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Abstract

Objective: To study the suitability of the developed polyamide/hydroxyapatite (PA/HA) composite orthopaedic scaffold in
vitro and in vivo.

Methods: The fabricated scaffolds were seeded with human osteoblast-like cell line (MG 63) and tested for its viability &
cytotoxicity, proliferation and calcium mineralization through MTT assay, ALP assay and Alizarin red S staining
respectively. Finally, the scaffolds were implanted in non-immunocompromised male wistar rats subcutaneously and
pathological tests were carried out.

Results: The results of in vitro studies indicate that PA/HA (90:10) composite was non-cytotoxic and supported calcium
mineralization relatively better than the other compositions of PA/HA. From the Hematoxylin & Eosin staining,
inflammation was observed in the tissues surrounding the scaffold 7 weeks post implantation in rats. However, the
scaffolds were found to be incorporated into the subcutaneous tissue at the end of one year without any rejection.
Conclusion: PA/HA (90:10) composite scaffold fabricated using SLS is biocompatible when tested in rats, and could more

likely be used for orthopedic applications.

Keywords: Scaffold, orthopedic, biocompatibility, MG 63, rat model.

1. Introduction

Recent reports suggest that among the total
injuries due to accidents, 11.5% are bone fractures [18].
Besides fractures, bone replacement is also essential for
patients with congenital disorders, tumor resection, and
those in a revision surgery to replace the infected implant.
This signifies the need for a material that is mechanically
strong and biologically compatible to be a good orthopedic
scaffold.

Pure HA is a bioactive ceramic known for its
osteoinductive property. However, its brittle nature makes it
unsuitable to repair the bone defect by itself. Hence, HA is
used along with PA. This polymer/ceramic composite
yields greater strength [14].
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PA and HA are being used as bone scaffolds for
many years. Conventional techniques such as freeze-drying
and cross-linking [15], thermally induced phase separation
[16] and injection-molding technique [17] were used to
develop PA/HA scaffolds.

However, Selective laser sintering, a rapid
prototyping technique helps in customized development of
3D porous PA/HA composite scaffolds with 100% pore
interconnectivity. Here we present the in vitro and in vivo
performance of the 3D porous scaffold of different
compositions of PA and HA fabricated using SLS.

PA 66 was used by many researchers [7,8,11,14]
for developing the bone scaffold. But in this study, PA 12 is
employed. Though PA12 is cost ineffective compared to
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PAG66, it has the advantage of resistance to corrosion,
cracking and chemical degradation [19, 20].

PA/HA scaffolds fabricated using Selective Laser
Sintering, an additive manufacturing technique described
elsewhere [5] is used in this study.

The aim of this work is to analyze the in vitro and
in vivo performance of the 3D porous scaffold fabricated
with different compositions of PA and HA fabricated using
SLS, for its use as an orthopedic scaffold.

2. Methods
2.1. Polyamide/hydroxyapatite scaffold

PA 12 was purchased from Duraform 3D systems,
and HA was synthesized chemically as per the protocol
specified by Sneha et al [9]. PA and PA/HA composite
scaffolds were fabricated in Selective Laser Sintering
machine (Sinterstation DTM 2500 plus). The scaffolds have
cubical pores of size 800 pm contributing for 70% porosity.
3D porous scaffolds of cubical shape (0.9 x 0.9 x 0.4
cu.mm.) and cylindrical shape (0.9 mm diameter and 0.4
mm thickness) were used for in vitro and in vivo studies
respectively. The images of the fabricated scaffolds are
presented in Figure 1.

Figure 1: Three dimensional porous scaffolds a) cylindrical shape with 0.9 mm diameter and 0.4 mm height used for
in vivo testing; b) cubical shape with dimensions 0.9x0.9x0.4 cu.mm used for in vitro testing

2.2. Cell culture

The human osteosarcoma cell line, MG-63,
(NCCS Pune, India) was cultured in DMEM medium
(ALO07S, HiMedia, India) supplemented with 200mM L-
glutamine, 10% Fetal bovine serum, and 1X of Antibiotic
Antimycotic Solution (A002, Himedia, India). The cells
were incubated with 5% CO, at 37°C. On attaining 80-90%
confluency, the cells were trypsinized with trypsin-EDTA.
Unless specified, the chemicals were procured from
HiMedia, India.
2.3. Cell viability and proliferation studies

MTT assay was employed to assess the cell
viability and proliferation of the cells on interacting with
the scaffold material. This is a colorimetric assay measuring
the reduction of yellow 3-(4, 5-dimethythiazol- 2-yl)-2, 5-
diphenyl tetrazolium bromide (MTT) substrate to an
insoluble purple formazan product by mitochondrial
succinate dehydrogenase enzyme. The MTT enters the cells
and passes into the mitochondria where it gets reduced to an
insoluble, dark purple colored formazan product. The
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intensity of the purple color is proportional to the number of
live cells.

Each well containing the UV sterilized scaffold
was seeded with 1000 pL of medium containing
approximately 1x10* cells. The plates were incubated at
37°C with 5% CO,. MG 63 cells cultured without any
scaffold was used as the control. After 1, 3 and 5 days of
incubation, 5mg per ml of freshly prepared MTT (HiMedia,
India) solution was added to each well and incubated for
3.5 h at 37°C with 5% CO,. After the incubation time, the
above solution was discarded and the scaffolds were air
dried. The insoluble purple colored formazan crystals
formed were solubilized by adding 200 pl of Dimethyl
sulphoxide (SD Fine Chemicals). The plate was left in
shaking condition for 10-15 min in dark. The solutions from
48-well plate were then transferred to 96-well plate and, the
absorbance was read at 570 nm in a multiwell plate reader
(Thermo Multiscan Labsystems, Model 352). The
absorbance values were plotted in graph using MS Excel.
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2.4. Alkaline Phosphatase assay

Alkaline phosphatase (ALP) is a
hydrolase enzyme responsible  for ~ removing phosphate
groups from nucleotides, proteins, and alkaloids. Higher
levels of ALP activity is observed during the active bone
formation, as it is a by-product of the osteoblast activity
and, also observed in elevated levels in the cell membrane
of undifferentiated pluripotent cells. The alkaline
phosphatase assay was carried out using the p-nitrophenol
pyrophosphate (N7653 Sigma Aldrich) as the substrate
according to the protocol specified by the manufacturer.
ALP catalyses the hydrolysis of the colorless p-Nitrophenyl
phosphate (pNPP) to a colored p-Nitrophenol, that has a
strong absorbance at 407 nm. The absorbance is a measure
of the level of the enzyme activity.

Each well containing a UV sterilized scaffold was
seeded with 1000 pL of medium containing approximately
1x10* cells in a 48 well plate, and incubated for 4, 7 and 10
days at 37°C with 5% CO,. After the incubation, 200pL of
p-nitrophenol pyrophosphate solution was added to each
well. The plates were then incubated in dark for 30 minutes
at room temperature. After 30 minutes, 50uL of 3M NaOH
solution was added per 200 pL of the reaction mixture to
stop the reaction. The absorbance was then read at 407 nm
in a multiwell plate reader (Thermo Multiscan Labsystems,
Model 352). Statistical analyses for MTT and ALP assays
were carried out using paired t-test using MINITAB 15.0
software. P<0.005 were considered to be statistically
significant.

2.5. Alizarin Red S staining

Alizarin Red S, an anthraquinone derivative, is
used to identify calcium in tissue sections. The reaction is
not strictly specific for calcium, since magnesium,
manganese, barium, strontium, and iron may interfere. But
as these elements usually do not occur in sufficient
concentration in this experiment to interfere, the scaffolds
were tested for calcium mineralization using Alizarin red S
staining. Alizarin Red S powder (A5533 Sigma Aldrich)
was used to prepare a fresh solution (pH 4.1-4.2) each time
as per the protocol specified by Gregory et al, 2004 [3].

Each well containing a UV sterilized scaffold was
seeded with 1000 pL of medium containing approximately
1x10” cells in a 48 well plate, and was incubated for 25 and
28 days at 37°C with 5% CO,. After the incubation period,
the media was discarded, and the wells were rinsed gently
with 1 mL PBS. The cells were then fixed with 1.0 mL of
10% formalin in each well for 15 minutes at room
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temperature. Formalin solution was then removed and the
wells were washed twice gently with double distilled water.
To each well, 500 pL of 40 mM Alizarin red S solution was
added and left at room temperature for 20 minutes with
gentle shaking. After 20 minutes, the dye solution was
removed and the wells were washed four times with 1.0 mL
distilled water, replacing the water at each 5 minutes
interval. The specimens were then air dried, and images
were taken. Mineralized areas appear red in color.
2.6. In vivo Rat model studies

Eight male Wistar rats (Rattus norvegicus) each
weighing 200-250 g were obtained from the Animal house,
PSG Institute of Medical Sciences and Research,
Coimbatore. The surgical procedure in the rats was
approved by the Institutional Animal Ethics Committee,
PSG Institute for Medical Sciences & Research,
Registration No. 158/PO/ReBi/SL/99/ CPCSEA. The rats
were randomly divided into two groups, each containing
two rats as given in Table 1. Two rats per cage were housed
in a temperature-controlled facility.

Table 1: Biocompatibility test by subcutaneous
implantation of the scaffold in rats

Period/ scaffold Polyamide | PA/HA (90:10)
material (PA12) composite
7 weeks 2 rats 2 rats
One year 2 rats 2 rats

2.7. Rat Surgical Procedure

Non-immuno compromised eight male Wistar rats
were used for this study. Intraperitonial injections of
Aneket ® Ketamine (30 mg/kg) and Astra Zeneca ® 2%
xylocaine (13 mg/kg) were administered to anesthetize the
animals (Figure 2a). The lateral aspect of the abdomen was
shaved under aseptic precaution. Using a sterile surgical
blade no. 15, an incision of about 3 cm was made (Figure
2b). Skin and subcutaneous tissue was dissected (Figure 2c)
and the autoclaved scaffold of dimensions 0.9 mm diameter
x 0.4 mm thickness was implanted in the subcutaneous
plane (Figure 2d), as given in table 1. Upon implantation of
the scaffold in the subcutaneous pouch, the skin was
sutured using an Ethicon (5-0) Non-absorbable surgical
suture NW 3316 (Jhonson & Jhonson) (Figure 2e). After
four days the sutures were found to be eaten off by the rats
exposing the scaffolds to outside. The closure was then
made using the Glue, N-butyl-2-cyanoacrylate. The animals
were fed with rat feed pellets, and the cages were changed
every fortnight. Rat surgical procedure was performed
according to Subramanian et al [12].
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Figure 2. Rat surgical procedure. (a)administration of general anesthesia; (b) creating a subcutaneous pouch;
(c)implanting the autoclaved scaffold; (d)sutured using Ethilon 5-0

2.8. Pathological testing

Post-implantation of the scaffold in the rat model,
four rats (two in each group) after 7 weeks, and remaining
four rats after one year were euthanized with over dose of
diethyl ether. Using the previous scar site, incision was
made and the scaffold along with the surrounding tissue
was removed. The tissues were stored separately in 10%
formalin for histopathological analysis.
2.9. Hematoxylin & eosin staining

The samples, with soft tissue cleaned, were stored
in 10% formalin for 10 days. The samples were then rinsed
in tap water, followed by fixing and dehydration in
successive alcohol concentration. The samples were then
cleared with xylene and embedded in paraffin wax. After
hardening, the sample were cut into 4 pm sections
perpendicular to the implants, under cooling water with
microtome (Leica RM2255, Germany). The sections were
glued onto a plastic support and finally stained with Harris
Hematoxylin and Eosin.

3. Results and Discussion

Increasing trauma and injuries in day-to-day life
demands orthopedic scaffolds with desirable and
reproducible design, adequate strength and
biocompatibility. Rapid prototyping is one such fabrication
technique that facilitates development of customized
scaffolds rather than standardized scaffolds, in a short time.
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Advantages of custom-made scaffolds of satisfactory size
matching the defect area could easily be implanted at the
defect site. Besides reducing the time for surgery, custom-
made scaffold contributes to the rapid healing of the defects
[6]. Selective Laser Sintering uses a high temperature of
around 1100°C for fabricating the components. However,
the chemical composition of HA and PA were known to
remain unmodified even at higher temperatures. Hence,
variation in the scaffold properties due to the sintering stays
ineffective.

Pores in the bone scaffold aids cellular infiltration
and also facilitate the exchange of nutrients and wastes
across the bone. The scaffold material becomes more
desirable if it supports/enhances cell attachment,
proliferation and calcium mineralization in addition to
possessing adequate mechanical properties. HA/PAG6
composite developed with 75-85% porosity and 500 micron
pores yielded the compression strength of 10-20 MPa [14].
Bone screws fabricated using PA/HA without pores yielded
bending strength of 200- 300MPa [11]. Porosity is directly
proportional to the biological functions of the scaffold, and
inversely proportional to the mechanical strength of the
scaffold. Hence, fine tailoring of the porosity and pore size
without compromising the mechanical property of the
scaffold is crucial. The HA/PA12 composite scaffold used
in the present study was fabricated with 70% porosity and
800 micron pores using Selective Laser Sintering, discussed
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elsewhere [5], yielded a mechanical strength of 25 MPa,
which was identified to be adequate to support a person
weighing 75 kg.
3.1 In vitro tests

From the MTT assay result shown in Figure 3, it
can be observed that there is a gradual increase in the
cellular proliferation from day 1 to day 5 in all the scaffold
types tested including the control. Incorporation of HA in

the composite facilitated better cell attachment and
proliferation compared to the polyamide as seen on day 1
and day 5, which could be due to the bioactive nature of the
HA. However, it can also be observed that there is no
significant difference between the PA/HA (95:5) and
PA/HA (90:10) as the percentage increase in minimal. A
similar trend was reported by Tang et al [13].

1 3

MTT assay
0.6 - *
0.5 - e 0 Control
E =
c 04 * ﬁg
E 03 =| B Polyamide
E 0| oA smgE |12
8 0.2 1 ﬁ% = =  @Polyamide/hydroxyapatite
o N - = o
0 - ﬁ% JE JE B Polyamide/hydroxyapatite

Incubation Time (days)

(90:10)

Figure 3: MTT assay results for MG 63 cells cultured on the scaffolds made of polyamide and various compositions
of polyamide/Hydroxyapatite

ALP is an early differentiation marker for the
osteoblasts. A general increase in the ALP activity is
observed from day 4 through day 7 in all the scaffolds
tested (Figure 4). ALP level in PA/HA (90:10) was

observed to be lower than the control on day 4. However on
day 10, the ALP levels of the cells cultured on the PA/HA
(90:10) scaffolds were found to be on par with that of the
control (cells cultured without scaffold).
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OD at 407 nm
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ALP assay

Bl Control

BPolyamide

polyamide/hydroxyapatite
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Figure 4: ALP assay results of MG 63 cells cultured on the scaffolds made of polyamide and different compositions
of polyamide/hydroxyapatite

Alizarin Red S staining results (Figure 5) shows
that the polyamide scaffolds were stained less intense than
the scaffolds containing HA. These results suggest that
though the polyamide was found to be non-cytotoxic and
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supporting ALP activity, it lacked the property to support
calcium mineralization, which is the desirable criterion for
a material to act as a bone scaffold.
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. Polyamide/Hydroxyapatite | Polyamide/Hydroxyapatite
Component Polyamide (95:5) composite (90:10) composite
Day 25
Day 28

Figure 5: Images of PA/HA (90:10), PA/HA (95:5) and polyamide scaffolds stained with Alizarin red S stain to
identify the mineralized regions

3.2 Invivo study
There was significant difference in the in vitro

assays observed between PA and PA/HA composite.
However, the difference observed between PA/HA (95:5)
and PA/HA (90:10) in vitro is minimal, as the percentage
variation is lesser. Hence, PA and PA/HA (90:10) scaffolds
were implanted subcutaneously in the rat models to analyze
their performance in vivo. Immunological responses were
observed after seven weeks and one year post-implantation
in the rat models. Scaffold samples implanted in the rat
models were stained with H&E after 7 weeks of
implantation. Rat implanted with polyamide showed
inflammatory response, whilst the H&E staining results of
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PA/HA (90:10) composite suggests that there is no
inflammatory response, and the tissues were in the process
of healing (Figure 6). Figure 6a and b are replicates for PA
scaffold and, 6¢ and d are the replicates for the PA/HA
(90:10) scaffold seven weeks post-implantation in rat. H&E
staining of polyamide scaffold (Figure 6a and b) shows
plasma cells, neutrophils, fibroblasts and scattered
inflammatory infiltrate, while staining of
polyamide/hydroxyapatite (90:10) scaffold. Figure 6¢c and
6d shows fibroblasts, scattered macrophages, plasma cells
and occassional neutrophils. Proliferating vascular channels
are also seen.
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Figure 6: Representative images of Hematoxylin & eosin staining of polyamide (a and b), and PA/HA(90:10) (c and
d) scaffolds after 7 weeks of subcutaneous implantation in rats. And Hematoxylin & eosin staining of polyamide (e),
and PA/HA(90:10) (f) scaffolds after one year of subcutaneous implantation in rats.

During this course of one year observation post-
implantation, of four rats (two with PA and two with
PA/HA), a rat with polyamide scaffold was deceased on the
11™ month post-implantation due to its age. Meanwhile
complete scaffold disintegration was observed in the rat
with PA/HA (90:10) scaffold at the end of one year.
Consequently, one in each scaffold type were obtained and
subjected to pathological analysis, the images of which are
presented in Figure 6e & f.

H&E staining of one year old PA scaffold section
(Figure 6e) shows fibroblastic reaction, collagenisation and
scant inflammatory infiltrate, while PA/HA (90:10)
composite scaffold section (Figure 6f) shows sclerosis,
mixed inflammatory infiltrate and focal hyalinization.
These results suggest that both the scaffold types were
biocompatible.

Post-implantation, follow-up for longer durations
of one-year was carried out to identify the scaffold failures
due to infection, failure of osseintegration or implant loss
by mechanical loading [6]. Staffa et al suggests a two year
follow-up of porous HA cranial prosthesis as per the
protocol of Neurosurgicals. This would facilitate the
monitoring of osseointeggration. A perfect fit between the
implant and the bone allows in-growth of capillaries,
perivascular mesenchymal tissue and osteoprogenitor cells
from the living bone into the graft. This is crucial to
validate the success of the bone implant [10]. Xiong et al
performed a longer follow-up of rabbit tibial defects fixed
with PA/HA composite for internal fixation loosening and
joint collapse till 5.3 years [14]. In our study, analysis after
one year of implantation was carried out. However, neither
any infection nor any inflammation was observed.

Burnett et al assessed the safety of using
Polyamide and reported to be used in cosmetics and
personal care products. And the acute oral LDs, for
polyamide 12 was reported to be 1g per kg of body weight
in rat, mice, guinea pigs and rabbits [2]. Recently,
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Polyamide is used with nano-hydroxyapatite for developing
bone screws [11] and vertebral plates [14]. PA/HA
composite has entered the clinical trials for testing in the
proximal and distal regions of femur, tibia and humerus in
humans [14].

4. Conclusion

3D porous PA and PA/HA scaffolds were tested in
vitro and in vivo. In vitro tests such as MTT assay, ALP
assay and Alizarin Red S staining carried out using MG 63
cell line reveals that all the three types of scaffolds (PA,
PA/HA (95:5) and PA/HA (90:10)) were non-cytotoxic.
However, PA/HA (90:10) outperformed the three scaffold
types tested. Hence, pure PA and PA/HA (90:10) scaffolds
were implanted subcutaneously in the rat models.
Pathological tests of 7 week old scaffolds showed that
polyamide scaffold showed presence of inflammatory cells,
whilst the PA/HA (90:10) composite scaffold showed
presence of proliferating capillaries and were in the process
of healing. However, pathological testing of scaffolds one
year post-implantation showed that both scaffold types
were biocompatible and neither showed immune rejection
nor infection. The PA/HA (90:10) composite having
performed consistently better under in vitro and in vivo
conditions, we conclude that the above composite could
more likely be used in orthopedic applications.
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