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ABSTRACT

Advent of additive manufacturing in biomedical field has nurtured fabrication of complex, customizable and
reproducible orthopaedic implants. Layer-by-layer deposition of biodegradable polymer employed in develop-
ment of porous orthopaedic screws promises gradual dissolution and complete metabolic resorption thereby
overcoming the limitations of conventional metallic screws. In the present study, screws with different pore sizes
(916 x 918 um to 254 X 146 um) were 3D printed at 200 pm layer height by varying printing parameters such
as print speed, fill density and travel speed to augment the bone ingrowth. Micro-CT analysis and scanning
electron micrographs of screws with 45% fill density confirmed porous interconnections (40.1%) and optimal
pore size (259 x 207 X 200 pm) without compromising the mechanical strength (24.58 + 1.36 MPa). Due to
the open pore structure, the 3D printed screws showed increased weight gain due to the deposition of calcium
when incubated in simulated body fluid. Osteoblast-like cells attached on screw and infiltrated into the pores
over 14 days of in vitro culture. Further, the screws also supported greater human mesenchymal stem cell ad-
hesion, proliferation and mineralized matrix synthesis over a period of 21 days in vitro culture as compared to
non-porous screws. These porous screws showed significantly increased vascularization in a rat subcutaneous
implantation as compared to control screws. Porous screws produced by additive manufacturing may promote
better osteointegration due to enhanced mineralization and vascularization.

1. Introduction

Higher elastic modulus of metallic screws relative to normal bone leads
to “stress shielding” effect that results in localized osteopenia [6].

Every year osteoporosis affects 8.9 million individuals globally re-
sulting in an osteoporotic fracture for every 3 s [1]. Fracture may also
be accompanied with several pathological conditions such as cancers,
osteogenesis imperfecta [2]. Rigid internal fixation devices, mainly
orthopaedic screw, escalates healing and mobility of injured tissues by
reducing fracture gap and provide compression across the fractured
bones [3]. Optimal healing of bone fractures mainly depends on com-
plete immobilization, preservation of bone segments, bone ingrowth
with the reestablishment of local blood vessels [4]. However, gold
standard orthopaedic screws made of titanium or stainless steel are
excessively stiff causing wear and tear in the neighboring tissues [5].
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Further, robust integration between screw thread and neighboring bony
tissue complicates the revision surgery during the removal of screws
[7]. This has led to the use of biodegradable screws made of polymers
such as poly(lactic-co-glycolic acid) (PLGA), poly(i-lactic acid) (PLLA),
which avoids the need for secondary surgery [8-11]. Department of
Orthopaedics and Traumatology at Central Hospital in Finland treated
seven patients with malleolar fractures and syndesmotic separations
with self-reinforced poly(glycolic acid) (SR-PGA) screws to repair the
syndesmosis and results showed that all patients yielded an acceptable
response with a stable ankle mortise [12]. PLLA screws comprising
hydroxyapatite and B-tricalcium phosphate such as BioRCL, Biosteon,
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Biocryl etc.,, are commercially available for clinical applications.
However, long term study with patients implanted with biodegradable
PLLA screws showed tunnel widening, sterile abscess formation and
intra-articular migration [13]. Hydrolytic degradation of PLGA or PLLA
release acidic by products that inhibit angiogenesis and decrease the
bone cell recruitment at site of implantation thereby causing foreign
body reactions and fluid effusion [14].

Magnesium based interference screws possessing comparable elastic
modulus with native bone showed better mineralization at inter-zone
and thereby enhanced the tendon-bone junction healing [8,15]. How-
ever, the rapid corrosion rate of magnesium alloys and its toxic by-
products made it unfit to be used as fixation device [10]. Polyglycolic
acid (PGA) screws showed improved bone-remodeling by gradual stress
transfer to bone but initiation of sterile sinus formation lead to im-
proper dynamics between device strength retention and wound healing
[12]. These lacunas were overcome by machine cut silk screws and
plates that possessed excellent mechanical strength and biocompat-
ibility (FDA approved biomaterial) [11]. Although the desirable me-
chanical strength was achieved with existing biodegradable screws,
complete healing remains challenging as the fracture healing requires
the re-establishment of blood vessel network and osseous ingrowth.
Scaffolds for bone tissue regeneration have been developed with con-
trolled porosity to enhance cell infiltration and supply of nutrients that
stimulated the bone remodeling and repair [16,17]. Presence of inter-
connected pores in bone scaffolds have shown enhanced vascularization
of the ingrown tissue and infiltration of cells to grow into desired
physical form minimizing the recovery time [18-20]. Average pore size
of 250-300 pum supported cellular infiltration and capillary formation
thereby promoting osseous growth whereas pores < 100 um favor hy-
poxic induced cartilage formation [21]. However, current screw man-
ufacturing techniques such as machining of metallic screws and injec-
tion moulding of polymeric resorbable screws fail to establish the
interconnected porous structures throughout the biodegradable screws
[22].

Integration of additive manufacturing technology in orthopaedic
healing has emanated highly precise and large scale manufacturing of
patient-specific prosthetics and implants through 3D scanning, 3D re-
construction and digital processing of patient data [23]. Complex mesh
structures with improved design and functionality are achievable using
metal powder bed fusion method (laser and electron beam powered) or
fused deposition modeling, thereby reducing the manufacturing costs
and lead-times compared to the conventional techniques [24,25]. Thus
additive manufacturing of porous orthopaedic implants would promote
the custom-manufacturing of implants for trauma patients [26]. Re-
cently, 3D printed Gemcitabine/Methotrexate-loaded PLA screws
(4 mm) showed infill pattern and density dependent mechanical
strength and anti-bacterial properties with enhanced cytotoxicity to-
wards osteosarcoma cells [27]. However, there are no reports on in vivo
biocompatibility and efficacy of pore size and porosity on mineraliza-
tion & vascularization potential of the orthopedic screws which is ul-
timatum for bone regeneration. In the present study, cortical screws
with tunable porosity were developed using additive manufacturing
technology (AMT), which facilitates the fabrication of complex struc-
tures with high accuracy, low cost, rapid product development and
design freedom [28,29]. Poly(lactic acid) (PLA) cortical screws with
porous interconnections were developed by fused deposition modeling
by optimizing the various printing parameters such as layer height, fill
density travel speed and printing speed. These screws were character-
ized for both compressive and torsional strengths to determine their
suitability for fixation during fractures. The role of porous inter-
connections in the biodegradable screws on establishing mineralized
matrix in vitro were examined by culturing osteoblast-like cells (MG-
63 cell line) and human mesenchymal stem cells. The preliminary in
vivo subcutaneous implantation studies were performed to evaluate the
local inflammatory response around the implanted region and role of
interconnected pores in vascularization.
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2. Materials and methods
2.1. Materials

PLA filament (1.75 mm filament diameter) purchased from Reddx
Technologies Pvt Ltd, Sodium chloride, Sodium Bicarbonate, Tris
(Hydroxy-methyl) amino methane, Magnesium Chloride hexa-hydrate,
Sodium Sulfate were purchased from Merck Life Science, India.
Potassium phosphate dibasic tri-hydrate was purchased from Himedia,
India. Potassium chloride and Calcium chloride were purchased from
Qualigens and Chemspure, India respectively. MTT (Sigma, India), MTS
assay kit (Promega), Invitrogen Quant-iT PicoGreen dsDNA assay kit
(Eugene, Oregon, USA), Live dead assay kit (Molecular probes, Thermo
Fisher), Alizarin red, Dulbecco's Modified Eagle Medium (DMEM-HG)
(Lonza, USA) were procured.

2.2. Methods

2.2.1. Fabrication of porous screw

Cortical screws were designed using AUTOCAD Software with di-
mensions matching the commercially available titanium screws
(4.5 mm, GPC Medical Ltd., WHO-GMP surgical instruments, Malaysia).
The designs obtained in STL format were fed to CURA software to
convert file into machine readable GCODE. The designed screw was
printed using PLA filament in 3D printer (HYDRA 200) by maintaining
printing and bed temperature at 210 °C and 70 °C, respectively. Fill
density (FD), one of the printing parameter was varied to understand its
effect on pore size and total porosity of the developed screws. Printing
parameters such as print speed, travel speed and layer height were
varied to achieve screws with desired specifications without any dis-
figurement.

2.2.2. Scanning electron microscopy

The morphology of the pores, pore dimensions with the thickness of
printed motifs was analyzed using SEM (Vega 3, TESCAN) at an ac-
celerating voltage of 5 kV. The sample placed on stub was sputter
coated with thin film of gold using an auto sputter fine coater (JFC
1600, JEOL, Japan) prior to imaging. For each of these measurements
we used a sample size of n = 3 for each type and a minimum of 100
pores were used and reported as mean * SD.

2.2.3. Micro CT analysis

The cortical screws were scanned using Skyscan 1176 Micro CT
Imaging System without filter to evaluate open porosity, closed porosity
and total porosity values. Reconstruction of datasets was performed in
NRecon software by adjusting ring artifacts and misalignment. CTan
software was used to estimate the porosity values without altering
threshold values between samples. Porosity was calculated by the
software based on the following formula where open and closed pores
define interconnectivity and voids surrounded by solid in the screw,
respectively.

Volume of closed pores
Total volume of VOI

Closed Porosity = X 100

Volume of open pores
Total volume of VOI

100

Open Porosity =

For each of these measurements we used a sample size of n = 3 for
each type and results were reported as mean * SD.
2.2.4. Mechanical properties

The compressive strength of porous screws was evaluated using
INSTRON mechanical tester at a preload of 10 kN and at the dis-
placement rate of 1 mm/s while keeping solid screws as control. The
maximum load, compressive strength and elastic modulus of the screws
were calculated from the stress versus strain curve. Automated torsional
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assay was performed for screws of different fill densities (45% and
100%) at n = 6 screws/group in Instron apparatus. The measurements
were performed according to standard (ASTM F2502) with the screws
of 22.5 mm long with 3.8 mm diameter. The head portion of the screw
was fixed at the rotatory drill chuck of torque cell with the other end
fixed to the static portion. The screws were tested for torsional prop-
erties at 1 revolution/min in clockwise polarity. Torque versus rotation
graph was recorded to study the torsional properties of polymeric
screws. For these studies, dry samples of minimum six per group were
used and the results were presented as mean * standard error.

2.2.5. In vitro degradation profile

In vitro degradation rate of screws were evaluated by immersing in
simulated body fluid (SBF), which has ion concentrations identical to
human plasma [30]. The degradation profile of screws of known initial
weights (45%- 0.352 = 0.002, 100%- 0.455 =+ 0.004) were followed
up to five months in SBF at pH 7.4 maintained at 37 °C. SBF Solution
(5 ml) was replaced every alternate day with fresh medium to prevent
saturation of the fluid. The samples were collected at predetermined
time points and measured for weight loss and stained with alizarin red
(40 mM) followed by subsequent washing using DI water to observe salt
deposition. For each of these measurements, we used a sample size of
n = 6 for each type screw and each time point. The results were re-
ported as mean * standard error.

Initial weight — Final Weight % 100

Degradation Rate = = -
Initial weight

3. Osteogenic evaluation
3.1. Cell lines and culture conditions

Human bone marrow derived mesenchymal stem cells (BMSCs)
were purchased from Millipore (Millipore Sigma, USA) and cultured in
basal media comprising DMEM (High Glucose supplemented with 10%
fetal bovine serum) and 1% penicillin-streptomycin as per supplier
protocol. Osteogenic media composed of basal media with 0.2 mM t-
ascorbic acid and 7.0 mM glycerol 2-phosphate disodium salt and
0.1 mM dexamethasone. MG63 cell line, osteoblast like cells, was
maintained in DMEM medium supplemented with 10% FBS and 1%
penicillin-streptomycin. Screws were soaked in basal media overnight
and each screw was seeded (10,000 cells/well, passage 5) in 48 well
plate with basal media and then switched to osteogenic media following
24 h. The media was changed every alternate day until predetermined
time point and screws seeded without cells were used as control. All
studies were done in triplicate for each time point and each group of
scaffolds.

3.2. Metabolic activity

Metabolic activity was measured by culturing MG63 osteoblast cell
line on porous screws, non-porous screws and TCPS at predetermined
time intervals (1, 3, 7 and 14 days). Screws were sterilized by dipping in
70% ethanol and UV sterilized for 1 h prior seeding. Cells of density
6 x 103 cells/well (passage number 39) were seeded over the screws
and media was changed every other day up to 14 days. TCPS was used
as control and were done in triplicate for each time point and each
group. MTS assay was performed as per the manufacturer's protocol and
absorbance was measured at 490 nm using a microplate reader (Tecan
Infinite M200, Austria). A sample size of n = 3 for each time point and
results were presented as mean = standard error.

3.3. Cell proliferation

The rate of hMSCs proliferation after transferring to osteogenic
media was quantified by measuring the amount of cellular DNA content
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at various time points (day 7, 14 and 21) using a Picogreen dsDNA
assay. In brief, the cellular constructs at different time points were
washed twice with PBS, transferred to new well plates and 1 mL of 1%
Triton X-100 solution was added to lyse the cells. The well plates un-
derwent three freeze-thaw cycles, between —70 °C and room tem-
perature, and mixed with the aid of a pipette to extract cell lysate from
the screws prior to analysis. Fluorescence was measured at excitation of
485 nm and emission of 535 nm using BioTek plate reader and con-
verted to DNA concentration (ug/ml) using a standard curve. A sample
size of n 3 for each time point and results were presented as
mean =+ standard deviation.

3.4. Live/dead assay

Screws were collected at predetermined time points (1, 5, 7, 14
days) and stained using live/dead assay kit as per manufacturer's pro-
tocols. Screws were imaged under confocal microscopy (FV1000,
Olympus, Japan). Viability of BMSCs on the screws was imaged on post-
osteoinduction using a fluorescence microscope (Nikon Instruments Inc,
Melville, USA) at 10X magnifications to view the cells independently
and along with the scaffolds.

3.5. Cell adhesion assay

Cell adhesion and expansion on screws were observed under SEM
after sputter coating. Screws were fixed using 4% paraformaldehyde,
dehydrated using increasing concentrations of ethanol and stored in
vacuum desiccator until imaging under SEM (VEGA3, Tescan).

3.6. Alizarin red assay

Mineralized matrix deposition by osteoinduced BMSCs on solid and
porous screws was evaluated as marker of mature osteoblast phenotype
using alizarin red staining method for calcium deposition (7, 14, 21
days). Screws were stained with 40 mM alizarin red solution for 10 min
at room temperature and washed with distilled water to remove un-
absorbed dye and optical images were taken. A sample size of n = 6 for
each time point and results were presented as mean =* standard de-
viation.

3.7. Alkaline phosphatase assay

The activity of phenotypic bone marker alkaline phosphatase was
assessed based on the hydrolysis of p-nitrophenyl phosphate to p-ni-
trophenol. MG63 osteoblasts cell line were cultured in porous screws,
non-porous screws and TCPS and assay was performed at pre-
determined time intervals of 1, 3, 7, 14 and 21 days using alkaline
phosphatase kit as per manufacturer's protocol. In brief, the osteoblasts
cultured porous screws, non-porous screws and TCPS were washed
twice with DPBS and 200 pL of 1% triton-X was added to lyse the cells.
Then 100 pL of cell lysate was added to 400 pL of the substrate and
incubated for 30 min at 37 °C. The reaction was stopped by the addition
of 0.4 M sodium hydroxide solution and absorbance was measured at
410 nm using multi-well plate reader (Tecan Infinite 200 M, USA). A
sample size of n = 3 for each time point and results were presented as
mean =+ standard error.

3.8. In vivo biocompatibility

In vivo biocompatibility studies was performed by subcutaneous
implantation of screws in male Wistar Rats (Rattus Norvegicus) for
evaluating the inflammatory responses. Total 18 animals (200-250 g)
were randomly divided into two groups (n 9) for this study. All
animals were housed in an individual cage in a temperature-controlled
facility. The surgical procedures were approved by Institutional Animal
Ethics Committee at SASTRA University (451/SASTRA/IAEC/RPP). 3D
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printed screws were soaked in 70% ethanol overnight and UV irradiated
for 1 h and stored in sterile container until implantation.
Intraperitoneal injections of ketamine (50 mg/kg body weight) and
xylazine (20 mg/kg body weight) were administrated to anesthetize the
animals. The neck region of the animal was shaved and sterilized with
70% ethanol solution. Using a sterile surgical blade no. 22 (Gillette,
India), an incision of about 12 mm was made on the dorsum of animals.
A subcutaneous pouch was created on either sides of the incision and
the implant was inserted into each pocket. Upon implantation of the
screw, the incision was sutured using a non-absorbable surgical suture
(Chromic, India). The animals were sacrificed at predetermined time
points (4, 8, and 12 weeks) and tissues were collected for histopatho-
logical studies. At the end of each time point (4, 8, and 12 weeks), rats
were euthanized using an overdose of pentobarbital (75 mg/kg) fol-
lowed by carbon-dioxide asphyxiation. The implants and surrounding
tissue were excised and fixed in 10% formalin solution for 7 days.
Before embedding in paraffin wax, the tissue samples were dehydrated
in an Automatic Tissue Processor (Leica TP1020, Leica Microsystems,
Germany) by transferring through a series of gradually increasing
percentages of alcohol. The tissue samples were embedded in paraffin
using embedding machine (EG1150 H&C, Leica Microsystems,
Germany), sectioned using a microtome (Rotary Microtome Leica
RL2125RT, Leica Microsystems, Germany) and stained with hematox-
ylin and eosin. These samples were viewed under light microscope
(Nikon, eclipse, C1-L, Japan) to determine the average number of dif-
ferent inflammatory cell types present in the tissue surrounding implant
and the tissue reaction was rated as per ISO 10993-6.

3.9. Statistics

Sample sizes used for each characterization are identified above. All
the results are presented in the form of mean + SD/SE, with n equal to
the number of samples analyzed. Student t-test was performed to de-
termine the effects of fill density (FD) on scaffold compressive modulus
and the ability to promote neovascularisation in vivo. One way analysis
of variance (ANOVA) was performed to determine the influence of FD
on in vitro degradation of the cortical screw. All analyses were per-
formed using the SPSS statistical software package.

4. Results
4.1. Fabrication of porous screw stem

Ability to alter pore dimensions and pore size distribution using 3D
printing technology was first investigated in cylindrical stem of dif-
ferent diameters. Screw stem of 5 X 10 mm were printed to match the
dimensions of commercially available cortical screws (Fig. 1 a-d) by
varying travel speed, print speed and layer height at constant FD (25%).
At a constant layer height (0.1 mm) and print speed (10 mm/s), screw
stems were printed by varying travel speeds (50 mm/s and 20 mm/s).
The structural stability was lost during printing process, which may be
attributed to the mismatch between print speed and travel speed
(Fig. 1a and b). Hence the print speed was further reduced to 5 mm/s
while keeping the other parameters as constant. However, the stem
structure was distorted after certain layers (Fig. 1c) due to fusion of
adjoining layers. Hence, the distance between individual layers were
increased to 0.2 mm by adjusting layer height and screw stem with the
specified dimension (5 X 10 mm) were printed without any dis-
figurement (Fig. 1d). Further FD was varied as 25, 45, 55, and 65% to
alter the pore dimensions in screw stem while keeping the print speed,
travel speed and layer height at 5 mm/s, 20 mm/s and 0.2 mm, re-
spectively, as constant. Fig. 1 e-h shows that the number of pores in-
crease with increase in FD and eventually, leading to decrease in pore
size in 5 mm cylinders.

Fig. 1(i-p) shows the scanning electron micrographs of porous screw
stem with varying FD. Increase in FD changed the pore size (Fig. 1 i-1)
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and thickness (Fig. 1 m-p) of motif as observed through SEM (Table 1).
Pore size and thickness of layers were observed to be reduced at higher
FD. Also, the number of strands was increased at increasing FD, which
in turn directly reduces the distance between the strands and sub-
sequent increase in the aspect ratio of the pores.

4.2. 3D printing of porous cortical screw

Screws with the specific dimensions (Table 2) equivalent to com-
mercially available metallic cortical screws were designed using AU-
TOCAD (Fig. 2a). The screw CAD design had been converted into.stl file
(Fig. 2b) and the same was printed using FDM technique (Fig. 2c).
Micro CT images of 3D printed screw (Fig. 2d) confirmed the structural
similarity of commercially available 4.5 mm cortical screw with 1.5 mm
pitch size. SEM images showed the layer-by-layer deposition of PLA
filament forming a rough tapered end for easy fixation of screws (Fig. 2
e-g).

4.3. Porosity analysis of the screw

Porosity including open and closed porosity of the printed cortical
screws with varying FD measured using uCT were imaged and graphi-
cally represented (Fig. 3 a-d). Sagittal sections of screws show the
distribution of pores throughout screw surface for varying fill densities.
Screws exhibited comparable open porosity at 25% and 45% FD
whereas significant reduction of open porosity were obtained in screws
with 65% FD (p < 0.05). For further characterization, porous screws
with 45% FD were chosen as the pore size of 259 X 207 um is desirable
for bone ingrowth [31-33].

4.4. In vitro degradation profile

The degradation rate of porous and solid screws was determined in
simulated body fluid (SBF) as it mimics ion concentration with human
blood plasma by measuring the weight loss percentage (Fig. 3e). The
percentage weight of porous screws was observed to increase at 1 week
up to 6 weeks whereas solid screws exhibited weight gain at 24 weeks.
Weight loss was evident only after 8 weeks for both porous and solid
screws though the screw structure was intact. Further alizarin red
staining of the screws confirmed the presence of calcium salt deposition
majorly in the head region of screws (Fig. 3f).

4.5. Mechanical properties

The compression test performed on porous and solid screws
(Table 3) showed no significant difference between the maximum
compressive strength. Elastic modulus estimated from stress versus
strain curve showed no significant difference. Torsional properties for
screws measured a peak torque of 0.38 =+ 0.038 Nm and
0.53 = 0.017 Nm respectively for solid (100%) and porous (45%)
Screws.

4.6. MG 63 cell proliferation and functionality assessment

Fig. 4a and b shows the scanning electron micrographs of
MG63 cells adhering on the surface of porous screws after three days of
culture. Number of viable cells in porous screws increased significantly
up to 14 days (Fig. 4c) than non-porous screws and TCPS (p < 0.05).
Live-dead assay confirmed the occurrence of viable cells inside the
porous structures and homogenous distribution of viable cells were
noticed all over the porous structures at all time points (till 14 days)
(Fig. 4 d-g). ALP activity of cells cultured on porous and solid screws
was determined from day 1 to day 14 compared to control group
(Fig. 4h). Significantly higher ALP activity in porous screws than solid
screws and TCPS control (p < 0.05) confirmed the role of porosity in
maintaining the osteoblast phenotype and matrix maturation.
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25% 45 % 55% 65 %

Fig. 1. Optical Images of 5 mm diameter printed cylinders with 0.1 mm layer height while varying printing & travel speeds (PS, TS) (a) 10, 50 mm/s; (b) 10, 20 mm/s
(c) 5, 20 mm/s; (d) while undistorted structure was obtained at 5, 20 mm/s & 0.2 mm layer height; (e-h) FD were varied at 25%, 45%, 55%, & 65%, respectively and
(i-1) shows decreasing pore dimensions (scale bar- 100 um) & (m-p) reduced thickness of strands from SEM Analysis (scale bar- 200 um).

Table 1 4.8. In vivo biocompatibility
Porosity evaluation using SEM (sample size of n = 3 and a minimum of 100
pores were used). Fig. 6 a-g shows the creation of a sterile pouch and implantation of

the printed screws in the subcutaneous region of the rats. All animals

Fill Density (%) Pore Dimension (width x length) (um) Layer thickness (um)
were healthy and no behavioral changes were observed during the

25 916 x 918 500 + 90 study. The sutures used for wound closure degraded within 1 week and
gg if? ’; fgg 228 f zg there was no significant weight loss in animals. Implanted screws did
65 254 x 146 300 + 56 not cause any local irritation and was categorized as non-irritant ma-
terial as per the ISO 10993-6-2001. Histology evaluation showed pre-

sence of lymphocytes and negligible giant cells around the implant

Table 2 showing a mild inflammatory response after 4 weeks (Fig. 7). However,
Dimensions for designing and printing parameters for 3D inflammation was not evident by the end of 12 weeks in both the
printing of screws. groups. Abscess formation, tissue necrosis and acute inflammation were

absent in both the groups. Minimal amount of fat associated with the

Specifications of designed cortical screw ) X . i K
fibrosis was observed in the implant site of the porous screws whereas

Head diameter 8.0 mm the group of fat cells was observed to be elongated in the implanted
Core diameter 3.5 mm region of solid screws. The extent of neovascularisation were sig-
Thread diameter 5.0 mm . . . . . X .

Pitch 15 mm nificantly noted as broad capillaries associated with fibroblastic struc-
Hexagonal socket width 3.2 mm tures within 1 week and increased up to 12 weeks in porous screws
Socket depth 3.0 mm (45% FD) compared to solid screws (100% FD).

Screw height 20 mm

5. Discussions

4.7. Osteogenic differentiation of BMSCs

Evolution of metallic orthopaedic implants could not overcome the
major pitfalls manifesting restricted tissue ingrowth, metal ion accu-
mulation, implant migration, and related complications in healing
leading to removal of permanent orthopaedic devices [34]. Fabrication
of biodegradable screws with desirable mechanical strength facilitate
the osseous ingrowth by controlled degradation of biomaterials. Since
rapid fracture healing mainly depends on angiogenesis process, in-
troducing interconnectivity throughout the orthopaedic screws would
fasten clinical reunion of the fractured bone ends. With additive man-
ufacturing technique, pores of uniform size can be introduced all over
the implantable screws by computer-aided designing. In this study,
biodegradable cortical screws have been customized with porous in-
terconnections by CAD modelling and FDM technique. Additive man-
ufacturing technology offers rapid fabrication of screws at large scale
with high reproducibility, precision and controllable porous inter-
connections [35]. Screw stem (5 X 10 mm) had been printed without

DNA quantification was performed for BMSCs cultured porous and
solid screws to determine the cell number at various time points
(Fig. 5a). There was no significant difference between porous and solid
screws until day 14 however porous screws showed significant reduc-
tion in cell number. Alizarin red S staining was carried out for both the
screws cultured BMSCs on day 7 and 14 to determine the calcium de-
posits (Fig. 5b). Screws printed at FD 45% cultured with BMSCs ex-
hibited positive staining of Alizarin red at 7 and 21 days where the red
color became prominent at day 21 indicating mineralization and os-
teoblast differentiation of the BMSCs on the porous screws. However,
no color change was observed in solid screws up to 21 days though the
cell number appeared to be comparable on both the screws. Further,
live-dead assay demonstrates the distribution of viable cells on both the
screws (Fig. 5c).
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SEMMAG: 113x | WD:18a7mm [
View fleld: 1.64 mm Dot: SE
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Fig. 3. Micro CT sections of porous screws with FD
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in the porous screws analyses using micro CT
. (*p < 0.05); (e) Biodegradation profile of porous
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Table 3
Compressive and torsional analysis of 45% and 100% screws.
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Screws Compressive Strength (MPa) Maximum Load (N) Elastic Modulus (MPa) Peak Torque (Nm) Break angle (°)
45% 24.58 * 1.36 482.79 * 26.62 412.77 * 27.94 0.384 = 0.038 490.50 = 79.67
100% 26.13 £ 0.56 513.04 = 11.96 548.19 + 58.92 0.530 = 0.017 401.54 = 40.49

any distortion by optimizing printing parameters such as print speed,
travel speed and layer height. Print speed controls the velocity of ex-
truder movement during filament extrusion where slower rate achieved
better shape and resolution of prototype. Minimizing the travel speed
reduced the extruder motion induced vibrations resulted in stable un-
distorted screw structures (Fig. 1). Layer height increased the distance
between Z-axis layers, which would avoid the layer coalescence. Fill
density had been varied to obtain desirable pore dimensions, open
porosity and layer thickness in the screw stem.

Screws were designed using AUTOCAD similar to commercially
available 4.5 mm cortical screws and 3D printed using biodegradable
and biocompatible PLA filament. According to the standards, three
main elements viz., the number of threads per inch, pitch and thread
diameter, were found to exactly match with standard titanium screws,
thus proving the method to be highly efficient and precise for the
fabrication of porous biodegradable screws. Characterization of porous
and solid screws using SEM and pCT showed higher interconnected
porosity for 45% FD screws. This matched with optimum porosity of
30-40% for bone scaffolds that have shown better bone regeneration
and bone regrowth [36]. Hence, further studies were carried out with
45% FD screws in comparison to 100% FD screws (solid screws). In vitro
biodegradation in SBF showed increasing weights over 12 weeks
duration, which can be correlated to the deposition of salts in the
screws. By-products of PLA support apatite formation by the pre-
cipitation of calcium phosphate crystals present in SBF which promotes
mineralization of bone scaffolds, thus resulting in apatite formation and
bone regeneration [37]. Porous interconnectivity did not alter the
compressive strength of the screws. Larger gap between the stiffness of
metallic screws and native tissue shares the load disproportionately
resulting in stress induced atrophy. Lower elastic modulus of printed
screws with 482.79 + 26.62 MPa (porous) and 513.04 + 11.96 MPa
(solid) in comparison with titanium (110 GPa) and stainless steel

(©) 140

(210 GPa) would protect the host tissue from atrophy [38]. Torsional
assessment of screws directly correlates with the anchorage ability of
screws to bone. Further polymeric screws were reported to reorganize
polymeric chains to counteract the applied torque during fixation,
which may causes physical relaxation and enhance host tissue in-
tegration in contrary to the titanium screws [39]. Biocompatible and
cellular proliferation efficacy of screws was evaluated using osteoblast-
like cells and BMSCs. Cell-screw interactions were evident in scanning
electron and fluorescence micrographs. Significantly higher alkaline
phosphatase activity of cultured MG63 cell lines on porous screws
confirms the potential of these screws on mineralization of neotissue.
Further, alizarin red staining assay demonstrates the osteogenic dif-
ferentiation and mineralization of BMSCs proliferating on porous
screws in comparison with solid screws. It may be attributed that the
porous interconnections may ease the diffusion of desirable nutrients
for osteogenic differentiation and intensified calcium deposits by ex-
tending nucleation sites [40]. Evaluation of local tissue reactions for
both porous and solid screws based on the ISO 10993-6-2007 confirmed
non-irritant characteristics of screws by in vivo scoring. Bands of ca-
pillaries with fibroblastic support structures from first week of im-
plantation demonstrated the angiogenic potential of porous screws than
solid screws. Since the extent of neovascularisation is strongly related to
osteogenesis, bone remodeling and fracture repair, biodegradable
porous screws would be promising substitute for rapid healing of
fractured tissue and vascularized bone ingrowth [21].

6. Conclusion

Fused deposition modeling based 3D printing technology has been
employed to fabricate biodegradable cortical screws with porous in-
terconnections which cannot be achieved using conventional screw
moulding technique. Developed porous biodegradable screws showed

Fig. 4. (a) & (b) Scanning electron micrographs
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of fully extended MG63 cells on porous screws
after 3 days of culture (305X and 602X; scale bar
100 pm); (c) cytocompatibility of 45% and
100% screws with MG63 cells for 14 days
(*p < 0.05); Z-stacked images of live/dead
stained MG63 cells on porous screws on (d) day
1, (e) day 3, (f) day 7, (g) day 14; (h) alkaline
phosphatase activity of MG63 increased for 45%
than 100% screws, *p < 0.05.
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(a) 0.35 n.s ( ) showed increasing cell number in 45% and
=~ 45 m100 e & cell M 0
g 03 r 100% screws; (b) alizarin red staining was pre-
o0 n.s dominantly higher in porous screws; (c) calcein
2025 n.s — x stained live cells were located on the screw
S 02 L g surface on 100% screws whereas cells were ob-
.t:u' : served even in between pores in 45% screws
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Fig. 6. Subcutaneous implantation of
screws in Wistar Rats was carried out by
exposing the (a) shaved neck region; (b)
incision was made using surgical blade
further; (c) subcutaneous pouch was cre-
ated; (d) the screws were implanted sub-
cutaneously; (e) Pouch was closure using
suture; (f) after implantation and (g) dorsal
region of rat after surgery.

45 % screws

Vs 'f'/
¥ h

ot
S Az ate R

100 % screws

Fig. 7. Histopathological section of subcutaneous tissue surrounding the implant after 4, 8 and 12 weeks of implantation showed better neovascularisation (black
arrows) in H&E staining in porous screws (10X magnification, 100 pm scale bar).
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interconnected pores similar to native bone tissue (~300 pm) without
compromising the mechanical strength thereby preventing the stress-
shielding effect. In vitro biodegradation of porous screws showed en-
hanced mineralization over four weeks which can be correlated with
the presence of pores that would act as nucleation sites for salt de-
position. BMSCs cultured on the screws confirmed differentiation to-
wards osteoblast lineage and similarly osteoblast-like cells cultured
over 21 days showed mineralization with largely infiltrated cells in
porous screws. Biocompatibility evaluation by subcutaneous im-
plantation in rats revealed that porous screws increased neovascular-
isation and showed low immunogenicity around the implant site when
compared to the non-porous screws. Future studies are aimed at eval-
uating osteointegration and healing rate of porous screws implanted in
critical defect animal model.
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