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Static magnetic field enhances the bone
remodelling capacity of human demineralized
bone matrix in a rat animal model of cranial
bone defectst
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The regeneration of bone defects that exceed 2 cm is a challenge for the human body, necessitating
interventional therapies. Demineralized bone matrices (DBM) derived from biological tissues have been
employed for regeneration and possess
characteristics. Nevertheless, their efficiency in regenerating critically sized injuries is limited, and

bone notable osteoinductive and osteoconductive
therefore additional signaling cues are required. Thanks to the piezoelectric properties of the bone,
external physical stimulation is shown to accelerate tissue healing. We have implanted human DBM in
critically sized cranial bone defects in rat animal models and exposed them to an external magnetic field
(1 T) to enhance endogenous bone formation. Our in vitro experiments showed the superior
cytocompatibility of DBM compared to cell culture plates. Furthermore, alkaline phosphatase activity
after 14 days and Alizarin red staining at 28 days demonstrated differentiation of rat bone marrow
mesenchymal stem cells into bone lineage on DBM. Computer tomography images together with
histological analyses showed that implanting DBM in the injured rats significantly enhanced bone
regeneration. Notably, combining DBM transplantation with a 2 h daily exposure to a 1 T magnetic field
for 2 weeks (day 7 to 21 post-surgery) significantly improved bone regeneration compared to DBM
transplantation alone. This research indicates that utilizing external magnetic stimulation significantly
enhances the potential of bone allografts to regenerate critically sized bone defects.

Introduction

The principal functions of bone as a connective tissue are
mobility, load-bearing, and mechanical support for interior
organs. While it has the capacity to regenerate,’” additional
treatments and surgical interventions may be required in
critically-sized injuries caused by congenital anomalies, tumour
resection, or traumatic fracture.” Auto-grafting is the gold-standard
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transplantation therapy. However, the scarcity of donor sites and
morbidity in donor sites are significant limitations.>® Tissue
engineering is a promising approach for treating critical bone
defects and limiting post-operational complications.” A three-
dimensional (3D) scaffold that resembles the structure and
function of bone can facilitate new tissue formation and provide
a foundation for bone tissue engineering.® Recent advances have
significantly fostered bone tissue engineering approaches to
generate naturally-derived or synthetic scaffolds with desired
characteristics, including osteoconductive ceramics,’™** biode-
gradable synthetic polymers,">'* and their composites.®
Previously, we mimicked the calcium phosphate portion of the
bone by generating hydroxyapatite scaffolds for bone tissue

This journal is © The Royal Society of Chemistry 2024
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engineering.'”'>"'>'” These biomaterials supported cell attach-
ment and growth. We have recently advanced our approach to
generating nanocomposite biomimetic gelatine-calcium phos-
phate scaffolds to accelerate bone regeneration in rat animal
models of critical cranial defects over 90 days.'® While these
approaches resulted in exciting outcomes, they lack a complete
resemblance to the native bone extracellular matrix and have
limited osteoinductive capacity."®'® One alternative is deminer-
alized bone matrix (DBM) which is a composite of collagen
(type 1, IV, and X), non-collagenous proteins, and growth factors
accompanied by a variable percentage of calcium phosphate
minerals (1-6%). DBM was identified as such in 1971, resulting
in the introduction of the term “osteoinduction”.”® 1t is a
cell-free therapeutic matrix that provides osteoinduction for
the appendicular, axial, and craniofacial skeletons.”" There is a
plethora of publications and commercial use of this material
confirming its osteoinductiveness.”’ While this material has
been used for bone regeneration, its efficiency in treating
critically sized bone injuries is limited, necessitating additional
combination therapies by introducing signalling cues for such
treatments.

Application of external physical stimulations, including
laser, ultrasound, and electromagnetic fields, has shown signifi-
cant enhancement in regenerating skin,**** nervous system,>*>
and cardiac tissue.”®*” Among others, there is a wealth of
evidence in the literature supporting the beneficial effects of
magnetic fields on bone healing.”®*° Recent research revealed
that electromagnetic fields affect cellular calcium, the calcifica-
tion process, collagen, and proteoglycans within the tissue.**
Electromagnetic fields affect cellular functions and intercellular
communications,® for example, by increased proliferation,
migration, angiogenesis, and differentiation of stem cells into
osteoblasts.***> In terms of magnetic intensity, SMF can be
categorized as mild (< 1 mT), moderate (1 mT to 1 T), strong
(1 T to 5 T), and ultra-strong (> 5T). A wide range of biological
systems, especially those closely associated with transmembrane
ion flux, have been shown to be sensitive to moderate-intensity
static magnetic fields (MSMF), as indicated by a considerable
research report.*®* MSMF can influence the phospholipid
molecules in the membrane to rotate. It has been documented
that the MSMF does not have any inactivation effects on such
channels, but rather can affect changes in membrane calcium
ion flux. Additionally, exposure to MSMF changes the distribu-
tion of osteoblasts and osteoclasts in the callus and signifi-
cantly affects the bone markers in serum. Furthermore, during
the fracture healing process, MSMF exposure has a regulating
effect on the iron concentration in the callus and systemic iron
metabolism.?”

We hypothesized that the presence of a static magnetic field
(SMF) enhances the bone regeneration capacity of DBM. In this
study, DBM was generated from human donors and implanted
into critically sized cranial defects (7 mm in diameter circular
defects) in a rat animal model. The animals were exposed to the
SMF of 1 T for two hours per day for two weeks and bone
regeneration was evaluated by computer tomography (CT) and
histological analyses.
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Results
In vitro effects of magnetic field stimulation

To determine the effects of SMF on cellular activity in vitro, rat
bone marrow-derived mesenchymal stromal cells (rBMMSCs)
were subjected to SMF (two neodymium (Nd2Fe14B) cylindrical
magnets with a thickness of 20 mm and diameter of 20 mm;
~0.5 T) for one, three, or seven days (Fig. 1a). At these time-
points, cellular mitochondrial activity was measured based on
MTT assay. tBMMSCs stimulated with SMF showed greater
mitochondrial activity compared to not stimulated cells (Fig. 1b).
Furthermore, the analysis of alkaline phosphatase (ALP) activity at
days three and seven revealed that SMF stimulation of rBMMSCs
results in greater ALP activity (Fig. 1c). Eventually, the levels of new
bone formation were determined based on von Kossa staining at
day 14 (Fig. 1d and e). Quantitative analysis of microscopic images
of von Kossa staining showed a significant increase in new bone
deposition in the cells stimulated by SMF. These data show that
SMF stimulation enhances bone commitments in rBMMSCs. Here-
after, we aimed to study the synergistic effects of magnetic field
stimulation and the presence of the DBM on bone regeneration.

Successful demineralization and subsequent cell attachment

Demineralized bone matrices were generated from sample
biopsies from patients undergoing total hip replacement sur-
gery (Fig. 2a). These samples were cleaned, disinfected, and
demineralized after being cut into smaller cubic shapes.
To investigate the microstructure of these samples, SEM was
performed on the samples of fresh and demineralized bone
matrix (Fig. 1b). Analysis of the SEM images revealed the
presence of cells on the bone structures that were removed
after decellularization and demineralization processes as
shown in the SEM images of DBM samples.
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Fig. 1 Static magnetic field stimulation enhances mineralization. (a) Sche-
matic illustration of the magnetic stimulation of rBMMSCs in vitro.
(b) Quantitative analysis of mitochondrial activity performed based on
MTT-assay, correlating with cellular proliferation (N = 3). (c) Quantitative
analysis of alkaline phosphatase enzyme activity in rBMMSCs (N = 3).
(d) Representative microscopic images of von Kossa staining of rBMMSCs
and (e) their quantitative analysis to calculate mineralization in stimulated
and non-stimulated cells (N = 3). *: ap < 0.05 and ****: p < 0.0001. Data
are presented as mean + SD. Scale bars: 100 pm.
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Fig. 2 Characterization of DBM: (a) DBM preparation procedure. (b) SEM
images of fresh bone in comparison to DBM allografts illustrating the
effectivity of the decellularization process and SEM images of the DBMs at
3 days after seeding rBMMSCs indicating cell attachment on DBM. (c) EDAX
elemental analysis of DBM in comparison to fresh bone confirms the
demineralization process was efficient in eliminating minerals from grafts.
C: carbon, O: oxygen, N: nitrogen, Ca: calcium, Cl: chlorine, P: phosphor-
ous, Na: sodium, and Mg: magnesium. Scale bars: long line: 50 pm, short
line: 200 pm.

To ensure the stability and reproducibility of the generated
materials, three samples were independently demineralized
and their microstructure was investigated through SEM analy-
sis (Fig. S1, ESIt). SEM images of different samples at multiple
magnification levels revealed similar microstructure and mor-
phology of the DBM samples, indicating reproducibility in the
generation of matrices. We then tested the cytocompatibility of
these grafts by seeding rBMMSCs on DBM samples. These cells
were attached to the matrix as detected from SEM images
(Fig. 2b). We utilized EDAX analysis to investigate the presence
of different elements in fresh and demineralized bone (Fig. 2c).

Quantitative analysis of different elements in the two groups
of samples revealed successful removal of calcium phosphate
content from bone samples evident by a minimum detection
of Ca, P, Na, Cl, and Mg in DBM samples compared to fresh
bone.?®

The SEM images of cell-laden DBM samples confirmed
successful cell attachment. We further analysed the mitochon-
drial activity of these cells at 24, 48, and 72 h and compared
them to fresh bone as a control (Fig. 3a and b). There was no
significant difference in cellular mitochondrial activity between
DBM and cells seeded on tissue culture polystyrene plates
(TCPS), indicating that the demineralization process rendered
desirable surface characteristics for cells. In order to evaluate
whether these scaffolds induce bone differentiation in
rBMMSCs, we performed quantitative analysis of the activity
of alkaline phosphatase enzyme for the cells cultured on TCPS
and DBM scaffolds.

After 7 days, there was no significant difference in ALP
activity of cells cultured on TCPS compared to those on DBM
scaffolds. However, after two weeks, our data revealed that DBM
scaffolds significantly enhanced the ALP activity of these cells,
suggesting that DBM scaffolds promote the differentiation of
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Fig. 3 Characterization of the cell activity. (a) Schematic illustration of cell
seeding procedure. (b) Quantitative analysis of mitochondrial activity
based on MTT assay (n = 3). (c) Quantitative analysis of alkaline phospha-
tase (ALP) activity of rBMMSCs cultured on TCPS (control) compared
to those on DBM (n = 3). (d) Representative microscopic images of
Alizarin red staining demonstrate osteogenic differentiation after 14 and
28 days. * indicates p < 0.05 and data are presented as mean + SD.
Scale bars: 20 um.

rBMMSCs into bone lineage. We then further evaluated our
DBM samples on days 14 and 28 for the efficiency of in vitro
bone formation by performing Alizarin red staining (Fig. 3d).
Our data show a clear increase in the intensity and the surface
coverage of the cells stained for Alizarin red. This marker stains
calcium deposits in the culture and our data clearly shows
enhanced calcium deposition of the rBMMSCs cultured on
DBM after 14 and 28 days. These data show that here generated
DBM matrices provide a favourable environment for rBMMSCs
to differentiate into bone lineage and importantly, deposit
calcium.

Our DBM scaffolds showed sufficient support in vitro to be
utilized for bone regeneration. Hence, we furthered our analy-
sis to evaluate their bone regeneration efficiency in vivo in a rat
animal model of the critically-sized cranial defect. The goal of
these experiments was to identify whether an external SMF
enhances the bone regeneration capacity of the DBM grafts in a
critically-sized bone defect. Male adult rats were divided into
four different groups and a 7 mm circular part of their cranial
bone was removed. The generated defects were left empty in
two of the groups as a control. One of these two groups was
exposed to the 1 T SMF for 2 h per day during the treatment
period. The other two experimental groups received DBM grafts
in the defect area. One of these groups was also exposed to the
same regiment of the SMF that was explained previously.
Computer tomography analysis was performed on the animals
at days 30, 60, and 90 post-surgery, and Hounsfield numbers
were calculated by the machine (Fig. 4). Quantitative analysis of
Hounsfield numbers revealed that magnetic field alone
enhances bone regeneration in the animals and this regenera-
tion, while not efficient, continues to increase over time.
In the absence of a magnetic field, implanting a DBM graft in
the defect area significantly enhances bone regeneration in the
animals and this enhanced regeneration continues even after
60 and 90 days.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tb02299d

Open Access Article. Published on 27 March 2024. Downloaded on 4/23/2026 2:40:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a b c

e

(a.u.)
bone / total
volume (%)

Hounsfield number

30 60 20 30 60 90
time (day) time (day)
reen: sagital view 8 conrol - magneli eld "5 DB - magnefic feld o control - magnet feld. 1 DBM - magneti o
Green: Sagia i Tt 1 DR - megrte o ol el e, 8 00 gttt
control (left empty) DBM

- magnetic field + magnetic field + magnetic field

- magnetic field

day 30

day 60

day 90

Fig. 4 A combination of static magnetic field and DBM synergistically
enhances bone regeneration. (a) Schematic illustrations of sagittal and
axial planes. (b) Hounsfield number of samples in the control — magnetic
field, control + magnetic field, DBM — magnetic field, and DBM + magnetic
field groups at 30, 60, and 90 days post-surgery (n = 3). (c) Quantitative
calculations of bone volume over total volume (n = 3) performed based on
the CT-images presented in (d) representative images of 3D CT recon-
struction and cross-sectioned sagittal (green inserts) and axial (yellow
inserts) planes of defect area in the calvarium of the rats in the control —
magnetic field, control + magnetic field, DBM — magnetic field, and DBM +
magnetic field groups at 30, 60, and 90 days post-surgery. *: a p < 0.05,
** p < 0.01, ***: p < 0.001. Data are presented as mean + SD.

Additionally, we calculated callus mineralized volume frac-
tion (bone to total volume (BV/TV %)). Similar to Hounsfield
numbers, these data showed that the rats receiving DBM and
stimulated by SMF had significantly more bone volume with
a BV/TV index increased to ~70% in the third month post-
implantation, while, the bone volume fraction in control ani-
mals with or without magnetic field stimulation remained
below 40%.

Interestingly, the combination of DBM implantation and an
external SMF of 1 T significantly promotes new bone formation
in the defect area. This combination therapy provides a synergy
that results in a Hounsfield number equivalent to around 80%
of that of the intact bone after 90 days. This level of regenera-
tion was not observed for any of the other experimental groups
in our study. To visualize such regeneration, we observed
sagittal and axial views of the defect area in all animals at
different time points (Fig. 3c). These CT images also confirmed
the quantitative data of the Hounsfield numbers discussed above.

In order to further evaluate bone regeneration at the cellular
level, histological sections of the defect area were obtained and
stained for haematoxylin and eosin (H&E) and Masson’s

This journal is © The Royal Society of Chemistry 2024
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Fig.5 A combination of magnetic field and DBM transplantation
enhances new bone formation. H&E and TCM images of defect areas of
rats stained by Haematoxylin and Eosin (H&E) by 10x magnification or
Masson's trichrome (TCM) by 40x magnification of the control — magnetic
field, control + magnetic field, DBM — magnetic field, and DBM + magnetic
field groups at 60 and 90 days post-surgery which confirms osteogenic
characteristics of the prepared allografts as well as an enhancing effect of
magnetic field exposure. Gray arrowheads in HGE images: initial defect
area of 7 mm; OB: old bone; NB: newly formed bone; dashed circle:
fibrocartilaginous areas which are being mineralized; black star: fibrous
tissue; black arrows: young osteocytes; white arrows: osteoblasts; black
arrowheads: lacunae; white arrowheads: collagen fibres.

trichrome (Fig. 5). The total defect area was captured in H&E
staining images to show the total 7 mm defect area. In these
images, bone is visualized by dark pink, and the fibrous tissue
by light pink staining. Leaving the defect empty without an
external magnetic field resulted in the generation of fibrous
tissue without any new bone formation after 60 days. This was
slightly improved after 90 days while the histological analysis
showed new bone formation in the defect area. Interestingly,
when the external magnetic field was exposed to the animals
without a graft, new bone formation was detected in the
histological staining after 60 days which was significantly
improved at day 90. Our data shows that animals receiving
DBM grafts exhibited more healing in the defect area. As
evident from histological staining images, the amount of new
bone formation in the DBM receiving group was significantly
more than those that were only exposed to the magnetic field.
As expected, the defect size was significantly reduced in groups
that received DBM or the combination of DBM and magnetic
field therapy. In these two groups, the residual space was filled
by newly generated bone. Importantly, denser, more defined,
and aligned bone formation was observed for the groups that
were exposed to the external 1 T SMF. Notably, the presence of
DBM further enhanced these qualities of the newly generated
bone in the defect area. In order to distinguish the mineral part
from the organic part of the new bone formation in the defect
area, the histological sections were stained by Masson’s tri-
chrome that stains collagen in blue, mineral parts in red, and
the cell nuclei in black. While H&E staining images showed new
bone formation in the defect area in the control group exposed
to the magnetic field, a closer analysis using Masson’s tri-
chrome staining revealed that the majority of this tissue is
collagen and thus, it does not provide sufficient mechanical
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support to the bone. These animals are also more prone to a
repetitive broken bone in the defect area.

The presence of the DBM in the defect area, in confirmation
with our in vitro data, enhanced the formation of new bone and
improved calcium deposition, as shown by Masson’s trichrome
staining images. Interestingly, the combination of DBM and
magnetic field therapy resulted in the best regeneration in
which significantly greater amounts of bone minerals were
deposited in the defect area, resulting overall in a denser and
aligned new bone in the defect area. While previously it has
been reported that the magnetic field results in the formation
of aligned new bone,* we are showing, for the first time, the
synergistic enhancement of compact new bone formation
in a critically sized bone defect in a DBM and magnetic
field combination therapy. The images demonstrate lacunae,
collagen fibres, and fibrous areas calcifying to create bone. An
aggregation of osteocyte and osteoblasts is defined in the
photos.

Discussion

Bone grafts utilizing demineralization techniques have been
applied in clinics for more than three decades.*>*! However,
limited advances have been made in order to improve the
efficiency of graft-based treatments, especially regarding
critically-sized bone defects. These grafts promote bone differ-
entiation and have osteoinductive and osteoconductive char-
acteristics. It has been shown that introducing a magnetic field
to the injured bone enhances the regeneration capacity.*>™*°
The exact mechanism by which regeneration takes place has
not yet been fully determined; however, the interactions of the
electromagnetic field with the electroactive bone tissue may be
the fundamental cause of the regeneration enhancement.*®*”
Recent studies investigating the impact of SMF on biological
systems showed that in addition to the phenotypic alteration of
the cytoskeleton and cell adhesion, SMF can affect cell prolif-
eration and differentiation.*® In terms of mechanism, the
effects of SMF on cellular biology might be associated with
membrane receptor proteins, intracellular signalling pathways,
and other charged molecules like calcium ion signalling
pathways.®>® Marycz et al.>" showed that SMF can alter ion
concentrations in the cytoplasm, particularly Ca>* concentra-
tions, which is consistent with our findings. SMF interacts with
Ca** channels in the cell membrane to regulate the flow of Ca*
ions. In our study, growing calcium deposition in the cells that
received 0.5 T SMF was shown by von Kossa staining, indicating
an increased cytoplasmic calcium concentration, with further
effects on the cells, resulting in changes to the distribution and
microdomain of actin. These changes affect the cellular geo-
metry and structure. Furthermore, SMF partially improves bone
remodelling through a variety of mechanisms. Yang and col-
leagues observed a reduction in osteoclasts and TRAP-5B levels
in mice exposed to SMF (0.2-0.4 T).> In 2021, Lv et al>°
conducted an experiment in which 0.4-0.7 T SMF was adminis-
tered in mice with type 1 diabetes for four hours each day over a
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period of six weeks. They showed that the levels of markers for
both bone resorption (CTSK and NFAT2) and bone creation
(OCN and collagen I) were upregulated. Additionally, SMF
increased osteogenesis by elevating ALP levels and mineraliza-
tion deposition in osteoblasts. Moreover, according to research
done in 2020 by Yu Ying’s group, 0.2-0.6 T SMF drastically
minimized bone loss in mice by encouraging Runx2-mediated
gene transcription in BMSCs.*® Yifan Wang and colleagues
carried out another trial in 2022. They investigated how
medium-strength SMF and culture media containing Mg**
may encourage the growth and osteogenic differentiation of
mesenchymal stem cells from bone marrow. It was discovered
that this combination significantly improved osteogenic differ-
entiation and cell proliferation, perhaps through the CREB1
protein and MAGT1 channel.>® Furthermore, higher levels of
osteogenesis-related proteins such as ALP, Collagen I, Osteo-
pontin, and Osteocalcin have been observed in both in vitro and
in vivo after exposure to an external MF.>

On the other hand, bone regeneration is a complex and
multistage biological process that includes hematoma forma-
tion (0-5 days post-injury), fibrocartilaginous callus formation
(5-11 days post-injury), bony callus formation (11-28 days post-
injury), and bone remodelling (starting at 18 days post-injury and
lasting months or years).>® In the case of critical injuries, the
healing process stops at the early stages and fibrous tissue will
mainly replace the defect area.’” This is what we observed in
the control groups where the defect was left empty. In order to
reach appropriate regeneration, the regenerative cascade must
be encouraged to reach the third and fourth stages, where
an immature calcified tissue is generated and remodeled.’®
We hypothesized that the initial weeks of bone regeneration are
crucial. During this time, a temporary template will emerge before
calcification. If the cascade successfully passes this time frame,
the process will continue until complete regeneration, provided
that external stress does not occur again. Inflammation and
hematoma formation, on the other hand, predominate during
the first week; accordingly, weeks 2 and 3 post-surgery were
chosen as the periods for exposure to the magnetic field, taking
into account, according to the timepoints for bone formation
discussed above, not only would this period be long enough for
effective stimulation, but it would also be short enough to be
clinically translatable. Results of our study demonstrate the
significance of the early weeks of bone regeneration when
implanting a decalcified bone matrix accompanied by only a
two-week electromagnetic exposure acting as a winning combi-
nation and dramatically boosted the healing rate even up to day
90 post-surgery. The Hounsfield number analysis of bone grafts
showed considerable calcium deposition in magnetic field
exposure groups over that time, which was near to the intact
bone Hounsfield number. Previously it has been shown that
short-term (< 4 h per day for 3-10 days) in vitro electromagnetic
cellular stimulation increases osteoblast proliferation,*®*® gene
expression, protein synthesis,®® and cellular mineralization.*®
Furthermore, electromagnetic forces have been shown to upregu-
late the differentiation process® and osteogenesis®' in BMMSCs.
In this study, we have shown that these beneficial effects of

This journal is © The Royal Society of Chemistry 2024
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magnetic fields can be translated in vivo and enhance bone
regeneration.

It has been shown that the MSMF of 84.3 Gauss (8.43 mT)
enhances bone regeneration when applied to animals receiving
neodymium iron boron magnets together with synthetic hydro-
xyapatite powder or autologous grafts.®> However, implanting
magnetic particles complicates the clinical translation of this
approach. Based on this evidence, we decided to recruit an
external moderate static magnetic field for our investigation.
In another study, Chen et al.®® used sinusoidal electromagnetic
fields (1 mT, 15 Hz, 4 h per day) in combination with VEGF
growth factor to enhance osteoinduction in 3D printed poly-
lactic acid - hydroxyapatite implants. They demonstrated that
sinusoidal electromagnetic fields and VEGF are efficient
approaches to enhancing the osteogenesis and vascularization
of tissue engineered constructs. Bloise et al® found that a
pulsed electromagnetic field (2 mT, 75 Hz; pulse duration,
1.3 ms) can improve osteoinductive properties of keratin wool
scaffolds in vitro in terms of proliferation, differentiation, and
production of the calcified bone extracellular matrix. However,
compared to our study, the generation of sinusoidal or pulsed
electromagnetic fields needs a more complex apparatus, which
may not be finally applicable for clinical purposes. Although
the effects of electromagnetic fields on other biological func-
tions of the body are still controversial, there is much evidence
regarding the positive or neutral effects of exposure of the
biological system to SMFs.%>%°

Furthermore, oriented collagen structure is a key factor in
different tissue architectures. Collagen fibres have been found
to be organized in a variety of designs, including parallel to a
single direction in tendons, a hierarchical structure in cortical
bones, and an orthogonal grid in the cornea. In addition, there
have been various publications on techniques for orienting
collagen fibres in vitro as well as strategies for inducing cells to
secrete extracellular matrix with an orientated structure. In the
bone, collagens have hierarchical structures deposited by osteo-
blasts in the form of matrix protein that alternately align
parallel to and orthogonal to the bone’s main stress axis.
Mineralization takes place on the collagen scaffold surface as
deposits of hydroxyapatite. Therefore, having an extracellular
matrix with an oriented structure may lead to better bone
mineralization. As an illustrative example, it has been observed
that the fibroblasts and bone marrow-derived mesenchymal
stem cells growing on the oriented fibres grew in the same
direction as the fibres and secreted the oriented extracellular
matrix in line with the direction of the fibers.®” In our findings
aligned bone formation was observed for the groups that were
exposed to the external 1 T SMF, which, in our opinion,
stemmed from oriented collagen fibres. The presence of the
DBM in the defect area accompanied by the magnetic field, in
confirmation with our in vitro and in vivo data, enhanced the
formation of new bone and improved calcium deposition,
as shown by Masson’s trichrome staining images and the
Hounsfield number equivalent to around 80% of that of the
intact bone after 90 days. Therefore, new bone was denser in
the group in which bone matrix implantation received SMF.
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Conclusion

Collectively, in this study, we successfully prepared allograft
substitutes for bone tissue engineering with favourable osteoin-
ductive properties. Secondly, we proved that magnetic stimula-
tion, even for a brief time following surgery (2 h per day for
14 days), can substantially augment bone formation in the
defect area.

Experimental section
Preparation of allografts

Following total hip replacement, raw tissue was harvested from
the femur head of two donors (age 59 and 66 years, male) after
receiving their full ethical consent to use their tissue in
research and laboratory investigations. Until undertaking ser-
ological and polymerase chain reaction (PCR) tests, the tissues
were kept in —80 °C freezer. They were then allowed to thaw
overnight at 4 °C and any soft tissue and cartilage remnants
were removed using sterile surgical instruments. The cancel-
lous regions were cut into 1 cm® cubes using a sagittal saw
(Aesculap, Germany), and each donor’s cubes were placed in
separate sterile beakers, washed, and decellularized according to
the previously described procedure with some modifications.®®*
Bone cubes were immersed in pre-heated distilled water at
53-59 °C and sonicated for 15 min at 40 kHz (Decon sonication
water bath). Allografts were rinsed in phosphate-buffered saline
(PBS - Sigma Aldrich, USA), washed in pre-heated distilled water
at 53-59 °C on an orbital shaker at 200 rpm, and centrifuged at
1850 g for 15 min at room temperature. This procedure was
repeated two more times each for 10 min. Next, allografts were
sonicated at 40 kHz in a solution of 3% (v/v) hydrogen peroxide
(Merck, Germany) for 10 min, followed by a wash in 100% (v/v)
ethanol (Merck, Germany) on an orbital shaker (70 rpm) at room
temperature overnight. Allografts were then submerged in 70%
(v/v) ethanol (Merck, Germany) and then in distilled water at
53-59 °C, each for 10 min on an orbital shaker and subsequently
centrifuged at 1850 g at room temperature for 15 min. The last
two steps were repeated twice. Decellularization was finished by
placing allografts in distilled water at room temperature for
30 min on an orbital shaker. Acid demineralization was done at
a ratio of 1 g bone: 50 mL of 0.5 N HCI (Fluka). To prevent floating
grafts on the surface of the solution due to CO, release, they were
trapped in autoclaved polymeric baskets in advance. A magnetic
stirring plate was used to spin the acid continuously at 500 rpm.
Bone cubes were demineralized for 24 h. After demineralization
was complete, the acid was poured out, and then distilled water
was added and constantly stirred for 20 min. Serial washing steps
with water, PBS, water, and water were performed under stirring
at 500 rpm. The pH was neutralized and washed in distilled water.
Before the final water wash was discarded, the DBM sponges were
gently squeezed between fingers to remove excess water. This also
served as a manual test for demineralization because any signi-
ficant calcium deposits would hinder the cube from being com-
pressed completely. After compression, cubes were observed to
recover their original sizes. After that, the bone was kept frozen at
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—40 °C for future experiments. Before being employed for in vitro
and in vivo experiments, the prepared samples were stored in
a cool and dry place. At the end, the bone cubes were cut into
tablet-shaped disks with 7 mm diameter and 0.5 mm thickness,
sterilized under UV exposure for 40 min, and then washed
with PBS and distilled water before being exploited for each
biological test.

Morphology of the allograft scaffold

Micrographs of the prepared allografts as well as fresh bones
were obtained via scanning electron microscopy (SEM) after
being freeze-dried using an Alpha 1-2 LD Plus freeze-drier
(Christ, Germany) and gold coated by K450X sputter coater
(EMI-TECH, England). A Philips XL30 CP microscope was used
to take micrographs at an acceleration voltage of 15 kV.
Additionally, the reproducibility and the stability of the materials
were assessed by means of a SEM (FEIESEM QUANTA 200) at an
acceleration of 25 kv.

Energy-dispersive X-ray spectroscopy

The chemical composition of the prepared grafts and fresh
bone was analysed via energy-dispersive X-ray spectroscopy
(EDAX) based on our previously reported work.” After freeze
drying, allografts and fresh bone were coated with gold and
examined using a Philips XL 30 CP SEM, which was operated at
20 kV and 0.78 kCPS.

Cell culture studies

For in vitro tests, the extraction of rat bone marrow mesench-
ymal stem cells (rBMMSCs) was performed according to
the previously mentioned procedure.’® An 8-week-old rat was
sacrificed according to the ethics committee guidelines for
laboratory animals approved by the Iran University of Medical
Sciences (Tehran, Iran). Afterward, prior to flushing bone
marrow by Dulbecco’s Modified Eagle Medium (DMEM - Sigma
Aldrich, USA) supplemented by 1% penicillin/streptomycin
(Sigma Aldrich, USA) and 1% r-glutamine (Sigma Aldrich,
USA), the cancellous bone detached from the femur and tibia
and was washed 3 to 5 times with PBS. The remaining cells were
then transferred into a 25 cm” culture flask containing DMEM
with 10% (v/v) fetal bovine serum (FBS, Sigma Aldrich, USA)
and incubated at 37 °C and 5% CO,. The floating cells were
removed after overnight incubation, and then the culture
medium was renewed twice a week until the third passage.

Cell proliferation assay

The rBMMSCs (5 x 10° cell mL™") were cultured on separate
sterile 96-well plates (SPL, South Korea) with or without SMF in
order to explore the impact of SMF on cell proliferation. The
plates were then incubated in a standard cell culture incubator
for up to 72 h. Following that, 100 pL of MTT solution
(5 mg mL™" in PBS) was added to each well and incubated
for three hours to evaluate the cell viability at 24, 48, and 72 h.
The formazan precipitates were dissolved in isopropyl alcohol
after the MTT solution was removed, and each sample’s
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absorbance was measured at 570 nm using an ELISA reader
(ELX808, BioTek).

Von Kossa staining

SMF-related mineralization was evaluated by von Kossa stain-
ing. tBMMSCs were cultured on two separate sterile 6-well
plates (SPL, South Korea). The DMEM medium containing
10% (v/v) fetal bovine serum (FBS, Sigma Aldrich, USA) was
renewed every 3 days. Over a period of seven days, one of the
plates was surrounded by magnetic fields produced by 0.5 T
neodymium magnets, while the other was isolated from any
magnetic fields. At the end of 7 days, Von Kossa staining was
carried out; according to Borciani et al.,”* the culture medium
was removed, and the cell layers received a PBS wash. The cell
layers were then fixed for five minutes with ice-cooled methanol
kept at —20 °C. After that, the cells were washed with PBS 1x
wash. The cells were then stained, as follows: A 2% AgNO;
solution was added for 1 h at room temperature in the presence
of light and then rinsed twice with distilled water. Next, the cell
layers were soaked with a 2.5% sodium thiosulfate solution for
5 min and washed with distilled water. Finally, the cells were
subjected to a 0.33% neutral red solution for 1 h.

Bone biomarker assay

In order to analyse the impact of SMF on bone biomarker
secretion, an ALP assay was carried out on the cells that
received 0.5 T SMF. An alkaline phosphatase activity kit (Man
Co., Iran) was utilized to measure the ALP release after 3-day
and 7-day exposure to SMF. Briefly, 3 x 10° cells were seeded on
the 6-well plates and cultured for 3 or 7 days in the magnetic
fields. The culture medium was removed, and the cells were
rinsed once with PBS. Then, the cell lysis was carried out with a
solution of 0.2% Triton X-100 in purified water by shaking for
20 min at room temperature. Finally, ALP activity was measured
according to the manufacturer’s protocol.

Cell viability test

In order to evaluate the cytocompatibility of the generated scaf-
folds, [4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT, Sigma Aldrich, USA) assay was performed to quantitatively
analyse the mitochondrial activity of the cells. Based on our
previously reported work with slight modification,”” rBMMSCs
(5 x 10% cell mL™") were seeded on either the sterile sample of
allografts or Tissue Culture Polystyrene (TCPS) as a control in a
pre-sterilized 96 well plate (SPL, South Korea). Cells and samples
were then incubated for up to 72 h in a standard cell culture
incubator. In order to assess the cell viability at 24, 48, and 72 h
post seeding, 100 pL. MTT solution (5 mg ml ™" in PBS) was added
to each well and incubated for three hours. After removing the
MTT solution, the formazan precipitates were dissolved in iso-
propyl alcohol, and the absorbance of each sample was read at
570 nm via an ELISA reader (ELX808, BioTek).”

Cell morphology analysis

On day 3 of incubation, the morphology of rBMMSCs seeded on
allografts was examined by SEM (Philips XL30 microscope) at a
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15 kV acceleration voltage. Cells were fixed using a 4% para-
formaldehyde solution in PBS, and then the samples were
washed with PBS, dehydrated in a 20-100% ethanol series,
and dried in hexamethyldisilazane for 20 min before being
stored in a desiccator. The samples were eventually gold coated
using a sputter coater and then imaged via SEM.

Alkaline phosphatase activity assay

In order to assess the formation of new bone, alkaline phos-
phatase (ALP) activity was quantified using an Alkaline Phos-
phatase Activity Kit (Abcam, UK). This kit based on the
hydrolysis of p-nitrophenyl phosphate to p-nitrophenol was
utilized.” Briefly, 3 x 10> cells were seeded on allografts and
cultured for 7 or 14 days. The culture medium was removed
and cells were rinsed once with PBS. Then, radio-immuno-
precipitation assay lysis buffer (RIPA, 200 pL Chem Cruz, USA)
and phenylmethylsulfonyl fluoride protease inhibitor (PMSF,
2 ul, Fisher Scientific, USA) were added to generate cell lysate by
shaking at 4 °C. Finally, ALP activity was measured according to
the manufacturer’s protocol.

Alizarin red staining

The formation of calcium phosphate minerals by rBMMSCs was
revealed by the Alizarin red S staining. In six-well plates, 3 x 10°
cells were seeded on samples and cultured for 14 and 28 days.
The culture medium was aspirated prior to three rounds of PBS
rinsing. Then, cells were fixed in formaldehyde solution (3.6%)
for 15 min at room temperature. Staining was performed by
incubating alizarin red S solution (2% w/v, pH 4.1-4.3) with the
cells for 15 min at room temperature before being washed with
distilled water. A Nikon TS-100 microscope was then used for
microscopy.

Surgical procedure

For in vivo experiments, 24 male adult Wistar rats (200-250 g)
were used with all the procedures being performed after
approval of the ethics committee for laboratory animals in
the Iran University of Medical Sciences (Ethical Code:
IR.JUMS.FMD.REC.1400.338). To make critical defects, after
anesthetizing the animals with Ketamine hydrochloride
(90 mg kg™ ") and Xylazine (10 mg kg™ '), the surgery area was
shaved, and the cranium was exposed by making an incision
along the midline skin. Then, using an electrical trephine (NST,
Japan), a 7 mm circular defect was created, and the remaining
bone was removed with care.

Four groups (n = 6) were defined, control — magnetic field,
control + magnetic field, DBM — magnetic field, and DBM +
magnetic field. In the control — magnetic field and control +
magnetic field groups, the defects were left empty, and in the
DBM — magnetic field and DBM + magnetic field groups, the
defects were filled with disk-shaped allografts (1 mm thick,
7 mm in diameter). While + magnetic field groups were exposed
to a SMF, —magnetic field groups were allowed to live normally
until further investigations were planned.

This journal is © The Royal Society of Chemistry 2024
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Magnetic field exposure

A specifically designed apparatus was built to investigate the
effects of a magnetic field on the samples. Fig. 6 shows a
schematic of the device; in brief, a non-magnetic substance
(PMMA) was used to fix two identical square ferrite magnets
installed parallel to each other at a distance of 10 cm. The
magnets strength and their distance were adjusted in order to
achieve a magnetic flux of 1 T at the centreline of the gap
between the two magnets. From day 7 to day 21 after surgery,
rats from the control + magnetic field and DBM + magnetic
field groups were given general anaesthesia and exposed to a
1 T magnetic field for two hours on a daily basis (duration of
two weeks). An equal dose of anaesthesia was administered to
the magnetic field groups, but they were not exposed to any
magnetic fields.

3D computed tomography

3D computed tomographs (CT) were obtained via either the
“Siemens SOMATOM Definition AS” or ‘“Siemens SOMATOM
Emotion 16 Eco” CT-scanner set at (80 kV, 60 mAs, Interval:
Zero) at 30, 60, and 90 days after surgery. Rats received general
anaesthesia and the evaluation was triplicated for each group
(n = 3). As shown in the formula below, Hounsfield Numbers
were also determined and normalized by comparison with the
Hounsfield Number of each rat’s calvarium in order to assess
the density of neo-tissue in the area of injury. Additionally, an
allograft sample’s Hounsfield number was measured to ensure
that it would not mislead the calculations.

H = Hy/H, x 1000 (1)

where H is the relative Hounsfield number, Hy is the Houns-
field number in the defect area, and H. is the Hounsfield
number of the sample rat’s calvarial bone. The ratio of
callus bone volume over total volume was calculated using
NIH Image] based on the CT-images.

Histological analysis

In order to analyse the histological parameters of the defected
areas at 60 and 90 days, after the euthanasia of the rats, the

Fig. 6 Schematic of apparatus designed to expose the samples to a
magnetic field.
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defected area and its surrounding intact bones were cut, and
soft tissue remnants were extracted. Afterward, fixation was
performed in 4% paraformaldehyde followed by dehydration
for 72 h in ethanol series and decalcification in 1% HCI
solution for 35 days. The samples were then embedded in
paraffin blocks and microtome serial sections with a thickness
of 5 pm were created. Prior to the histological examination of
random sections of each sample via a light microscope (Zeiss,
Germany), they were stained with either Haematoxylin and
Eosin (H&E) or Masson’s trichrome in accordance with the
manufacturer’s protocol (Far test, Iran).

Statistical analyses

Whenever not mentioned, the experiments were repeated three
times. SPSS software (ver 22) was utilized to compare data in a
one-way analysis of variance (ANOVA). The results are pre-
sented as mean + standard deviation (SD).
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