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Background and Aim: Current synthetic bone graft substitutes (BGSs) in development are limited by
high resorption, poor load-bearing properties, and stress shielding. These limitations inhibit BGS from
complete biointegration. In this study, we developed calcitonin receptor fragment peptide (CRFP)-
treated non-biodegradable MED610 scaffold, seeded with MC3T3 stem cells, and assessed their
in vivo biocompatibility and biointegration.

Methods: Scaffolds were fabricated with Stratasys MED610 (MED610) material, seeded with Mus
musculus calvaria cells (MC3T3), and osteogenesis was induced with CRFP after the cells reached
confluency and generated bone matrix. Scaffolds with and without bone matrix were implanted in
male mice following a muscle pouch implantation protocol. Post-extraction, imaging, staining, and
mechanical compression testing was carried after 3 weeks of scaffold implantation in the muscle to
measure the ectopic bone formation and compressive strength.

Results: The implanted scaffolds showed significantly higher (P < 0.01) calcium deposits in
comparison to the untreated scaffolds. We also found significantly higher (P < 0.001) mineralization
on the implanted scaffolds compared to scaffolds before implantation. The mechanical properties of
the scaffolds did not vary significantly.

Conclusions: MED610 scaffolds treated with CRFP in vivo do not cause any adverse reaction when
implanted in muscle and showed significant ectopic bone formation, indicating biocompatibility and
bio-integration.

Relevance for Patients: This study will aid in developing biomimetic and biocompatible artificial
bones for implantation.

1. Introduction

In many orthopedic surgical procedures, metallic implants are used to fill in the defects
formed due to surgery or fracture [1-3]. Metallic implants are strong and are able to withstand
the load experienced by the bone. However, metallic implants lead to stress shielding and,
hence, weaken the surrounding bone [4]. Moreover, metallic implants are inert to bone
growth and inhibit complete implant integration [5]. The alternative for metallic implants
is biological implants vis, autografts and allografts [6]. Autografts are osteoconductive and
promote bio integration of the implant as they are extracted from the subject’s body [7].
They also have a lower rate of disease transmission in comparison to allografts. However,
autografts have other complications vis, lower availability, excessive pain, and increased
hospitalization cost due to extraction surgery [8,9]. Allografts exhibit reduced operating
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cost and donor site complications, have a higher chance of antigen
response and disease transmissibility [8-10]. Moreover, allografts
are weaker in comparison to metallic implants leading to fractures
and future revision surgeries [11,12].

Synthetic bone graft substitutes (BGSs) are being developed
to overcome limitations in conventional metallic and biological
implants [13]. Demineralized bone matrix (DBM), developed
by removing all mineral content from bone, is the most
common synthetic BGS [14,15]. However, the demineralization
process makes it weak and reduces the load-bearing capacity
of the implant [16-18]. Another class of implants is ceramic
implants which are better load-bearing capability during
implantation [19]. However, due to their high resorption rate,
ceramic implants weaken with time and also form particulate
matter, which may lead to an inflammatory response [20,21].
Ceramic implants are mostly used to fill in defects formed at non-
load-bearing sites [22].

In recent years, three-dimensional (3D) printing technologies
or additive manufacturing (AM) have facilitated the
manufacturing of unique and complex shapes for a wide variety
of materials. The flexibility to fabricate complex shapes and
the ability to vary the design to manipulate the porosity of the
BGS has led to 3D printing being used in the development of
customized BGS [23-25]. These BGSs range from metallic and
ceramic implants used in limb arthroplasties to polymer-based
BGS, which are mostly in development stages to be introduced
into mainstream applications [26-28]. The main issue with
polymer-based BGS is that they are biodegradable and have a
high resorption rate in the body leading to reduced strength with
time and, hence, are not suitable for load-bearing sites in the
body [20,29-31].

Earlier in vitro studies have shown that non-biodegradable
materials such as ABS and Stratasys’” MED610 have shown
to produce long-term load-bearing implants, which are also
osteoconductive and osteoinductive when pre-treated with
bioactive reagents like calcitonin receptor fragment peptide
(CRFP) [24,32-34]. We have earlier shown that CRFP has
been found to be bioactive in differentiating stem cells into
bone cells as well as enhance bone matrix production in in vivo
studies [35,36]. In this study, we evaluate ectopic bone formation
and biocompatibility of the non-biodegradable plastic MED610
scaffolds in a muscle pouch implantation model.

Ectopic bone refers to bone formation or ossification of tissue
away from its typical origin Vis, in skin, fat, muscle, and other
tissue environments [37]. Ectopic bone formation is usually used
to study osteointegration in an in vivo setting by implanting the
BGS outside its native environment. As the host’s bone-forming
cells are absent in this environment, ectopic bone formation is
attributed to the influence of BGS [38-41]. The most common
types of implantations are subcutaneous, kidney capsule, and
muscle pouch implantations. Subcutaneous implantation may
cause the implant to move under the skin of the rodent, causing
complications, and a kidney capsule implantation requires a
higher level of surgical skill to perform [37,42,43]. In this study,
we adopted the muscle pouch implantation model in a mouse to

assess the biocompatibility of the 3D-printed MED610 scaffold,
seeded with MC3T3 stem cells, and treated with CRFP.

2. Materials and Methods
2.1. Preparation of MEDG610 scaffolds

The trabecular bone structure was extracted from the LS5
vertebrae ofa skeletally mature male mouse through a computerized
tomography (CT) scanning (WCT40, Scanco Medical, Wangen-
Briittisellen, Switzerland) at an isotropic voxel resolution of
10 um. The CT imaging (DICOM files) were processed using
InVesalius software (Renato Archer Information Technology
Center, Sao Paolo, Brazil) to extract a 3D model. The 3D model
is then imported and processed in Geomagic DesignX software
(3D systems, Rock Hill, SC, USA) to extract the trabecular shape.
Using this trabecular model, we design the planar scaffold region
(1 mm thickness x 3 mm length x 3 mm height). We also designed
two cylindrical plates (3 mm diameter x 1 mm height) on the top
and bottom of this planar region to facilitate compression studies.
The scaffold’s dimensions were chosen to fit in the lower extremity
muscles of a mouse. The designed scaffolds were fabricated using
MED610 material on a polyjet 3D printer (Objet 30 Prime; 16-um
resolution, Stratasys, Eden Prairie, MN, USA). The workflow of
the design of MEDG610 scaffolds is presented in Figure 1.

The MED610 scaffolds were, then, washed with deionized
water and sterilized in an autoclave oven at 132°C for 4 min as
per the manufacturer’s recommendation. The sterilized scaffolds
were air-dried in a sterile cell-culture hood for 60 min. These
scaffolds were, then, attached to the bottom surface of the cell
culture plate using sterile grease to prevent them from floating
in the cell culture media. MC3T3-E1 stem cells extracted from
the C3 vertebra of a mouse were seeded with a cell density of 1
x 10% cells per chamber onto the scaffold surface [44]. The cell
culture media (MEMo supplement with 5% fetal bovine serum
and 1% penicillin/streptomycin) was changed every 3 days until
80% cell confluency was reached.

Osteogenesis was induced by adding 4 mM -glycerol
phosphate (G6P), 0.05 ug/uL ascorbic acid (AA), and 2 uM
CRFP [45,46]. The cells were cultured for 3 more weeks with
osteogenic reagents, with the media being changed every 3 days.
In 3 weeks, the stem cells differentiate into bone cells and produce
a bone matrix on the surface of the scaffolds. The scaffolds were,
then, decellularized with 0.1% sodium dodecyl sulfate (SDS)
solution for 5 min, washed in Dulbecco’s phosphate buffer saline
(DPBS) 2 times, and stored in DPBS.

2.2. Experimental design of muscle plant implantation in mice

Fourteen male C57BL/6] strain male mice of 10 — 12 week old
(Charles River Laboratories, Sao Paolo, Brazil) were purchased
and housed individually as males are known to fight if co-
housed and tend to nibble at the healing incisions of their cage
mates. The acclimatization period was 9 days at 12 h light/dark
cycles, and the animals had libitum access to standard mouse
chow and water. These conditions were maintained throughout
the experiment. After acclimatization, mice were weighed and
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randomized into two experimental groups (n = 7): (1) Untreated
scaffolds and (2) decellularized scaffolds. Decellularized scaffolds
were prepared using the protocol explained in section 2.1. A set of
untreated scaffolds which were exposed to the same reagents as
decellularized scaffolds were also prepared, except that they do
not have any stem cells seeded onto the surface.

2.3. Surgical protocol

For implantation, animals were anesthetized with isoflurane
(2% induction and 1.5% maintenance) (Covetrus, Portland, ME,
USA). Eye lubrication (Optixcare; Aventix, Burlington, Ontario,
Canada) was applied, and the mice were prepared for the surgery
by shaving the left hind limb and sterilizing the surgical site with
betadine and ethanol (Sigma-Aldrich, Saint-Louis, MO, USA).
A 10-mm longitudinal incision parallel to the posterior femur
was created. Using a blunt dissection to prevent muscle damage,
a 5-mm deep intramuscular pouch was then shaped, taking
precautions not to expose the periosteum. A scaffold was, then,

sterilized in 70% ethanol and implanted into the muscle pouch,
and the fascia over the muscle was sutured with resorbable sutures
(Ethicon, Raritan, NJ, USA) to close the muscle wound. The skin
incision was closed using non-resorbable sutures (Ethicon), and
topical antibiotics were applied. Buprenorphine (0.1 mg/kg)
analgesia (Buprenex, Indivior, North Chesterfield, VA, USA)
was administered immediately following surgery and twice daily
thereafter until it was judged to be no longer necessary. The skin
sutures were removed 10 — 14 days after surgery. The workflow of
the surgery is illustrated in Figure 2.

The animals were monitored every day for the first 3 days and
weekly thereafter. Movement around the cage and activity was
observed to assess the weight-bearing on the lower extremity.
The incision area was assessed for incision and quality of sutures.
Grooming, vocalization, and weight loss were checked as
indicators of distress. The exclusion criteria were if the animal is
experiencing dehiscence, infection, pain, or distress that cannot be
treated or if the animal is experiencing more than 15% weight loss.

Extracted

Mouse vertebra trabecular bone

Scaffold

Bone matrix Implantation

Figure 1. (A) The cross-section of a mouse vertebra with cortical bone (yellow) and trabecular bone (brown); (B) Trabecular bone extracted from
u-computed tomography scan of the vertebra; (C) MED610 scaffold designed from the extracted trabecular bone seeded with bone cells on its surface;

and (D) Scaffold being implanted into the thigh muscle of a mouse.

Figure 2. (A) Preparing the surgical site by scrubbing the shaved skin with Betadine: (B) Longitudinal incision made along the thigh; (C) Blunt
dissection being carried out to create a muscle pouch without exposing the periosteum; (D) Implant placed in the muscle pouch; (E) muscle pouch was
closed with resorbable sutures; and (F) The skin incision was sutured with non-resorbable sutures.
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2.4. Extraction and post-operative testing

After 3 weeks, the mice were euthanized with a lethal dose
of isoflurane, and the scaffolds were extracted for post-operative
mechanical and staining studies. The scaffolds extracted from
the animals were fixed in 4% formaldehyde solution for 24 h
and washed and stored in DPBS for post-operative studies. The
previous studies have shown that pre-coating the BGS with CRFP
leads to enhanced osteoinduction which results in the deposition
of more bone matrix, contributing to improving the load-bearing
capacity, that is, the compressive strength of the BGS. Therefore,
we performed unconstrained mechanical compressive testing
(MTEST Quattro, Admet, Norwood, MA, USA) on four sets
of MED610 scaffolds (Table 1). For this purpose, the force was
applied in the direction of the axis of the scaffold, as illustrated in
Figure 3B. The speed of compression was set to 5 mm/min based on
the ISO 604, international standards for plastics [47]. Stiffness (k),
maximum compressive strength (o,,), and compressive modulus
(E,) in the central axis were evaluated. Thereafter, Shapiro-Wilk
test was carried out for the compressive test results of each type
of scaffold to assess the normality of the data before carrying out
the statistical analysis. A one-way analysis of variance (ANOVA)

Table 1. Types of MED610 scaffolds.

Type Protocol

A Untreated scaffolds

B Decellularized scaffolds

C Implanted untreated scaffolds

D Implanted decellularized scaffolds

test at a significance level of 0.0083 (Bonferroni correction) was
performed to compare the different strength characteristics of the
various scaffolds.

Post-compression tests, scanning electron microscopy (SEM)
imaging (10.0 K x magnification at electron high-tension voltage
of 3.0 kV) was performed to observe the surface of the different
groups of scaffolds. Thereafter, staining studies with 2% Alizarin
red to validate calcium deposits and Von Kossa staining to validate
mineralization on the BGS surface were conducted. The Alizarin
red-stained scaffolds were imaged using a confocal microscope
(LSM-510; Zeiss, Oberkochen, Germany). We followed up
these studies with histological studies using Nuclear Fast Red
(Kernechtrot) staining for calcium and were imaged using a
confocal microscope (upright DM 6000; Leica Microsystems,
Wetzlar, Germany). In these staining studies, ten regions of
interest (ROI) (0.7 mm x 0.7 mm) were identified for analysis
in each image of the stained scaffold. For Alizarin red staining
and Nuclear Fast Red staining, each ROI image was processed
to isolate the red-colored pixel intensity map from the Red-Blue-
Green (RGB) color image. This red color intensity map then is
normalized such that “0” is the least red (100% white) and “1” is
the value for the highest red value (100% red). Then, the average of
this normalized intensity pixel map was calculated to represent the
measure of the red intensity of the ROI. The higher red intensity
measure indicates more red spots on the ROI (representing higher
deposition of calcium deposits). In the case of Von Kossa staining,
the RGB color image was converted to a grayscale image and
normalize the grayscale image such that the “0” value refers to the
brightest pixel (100% white) and “1” value refers to the darkest
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Figure 3. (A) Stress-strain curve of the four types of scaffolds and (B) the dimensions of the MED610 scaffolds and the direction of mechanical
compression testing. Plots of stiffness (C), maximum compressive strength (D), and compressive modulus (E) for the four types of scaffolds (n = 7) in

Table 1. Error bars represent standard deviation.
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pixel (100% black). The darker spots on the image represent the
higher mineralization deposition on the ROI. One-way ANOVA
analysis at a significance level of 0.0083 (Bonferroni Correction)
was performed to compare unseeded scaffolds with decellularized
scaffolds.

3. Results
3.1. Mechanical testing for the strength of the scaffolds

In the implantation study, the animals did not show any signs of
infection or prolonged distress due to implantation throughout the
duration of the study, and by the 10* day, they were able to regain
complete range of motion and were able to walk/run without any
signs of pain or distress. All animals maintained their weight by
the end of the study and did not trigger any exclusion criteria.

In the mechanical testing of the four types of scaffolds listed in
Table 1, the data followed normal distribution using Shapiro—Wilk
test. Thereafter, the one-way ANOVA test showed no significant
difference in stiffness (k), maximum compressive strength
(0,,), and compressive modulus (E.). However, on plotting
the stress-strain data shown in Figure 3A from the stress-strain
curves, it was noted that the decellularized scaffolds with bone
matrix (type B and D) show superior trends for maximum yield
strength (G,,) in comparison to untreated scaffolds without bone
matrix (type A and C). These findings follow our earlier reported
results [24]. The strength characteristics (k, o,, and E_) of all
types of scaffolds are illustrated in Figure 3.

The SEM study of the scaffolds’ surfaces is illustrated in
Figure 4. The surface of the scaffolds shows deposition of bone

matrix in the type B scaffolds, in comparison to type A scaffolds.
When these scaffolds are implanted, type D scaffolds show
more deposition of organic material, indicating a higher level of
biointegration in comparison to type C scaffolds.

For the Alizarin red staining study for validating calcium
deposits on the scaffolds’ surfaces, the one-way ANOVA analysis
showed a significant increase in calcium deposits from type A
(untreated scaffolds) to implanted scaffolds, that is, Type C
(P = 0.005) and Type D (P = 0.0027). All other comparisons
between scaffolds were not statistically significant. These results
are represented in Figure 5A.

For the Von Kossa staining study to validate mineralization
on the surface of the scaffolds, the one-way ANOVA analysis
showed that Type B and Type D (demineralized) scaffolds
showed a significantly higher mineralization on the scaffold
surface compared to Type A and Type C (untreated) scaffolds
(P < 0.001 for all significant comparisons). The comparisons are
illustrated in Figure 5B. The confocal microscopy results with
Nuclear Fast Red staining shows a significantly higher calcium
deposition in demineralized scaffolds (Types B and D) compared
to untreated scaffolds (Types A and C) in the one-way ANOVA
analysis (P < 0.001), as illustrated in Figure 6.

4. Discussion

In this study, we developed non-biodegradable BGS from
Stratasys MED610 material for testing the biocompatibility of
artificial bone in an in vivo environment. The BGS was fabricated
using polyjet 3D printing to achieve a high-resolution surface that

Figure 4. (A-D) Scanning electron microscopy images of different scaffolds taken at 2.0K x magnification showing the deposition of organic material

on the scaffold surfaces.
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mimics the trabecular structure of the bone [33,48]. The previous
studies suggest that most of the plastic (PLA/PLC) and ceramic
(TCP) BGS being developed today show reduced strength over
time and cannot consistently bare the stresses applied to the bone
leading to them only being used in non-loadbearing sites [20,49].
This is due to the high resorption rate of the BGS. Our scaffolds
(BGS) maintain their structural integrity and strength as they are
non-biodegradable and show high potential as BGS in loadbearing
areas.

In our muscle pouch implantation study, our BGS exhibited
good biocompatibility, as the animals were able to accept the BGS
and did not show any inflammatory response near the incision
or internally [50]. By the 10" day after implantation, all animals
were behaving normally without any distress and complete load
bearing.

In SEM imaging study, we find that the decellularized
scaffolds, when implanted, have a higher deposition of organic
material on the scaffold surface in comparison to the untreated
scaffolds (Figure 4). Following up with the staining studies with
Alizarin red, Nuclear Fast Red, and Von Kossa staining, we find
that the implanted decellularized scaffolds show a significantly
higher level of calcium deposits and mineralization. We also see
that there is a significantly higher level of calcium deposit on the
implanted scaffolds in comparison to the untreated scaffolds. This
is an indication of ectopic bone formation on the scaffold surface
and bio integration on implantation.

Earlier studies reported that the strength of the BGS increases
when the bone matrix is deposited on the scaffold surface [24,33].
In our mechanical strength studies, we find no significant increase
in decellularized scaffolds compared to untreated scaffolds.
However, the results suggest that the maximum yield strength
follows similar trends to that of the in vitro studies in the literature,
where scaffolds with bone matrix perform better than scaffolds
without bone matrix [24,33,51,52].

One of the limitations of this study was the size of the scaffolds
(3mm diameter x 3mm height). Due to the small size of the
animals, the aim was only to observe the ectopic bone formation
and biocompatibility of the MED610 material. In future, these
studies will be followed up by a segmental defect model in either
rats or rabbits so that the biointegration of these scaffolds with
the surrounding bone can be studied and evaluate how BGS can
maintain the strength at a load-bearing site.

Another limitation of this study was that we did not mimic any
specific bone as done in studies by others [33,53], except taking
the trabecular structure model. Despite considerable progress
in the field of artificial bone development using materials like
natural polymers[54-59], synthetic polymers[60-62], biocermaic
and bioglass[63-66], metal[67-69], and composites[70-74], an
ideal all-purpose material for scaffold-guided bone regeneration
is currently not available[75]. In future biointegration studies,
we plan to design the scaffolds precisely in the shape of the bone
that is to be replaced to achieve complete integration structurally
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and biologically. Many iterations need to be done on the design
side to achieve the balance between having the ideal porosity to
facilitate the bone growth and providing the structural strength to
the affected bone.

5. Conclusions

We successfully demonstrated that our MED610 3D-printed
scaffolds are suitable for implantation as they are biocompatible
and do not cause any adverse reaction when implanted. We also
found that the CRFP-coated MEDG610 scaffolds generate more
ectopic bone growth when implanted and contribute to bio-
integration.
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