1%, 2%, 4%, 6%, 8%, and 10% of MNP-HNT)
suitable for in vitro cell culture studies, the swell-
ing rate and in vitro biodegradation behavior of the
constructs were examined. The preliminary analyses
revealed that the constructs containingmore than 4%
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Table 1. Parameters of Mössbauer spectra of the sample (Bhf: hyperfine magnetic field; I.S: isomer shift; Γ: line width; Q.S: quadrupole
splitting; RA: relative area).

Site I.S. (mm s−1) Q.S. (mm s−1) Bhf (T) Γ (mm s−1) RA (%)

Sample

Sx-A: Fe+3 0.274 −0.048 48.25 0.381 20.121
Sx-B1: Fe

+3 0.511 −0.046 47.736 0.295 6.811
Sx-B2: Fe

+3 0.406 −0.034 44.783 0.756 31.05
Sx-B3: Fe

+3 0.331 0.011 40.929 0.887 35.084
Db-: Fe+3 0.361 0.64 — 0.453 6.934

Figure 4. Time-dependent mass loss (a) and swelling degree (b) results of magnetic composite scaffolds.

MNP-HNT lost their structural integrity in a short
period of 1–3 d. This was probably due to reduced
intermolecular interactions between dECM proteins
owing to increased MNP-HNT content. It was there-
fore decided to include composite scaffolds with 1%,
2% and 4% MNP-HNT in further characterization
studies.

3.3.1. Degradation and swelling profiles
Evaluation of the properties of biomaterials from
various aspects is important to increase the success of
the application. Controllable rate of biodegradation
is one of the important properties of biomaterials
and should be well characterized according to clinical
use needs. In this context, the degradation behavior
of the constructs was evaluated and the results are
summarized in figure 4(a). After 7 d, the dECM-
based constructs containing 1%, 2% and 4% MNP-
HNT retained 68%, 64% and 51% of their initial
masses, respectively. In the following 3 weeks (day 7
to day 28), the mass loss in the 1% and 2% MNP-
HNT containing dECM constructs was quite low,
while a mass loss >90% occurred in the 4% MNP-
HNTcontaining dECM, accompaniedwith structural
erosion. Given the preliminary analyses, this find-
ing was not surprising as increased MNP-HNT con-
tent inhibited possible hydrogen bonding between
ECM proteins and eventual hydrogel matrix forma-
tion. Similar results have been reported in the liter-
ature when the nanofiller ratio is increased in ECM
composites [59].

The swelling degree of biomaterials is import-
ant in terms of absorption of body fluids, diffusion
of nutrients and waste metabolites into/from cells
seeded on the scaffolds [60]. It depends on the chem-
ical composition of the biomaterials. The collagen/-
protein content of the dECMand the number of polar
groups of dECM structure have an effect on the water
retention capacity [37]. The swelling test findings
of composite scaffolds are presented in figure 4(b).
In the early stage of the experiment (within the
first 1–2 h), the swelling degree of the compos-
ites increased very sharply, after which a significant
decrease in all groups was observed. Consistent with
the literature, it was observed that with increasing
MNP-HNT content, the swelling capacity of the
samples decreased due to the hydrophobic nature of
MNP [61]. 1% and 2% MNP-HNT-dECM showed a
higher swelling capacity attributed to its hydrophili-
city and preservation of its 3D structure. The results
are in agreement with the mass loss results.

3.3.2. Mechanical analysis
Biomaterials developed for hard tissue applications
such as BTE are expected to have certain mechan-
ical properties. For this reason, compressive strength
tests were applied to the developedmagnetic scaffolds
and the results are presented in figures 5(a) and (b).
As a result, the mean maximum force values at 80%
compression for dECM, 1% MNT-HNT-dECM, 2%
MNT-HNT-dECM and 4% MNT-HNT-dECM were
measured as 10 MPa, 15 MPa, 27 MPa and 12 MPa,
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Figure 5.Mechanical assessment of magnetic composite scaffolds: maximum compressive force (left), and maximum compressive
stress (right) at 80% compression (p< 0.01∗∗; p< 0.001∗∗∗; p< 0.0001∗∗∗∗; ns: not significant).

Figure 6. Characterization of dECM-based magnetic composite scaffolds: (a) SEM micrographs; (b) TGA analysis; (c) VSM
analysis (enlarged results of measurements are presented in the supplementary data (figure S2)); (d) ATR-FT-IR spectra (Scale
bar= 500 µm; for all SEM micrographs).

respectively. Interestingly, the mechanical strength
values unexpectedly decreased when the nanocom-
posite content was 4%. This reduction in mechan-
ical strength is probably due to the higher content
of nano-fillers. Consistent with those in the literature
[59, 62, 63], it is thought that higher nanofiller con-
tent negatively affected the gelation process of dECM
by preventing the chain movement required for the
process. However, the maximum stress was observed
to be nearly doubled for 2%MNT-HNT-dECM com-
pared to 1%MNP-HNT-dECM and 4%MNP-HNT-
dECM. This dilemma may be the result of ion release
by the MNP-HNT content. As is known, glycosa-
minoglycan molecules are rich in certain functional
groups such as sulfate, as seen in the ATR-FT-IR res-
ults. The release of ions such as Al3+, Fe2+ and Fe3+

which exist in MNP-HNT may have induced ionic
cross-linking via sulfate groups. This result can also
be supported by the degradation test. The 2% MNP-
HNT-dECM has a minimum % mass loss and can
therefore be considered the optimum nanocompos-
ite.Mechanical test results are in agreement withmass
loss findings. Note that the compressive strength of
the composite scaffolds is close to that of human tra-
becular bone (0.1–16 MPa), indicating the potential
of the constructs for BTE [64–66].

3.3.3. Morphological (SEM) evaluation
SEM micrographs of dECM scaffolds with vary-
ing MNP-HNT contents (0%, 1%, 2%, and 4%)
are displayed in figure 6(a). It is clear from the
micrographs that the composite scaffolds have a
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polygonal, heterogeneous macroporous structure
and the MNP-HNT nanoparticles are dispersed well
in the dECM matrix which introduces roughness to
the pore walls of the scaffolds. It has been repor-
ted in the literature that the surface roughness and
large surface area of biomaterial constructs positively
influence the adhesion, spreading and proliferation
of cells both in culture conditions and in the in vivo
environment [67]. This effect is particularly associ-
ated with better adhesion of proteins that guide the
growth of adherent cells to such surfaces [68–71].
It has also been shown that the surface microtopo-
graphy of the substrates plays a role in the mechan-
ical behavior of cells [72, 73]. Preliminary cell cul-
ture experiments showed a correlation between the
increase in MNP-HNT content and cell proliferation.
In this context, it can be stated that the findings of
the study are generally parallel to the results in the
literature.

3.3.4. Thermogravimetric analysis
The thermal stability of materials is an important fea-
ture in producing bioabsorbable scaffolds. Although
in vitro and in vivo studies are carried out at a cer-
tain temperature, thermal degradation during a heat
treatment process may result in the formation of
small molecular fragments, which can alter the cyto-
toxicity and biocompatibility of the construct [74]. In
this context, it is important to evaluate the thermal
stability of thematerials. The TGA curves of the tested
samples and the percent mass losses depending on
temperature are presented in figure 6(b). In thermo-
grams of hydrogels, two- or three-stage mass losses
usually occur due to the loss of water molecules in
their structure, fragmentation of the material and the
combustion of organic components [75]. The TGA
data of the dECM structure is compatible with the
literature. The initial mass loss around 0 ◦C–200 ◦C
occurred due to evaporation of physically adsorbed
and bound watermolecules in the dECM. The second
mass loss was observed at 200 ◦C–400 ◦C depend-
ing on the decomposition of the protein chains in the
structure [76].

Table 2 summarizes the percentage weight losses
for MNP-HNT-dECM composite scaffolds at 200 ◦C
and 370 ◦C. Notably, there is a corresponding
decrease in the weight loss of compositematerials due
to the increase in the amount ofMNP-HNT in dECM.
This observation strongly suggests that the incorpor-
ation of MNP-HNT enhances the thermal stability of
the composite scaffolds, possibly through interfacial
interactions between dECM and MNP-HNT within
the structure.

3.3.5. VSM analysis
Figure 6(c) shows the magnetization curves of the
dECM-based matrices. While magnetization was not

Table 2. Percent mass losses of dECM and composite structures at
200 ◦C and 370 ◦C.

Sample 200 ◦C 370 ◦C

dECM 9.8% 33.3%
1%MNP-HNT-dECM 3.2% 22.4%
2%MNP-HNT-dECM 3.2% 19.2%
4%MNP-HNT-dECM 3.2% 12.6%

observed in dECM constructs, magnetic properties
appeared in the composite scaffolds with the increase
in nanofiller content (23.3 emu g−1, 15.3 emu g−1

and 11.7 emu g−1) as expected. Note that the hys-
teresis loops of the samples are small and lack coer-
civity of remanence indicating the superparamagnetic
properties of the samples (figure S2) [52].

3.3.6. ATR-FT-IR analysis
The data of ATR-FT-IR spectroscopy analysis are
given in figure 6(d). The characteristic peaks ofMNP-
HNT and dECMwere observed in all composite scaf-
fold structures. There is an increase in peak intens-
ities in line with the increase in MNP-HNT con-
tent. The peaks in the area of 1000–1700 cm−1 and
3600–2700 cm−1 are associated with MNP-HNT and
dECM, respectively. The peaks in the region between
1000–430 cm−1 observed in composite materials
confirm the formation of MNP-HNT-dECM nano-
composites. Characteristic peaks of MNP-HNT and
dECM were observed in all composite scaffold struc-
tures. There is an increase in peak intensities in paral-
lel with the increase inMNP-HNT content. The peaks
in the 1000–1700 cm−1 and 3600–2700 cm−1 areas
are associated with MNP-HNT and dECM, respect-
ively. The region between 1000–430 cm−1 observed in
composite materials confirm the formation of MNP-
HNT-dECM nanocomposites.

3.3.7. Bioactivity analysis
Materials that support the formation of new tissue
by interacting with body fluids and surrounding tis-
sues after they are placed in the body are called bio-
active materials. The development of materials with
bioactive properties that support the formation of
apatite layer with mineral content similar to natural
bone tissue is an important issue, especially for BTE
studies [77]. In this context, the bioactivity and apat-
ite layer formation capacity of composite scaffolds
were determined using SBF that is similar to the ion
concentration of human blood plasma. Data of sur-
face morphology (SEM) and EDS analyses of com-
posite scaffolds were obtained for different incuba-
tion times in SBF. As the incubation time increased
in SBF, an increasing amount of apatite accumula-
tion was detected on all composite scaffold surfaces
(figure 7). In addition, the presence of MNP-HNT
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Figure 7. Representative SEM images and EDS results showing surface mineralization (apatite layer formation) of magnetic
composite scaffolds as a result of incubation in simulated body fluid over time (Scale bar= 100 µm; for all SEM micrographs).

content was found to have a positive effect on increas-
ing apatite accumulation and bioactivity. In partic-
ular, cauliflower-like hydroxyapatite layer formation
on the surface of the constructs with 4% MNP-HNT
content was clearly detected. The results confirm that
composite scaffolds containing MNP-HNT are bio-
active and induce bone-like apatite formation. EDS
analysis on randomly selected areas in SEM images of
the 14th day samples reveal the presence of iron, alu-
minum, silicon and phosphorus atoms. Note that the
oxygen (O) content is higher in MNP-HNT-dECM
scaffolds due to the presence of iron.

3.4. In vitro biological characterizations
As is known, the physical and chemical properties of
materials greatly influence cell behavior; also, differ-
ences in surface texture and topography lead to not-
able changes in cellular response [63, 78]. Due to their
various properties, the use of MNPs in bone tissue
regeneration has become widespread in recent years.
Nevertheless, the biological fate of MNPs remains a
matter of concern [33, 79]. Extensive studies have
been conducted on the biological fate of various for-
mulations ofMNPs. The findings suggest that the bio-
logical safety of MNPs is associated with competent
regulation of cellular iron homeostasis. This regula-
tion involves processes such as uptake, storage and
excretion, ultimately ensuring the effective clearance
of excess iron from the body [33]. On the other hand,

extensive research has also been conducted to invest-
igate the cytotoxic properties and biological fate of
HNTs. The findings from these studies indicate that
HNTs can be considered a fairly safe nanomaterial
and have the potential for use without causing ser-
ious side effects on living organisms, especially at
low doses (including the levels used in this study)
[18, 80, 81]. In addition, studies on the cytotoxic
effect of MNP-HNT nanocomposites have proven
the biocompatibility of this nanocomposite on non-
cancerous and bacterial cells [82]. It is also stated that
the biosafety of HNT andMNP depends significantly
on various factors such as particle size, shape, func-
tionalization state, concentration and cell type used
[33].

For in vitro biological characterization of bio-
materials, in vitro cytotoxicity and in vitro hemo-
compatibility analyses are performed with rapid and
standardized methods [83]. In this study, among
the cytotoxicity tests recommended by ISO 10993-5,
the indirect cytotoxicity test was preferred to eval-
uate the potential toxic effects of the biomaterial
extracts released into the culture medium [84]; the
results are given in (figure 8(a)). Percent cell viabil-
ities after 24 h of culture in the extract media were
found to be 118%, 141%, 174% and 162% for dECM,
1%MNP-HNT-dECM, 2% MNP-HNT-dECM, and
4% MNP-HNT-dECM, respectively. On the other
hand, percent cell viability was determined as 100%
for negative control and 2% for positive control.
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Figure 8. In vitro biocompatibility analyses of dECM-based magnetic composite scaffolds: (a) indirect in vitro cytotoxicity
(ISO-10993-5) assay, and (b) in vitro hemocompatibility (ISO 10993-4) assay (NC: negative control; PC: positive control)
(p< 0.01∗∗; p< 0.0001∗∗∗∗; ns: not significant).

Indirect cytotoxicity analysis findings showed that
the measured cell viability values were well above
70%, which is the lowest acceptable value accord-
ing to the ISO 10993-5 standard. This suggests that
the developed scaffolds are essentially non-cytotoxic
in vitro andmay be a suitable candidate for use in bio-
medical applications [85].

Overall, the findings indicate that HNT serves
as a suitable immobilization substrate for MNPs
and that the MNP-HNT nanocomposite does not
adversely affect the inherent biocompatibility of
dECM. Additionally, the success of decellularization
was confirmed through this test. This is important as
elimination of cellular antigens reduces the potential
risk of severe immune response to decellularized bio-
logical matrix (dECM). Actually, the compatibility of
a biomaterial candidate with the host will determine
its potential for use in regenerative medicine and TE.

Hemocompatibility is another important biolo-
gical property that should be studied for all types of
biomaterials. The results of the in vitro hemocompat-
ibility test are presented in (figure 8(b)). The find-
ings showed that the measured hemolysis values for
all developed constructs were less than the maximum
acceptable value of 5%. According to ISO 10993-
4:2002, this underlines that the composite scaffolds
will not trigger a severe hemolysis. The percentage
of hemolysis slightly increased with the increase in
the MNP-HNT content, but all values demonstrated
<2.5% hemolysis, confirming the compatible nature
of halloysite.

3.5. Evaluation of preliminary cell culture studies
To determine whether the developed constructs are
suitable substrates formammalian cells, their interac-
tionwith human bonemarrow-derivedmesenchymal

stem cells were evaluated. Cell viability based meta-
bolic activity of BM-MSCs seeded on the constructs
were followed for upto 21 d, and the findings are
given in figure 9(a). Cell viability was measured by
using the MTT assay. The MTT analysis showed that
cell-laden 2% MNP-HNT-dECM constructs had the
highest cellular activity at 7 and 14 d compared to
those of cell-laden 1% MNP-HNT-dECM scaffolds
at the same time points. These findings revealed that
scaffolds containing 2% MNP-HNT supported the
metabolic activity of cells at a good level and demon-
strated favorable cell biocompatibility. This can be
explained by the presence of Si in the composition, the
bioactive content of the scaffold, and also the increase
in surface roughness [86]. There is increasing evid-
ence that Si, as a trace element, is essential for the
growth, development and healthy function of bone
[87]. It takes part in bone development by stimulating
type 1 collagen synthesis, also enables the activation
of bone cells (osteoblasts) and inhibits bone resorp-
tion cells (osteoclasts) through various mechanisms
[87]. The presence of silicon in biomaterials has been
reported to contribute to increased bioactivity and
osteoconductivity [88]. In this context, the findings
are compatible with the literature.

SEM analysis was also performed to investig-
ate the morphological response of mesenchymal
stem cells to composite scaffolds. SEM observa-
tions of cell-laden scaffolds at different time points
are given in figures 9(b) and S3. The micrographs
clearly show that the cells adhere well to the sur-
face and pore walls of the composite scaffolds, spread
through their pseudopods, covering a large part of
the constructs during the experimental period, thus
acting as a suitable template for cell attachment and
proliferation.
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Figure 9. In vitro viability of BM-MSCs seeded on magnetic composite scaffolds during the culture period: (a) monitoring of
metabolic activity of BM-MSCs by MTT assay; (b) SEM images showing the adhesion and proliferation of cells on the constructs.
Arrows indicate extensions of cells through their pseudopods on the substrate (Scale bar= 100 µm; for all SEM micrographs).
Higher magnification images are presented in the supplementary data (figure S3).

4. Conclusion

This study is on the development and character-
ization of new magnetic dECM-based scaffolds for
potential BTE applications. dECM was combined
with MNP-HNT to form a nanocomposite scaffold
that can gel at physiological temperature without
using any crosslinkers. Chemical and structural prop-
erties of the structures were confirmed by FT-IR and
XRD, and magnetic properties were confirmed by
VSM analysis. The nanocomposite construct can be
defined as a bioactive material with suitable biode-
gradation andmechanical properties. It exhibits cyto-
compatibility and hemocompatibility in vitro, mak-
ing it well-suited for biomedical applications. The
interconnected macroporous structure of the con-
structs imbues a favorable environment for the pro-
liferation of stem cells, especially the ones with up

to 2% MNP-HNT. Preliminary cell culture studies
reveal that BM-MSCs attached to dECM scaffolds
containingMNP-HNT have a higher metabolic activ-
ity, which is due to the positive effect of MNPs and
HNT on cells. Overall, all characterizations conduc-
ted on the developed magnetic scaffolds suggest that
they are suitable templates for cell attachment and
proliferation, indicating their potential for applica-
tions in BTE. However, it is thought that the poten-
tial can be better revealed through prospective stud-
ies involving magnetic fields and subsequent in vivo
evaluations.
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[58] Dönmez Güngüneş Ç, Şeker Ş, Elçin A E and Elçin Y M 2017
A comparative study on the in vitro cytotoxic responses of
two mammalian cell types to fullerenes, carbon nanotubes
and iron oxide nanoparticles Drug Chem. Toxicol.
40 215–27
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Biernat M and Gromadzka B 2022 The preliminary
assessment of new biomaterials necessitates a comparison of
direct and indirect cytotoxicity methodological approaches
Polymers 14 4522

[86] Hu Y, Liu S, Li X, Yuan T, Zou X, He Y, Dong X, Zhou W and
Yang Z 2018 Facile preparation of biocompatible poly(l-lactic
acid)-modified halloysite nanotubes/poly(ε-caprolactone)
porous scaffolds by solvent evaporation of Pickering
emulsion templates J. Mater. Sci. 53 14774–88

[87] Jugdaohsingh R 2007 Silicon and bone health J. Nutr. Health
Aging 11 99–110

[88] Taher Mohamed S A and Emin N 2024 Effects of using
collagen and aloe vera grafted fibroin scaffolds on osteogenic
differentiation of rat bone marrow mesenchymal stem cells
in SBF-enriched cell culture medium Biomed. Mater.
19 015011

17

https://doi.org/10.1002/jbm.a.30955
https://doi.org/10.1002/jbm.a.30955
https://doi.org/10.1177/0885328214544769
https://doi.org/10.1177/0885328214544769
https://doi.org/10.1039/D1RA02402G
https://doi.org/10.1039/D1RA02402G
https://doi.org/10.1016/j.colsurfb.2016.04.031
https://doi.org/10.1016/j.colsurfb.2016.04.031
https://doi.org/10.1002/jbm.b.34979
https://doi.org/10.1002/jbm.b.34979
https://doi.org/10.1080/09506608.2020.1724705
https://doi.org/10.1080/09506608.2020.1724705
https://doi.org/10.3389/fbioe.2019.00045
https://doi.org/10.3389/fbioe.2019.00045
https://doi.org/10.1021/bm060832a
https://doi.org/10.1021/bm060832a
https://doi.org/10.1002/jbm.a.37457
https://doi.org/10.1002/jbm.a.37457
https://doi.org/10.3390/polym13203464
https://doi.org/10.3390/polym13203464
https://doi.org/10.1016/j.mser.2007.12.001
https://doi.org/10.1016/j.mser.2007.12.001
https://doi.org/10.1016/0142-9612(96)85758-9
https://doi.org/10.1016/0142-9612(96)85758-9
https://doi.org/10.1002/anbr.202300035
https://doi.org/10.1002/anbr.202300035
https://doi.org/10.1155/2015/685323
https://doi.org/10.1155/2015/685323
https://doi.org/10.1016/j.matlet.2023.133852
https://doi.org/10.1016/j.matlet.2023.133852
https://doi.org/10.1016/j.colsurfb.2018.05.040
https://doi.org/10.1016/j.colsurfb.2018.05.040
https://doi.org/10.3892/br.2015.481
https://doi.org/10.3892/br.2015.481
https://doi.org/10.1016/j.msec.2008.10.021
https://doi.org/10.1016/j.msec.2008.10.021
https://doi.org/10.3390/polym14214522
https://doi.org/10.3390/polym14214522
https://doi.org/10.1007/s10853-018-2588-6
https://doi.org/10.1007/s10853-018-2588-6
https://doi.org/10.1088/1748-605X/ad12e2
https://doi.org/10.1088/1748-605X/ad12e2

	Magnetic biocomposite scaffold based on decellularized tendon ECM and MNP-deposited halloysite nanotubes: physicochemical, thermal, rheological, mechanical and in vitro biological evaluations
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Tissue decellularization
	2.3. Structural and chemical analyses of decellularized tendons
	2.3.1. ATR-FT-IR analysis
	2.3.2. Morphological (SEM) evaluation
	2.3.3. DNA content
	2.3.4. Total protein content
	2.3.5. Turbidimetric analysis

	2.4. Synthesis of halloysite-based magnetic nanostructures
	2.5. Structural and chemical analyses of halloysite-based magnetic nanostructures
	2.6. Preparation of dECM-based magnetic nanocomposite scaffolds
	2.7. Structural and chemical analyses of magnetic nanocomposite scaffolds
	2.7.1. Degradation and swelling profiles of scaffolds
	2.7.2. Mechanical analysis of scaffolds
	2.7.3. Morphological (SEM) evaluation of scaffolds
	2.7.4. Thermogravimetric analysis of scaffolds
	2.7.5. VSM analysis of scaffolds
	2.7.6. ATR-FT-IR analysis of scaffolds
	2.7.7. Bioactivity analysis of scaffolds

	2.8. In vitro biological characterizations
	2.8.1. Indirect in vitro cytotoxicity analysis
	2.8.2. In vitro hemocompatibility analysis

	2.9. Mesenchymal stem cell culture study
	2.10. Statistical analysis

	3. Results and discussion
	3.1. Evaluation of decellularization efficiency
	3.1.1. ATR-FT-IR analysis
	3.1.2. SEM evaluation
	3.1.3. DNA content analysis
	3.1.4. Protein content analysis
	3.1.5. Turbidimetric analysis

	3.2. Structural and chemical evaluation of nanocomposites
	3.2.1. TEM analysis
	3.2.2. ATR-FT-IR analysis
	3.2.3. XRD analysis
	3.2.4. VSM analysis
	3.2.5. TGA analysis
	3.2.6. Mössbauer spectroscopy analysis
	3.2.7. BET analysis

	3.3. Structural and chemical evaluation of magnetic composite scaffolds
	3.3.1. Degradation and swelling profiles
	3.3.2. Mechanical analysis
	3.3.3. Morphological (SEM) evaluation
	3.3.4. Thermogravimetric analysis
	3.3.5. VSM analysis
	3.3.6. ATR-FT-IR analysis
	3.3.7. Bioactivity analysis

	3.4. In vitro biological characterizations
	3.5. Evaluation of preliminary cell culture studies

	4. Conclusion
	References


